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Thesis Summary

Breast cancer is the most frequently diagnosed cancer in women in the UK. It is a
heterogenous disease with subtypes which behave differently. Although several targeted
therapies have been approved for patients with oestrogen receptor (ER) positive and Her-2
positive breast cancer, chemotherapy remains the standard systemic option for triple
negative breast cancer (TNBC) patients. New prognostic tools for risk stratification and to
guide use of the most aggressive treatments and new targeted therapies are desirable. The
role of the tumour microenvironment (TME) in tumour progression is increasingly
recognised. Features of the TME such as hypoxia have been reported to have a prognostic
role in cancer. A better understanding of this feature may lead to identification of new

prognostic and predictive tools and of new therapeutic targets for TNBC.

The work of this thesis is carried out in three cohorts of patients with primary operable breast
cancer and mature follow up. Data was available from clinical records regarding patient age,
tumour pathology, treatment details and survival. Several hypoxic markers have been

investigated and were reported to be overexpressed in breast cancer tissue.

The aim of the current study was to investigate the role of hypoxia inducible factors [HIF-
la (1), HIF-1a (2), HIF-2a] and carbonic anhydrases IX (CAIX) in different breast cancer
subtypes, to establish biological processes, and key pathways related to cytoplasmic CAIX
expression in ER-negative and a node negative subset of ER-negative breast cancer patients,
and to identify the mRNA signature associated with CAIX within the tumour and stromal

compartments in TNBC.

Immunohistochemistry (IHC) was employed on a tissue microarray (TMA) of patients with
breast cancer to assess the expression of HIF-1a (1), HIF-1a (2), HIF-2a and CAIX. Clinical
outcomes for the marker’s expression were estimated using Kaplan-Meier analysis and
compared between groups with the log-rank test. In a cohort of mixed breast cancer subtypes,
the expression of cytoplasmic HIF-1a (1), and HIF-2a were only associated with poor
overall survival (OS) in luminal A tumours (P = 0.009), and poor recurrence free survival
(RFS) in Her-2 disease (P = 0.038), respectively. However, regardless of cellular
localisation, high CAIX expression was associated with poor outcome for the full cohort and
in breast cancer subtypes. High cytoplasmic CAIX was associated with decrease RFS in the
full cohort (P<0.001), and in luminal B tumours (P = 0.025), disease-free survival (DFS) in
the full cohort (P<0.001) in luminal B tumours (P = 0.035), and Her-2 disease (P = 0.016).
Also, high cytoplasmic CAIX was associated with poor OS in the full cohort (P<0.001) and
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in Her-2 disease (P = 0.001). Moreover, membranous CAIX was associated with decrease
RFS (P<0.001), DFS (P = 0.004), and OS (P = 0.003) in the full cohort. In multivariate
analysis, cytoplasmic CAIX was an independent prognostic factor for RFS in the entire
cohort (HR =2.24, 95% CI: 1.19-4.22, P =0.012), DFS in the full cohort (HR = 1.74, 95%
CI: 1.08-2.82, P = 0.023) and in luminal B disease (HR = 3.59, 95% CI: 1.23-10.53, P =
0.020), and OS in Her-2 disease (HR =4.19, 95% CI: 1.37-12.80, P =0.012).

Furthermore, in the cohort of ER-positive breast cancer, high cytoplasmic HIF-1a (1)
expression was associated with shorter DFS (P = 0.032), and OS (P = 0.002) in the full
cohort. In addition, high nuclear HIF-1a (1) expression was associated with decrease DFS
in the full cohort (P = 0.009) and in luminal A disease (P =0.013), and OS in the full cohort
(P = 0.002) and in luminal A tumours (P = 0.003). Moreover, high cytoplasmic CAIX
expression was corelated with worse RFS and DFS in the full cohort (P = 0.014, 0.008,
respectively) and with RFS, DFS, and OS in luminal B disease (P = 0.018, 0.001, 0.003,
respectively). On multivariate Cox regression analysis, nuclear HIF-la (1) was an
independent prognostic marker for DFS in the full cohort (HR = 1.85, 95% CI: 1.10-3.11, P
=0.019), and in luminal A disease (HR = 1.98, 95% CI: 1.02-3.83, P = 0.042), and for OS
in the full cohort (HR = 1.85, 95% CI: 1.08-3.19, P =0.026), and in luminal A disease (HR
=2.08, 95% CI: 1.11-3.89, P = 0.022). Moreover, high cytoplasmic CAIX expression was
an independent prognostic marker for RFS and DFS in the full cohort (HR =2.09, 95% CI:
1.17-3.75, P = 0.013; HR = 1.74, 95% CI: 1.08-2.82, P = 0.023), and in luminal B disease
(HR = 2.57, 95% CI: 1.29-5.12, P = 0.007; HR = 2.75, 95% CI: 1.66-4.55, P<0.001),

respectively.

In TNBC cohort, high cytoplasmic expression of CAIX had lower RFS (P = 0.038).
Multivariate analysis showed that cytoplasmic CAIX remained as factor contributing

significantly to RFS (HR = 6.59, 95% CI: 1.47-29.58, P = 0.014).

Next, Templated Oligo assay with Sequencing readout (TempO-Seq) (bulk RNAseq) was
carried out in ER-negative and a node negative subset of ER-negative breast cancer patients
to identify gene signatures that associated with CAIX expression to provide further
information on biological processes, and key pathways related to cytoplasmic CAIX
expression. Whole transcriptome analysis using TempO-Seq identified 10 significant genes
within ER-negative cohort (OR8B2, SERHL2, KRT6A, MMP7, SPINK8, TMEMI150C,
CEACAMG6, MUCLI1, PITX2, and GALNT6), and 3 genes in node negative group



(PCSKIN, SERHL2 and SPNS2). In node negative patients SPNS2 was of particular

interest.

Further, GeoMx Digital Spatial Profiler (DSP) analyses in TNBC cohort was performed to
inform if gene signatures were associated with tumour epithelia or TME. 3 upregulated gene
expression signatures, CD68, HIF1A, VSIR, and one down-regulated gene, pan-melanocyte,
were identified in tumour compartment. In contrast, 9 downregulated genes, CD86, CD3E,
MS4A1, BCL2, CCL5, NKG7, PTPRC, CD27 and FAS were identified in the TME in
comparison of high and low CAIX expression groups. Among all 4 selected genes, HIF-1q,
BCL2, CD68, and CD3, were further validated by IHC at protein level. Univariate Kaplan-
Meier analysis showed high expression of CD68 and HIF-la was associated with poor
prognosis and high expression of BCL2 and CD3 was associated with good prognosis. By
performing multivariate analysis for OS, high levels of CD68 cells in tumour nests and in
TME were independent prognostic factor for poorer OS (HR = 2.42, 95% CI: 1.05-5.59, P
=0.038; HR = 3.34, 95% CI: 1.28-8.69, P = 0.014), respectively.

In conclusion, this thesis has demonstrated a prognostic role of nuclear HIF-1a (1) and
cytoplasmic CAIX in breast cancer. However, their prognostic values were different
depending on cellular locations and tumour subtypes. Furthermore, TempO-Seq identified
the pathways and genes associated with the CAIX in ER-negative breast cancer. Then,
GeoMx DSP technology identified stromal/immune-related genes that were associated with
TNBC patients’ survival in comparison of high and low CAIX expression groups that might

serve as a potential prognostic biomarker for TNBC.

Overall, the results from this thesis provide new evidence to warrant the further investigation
of HIF-1a (1) and CAIX in a large contemporaneous cohort of patients with breast cancer

and in particular in patients with TNBC.
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Chapter 1 Introduction

29



Cancer can be considered as heterogeneous diseases that cause a breakdown in the
homeostatic mechanisms that control cell growth and division with the potential to
metastasize to distant organs in the body and cause death (1). Breast cancer mainly affects
the lobules (milk producing glands) and milk ducts of breast tissue which carry milk to the
nipples. Figure 1.1 shows a normal human mammary tissue and structure breaks down in

breast cancer.
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Figure 1.1 Schematic model of normal and malignant human breast tissue.

Anatomy of female breast. Normal breast tissue consisting of lobes, each lobe containing a series of branched
ducts that drain into the nipple [A], histopathology of normal tissue shows multiple acini embedded in the
stroma with uniform oval nuclei [B], histopathology of invasive breast cancer shows highly pleomorphic nuclei
and structure breaks down [C]. Adapted from (2, 3).

1.1 Breast cancer epidemiology

1.1.1 Breast cancer incidence, mortality, and survival

Breast cancer is one of the most life-threatening diseases in women (4). 2.3 million new
breast cancer cases were recorded globally in 2020, with a third of them ending in death,
making it the second cause of death in women (5), with 1,898,160 new cases and 608,570
deaths projected in the United States by the end of 2021 (6). In the United Kingdom, breast
cancer remains the most frequent cancer in women, with an estimated 54,700 new cases in
2017 (7). Over the last decade, the death rate from breast cancer has decreased by 21% in
the UK. Screening mammography, advances in surgical techniques, radiation therapy, and
systemic therapies for breast cancer have contributed to this decline by increasing 5-year

survival rate (8, 9).
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1.2 Molecular subtypes of breast cancer

Based on the gene expression profile of biological markers, breast cancer has been classified
into four molecular subtypes: luminal A, luminal B, Her-2 enriched, and triple negative (TN)

or basal like (10).

1.2.1 Luminal A breast cancer

Luminal A is the most common subtype and comprises around 30-70% of all breast cancer.
This disease has a high expression of luminal epithelial genes, oestrogen receptor (ER),
progesterone receptor (PR), and low expression of human epidermal growth factor receptor-
2 (Her-2) or low ki67 proliferation index (<15%) (11). It is identified as low histological
grade, low degree of nuclear pleomorphism, and low mitotic activity (12). Luminal A
tumours generally have a good prognosis and respond well to hormone/endocrine treatment

(13). The relapse rate is significantly lower than the other subtypes (14) (Table 1.1).

1.2.2 Luminal B breast cancer

Luminal B tumours comprise 10-20% of breast cancers. They are identified as Her-2-
positive or Her-2-negative with high ER, PR, and ki67 (>15%) expression (11). Her-2-
positive luminal B tumours are associated with a worse overall outcome than luminal B
tumours that are Her-2-negative (11) (Tablel.1). Compared to luminal A, luminal B tumours
have more aggressive phenotype, higher histological grade, mitotic activity and have worse
prognosis (15). However, in comparison to all the subtypes, luminal B tumours have
intermediate prognosis (13, 16). Because this subtype is more proliferative, treatments that
involve both hormonal and chemotherapy will be beneficial (11). If the tumour expresses

Her-2, an anti-Her-2 therapy will be an effective measure as well (11, 16).

1.2.3 Human epidermal growth factor receptor-2 (Her-2)

Approximately 5-15% of breast cancers worldwide exhibit amplification and/or
overexpression of the Her-2 gene (also known as ERBB2). Her-2-Enriched tumours
generally exhibit high expression of Her-2 and are negative for luminal epithelial genes (non-
luminal) (11) (Table 1.1) Her-2 positivity confers more aggressive biological and clinical
behaviour. These tumours are highly proliferative and are associated with high mitotic count,

high tumour grade, and positive lymph nodes (17), and worse clinical outcomes (14). These
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tumours respond poorly to chemotherapy (18) and endocrine therapy (19), but they are

candidates for anti-Her-2 antibodies or small molecule inhibitors (16).

1.2.4 Triple negative breast cancer (TNBC)/Basal-like breast
cancer (BLBC)

TNBC subtype represents from 15-20% of all breast cancers. TNBC is clinically defined as
a type of breast cancer with negative expression of the three commonly targeted biomarkers,
ER, PR, and Her-2 (20) (Table 1.1). It is associated with high histological and nuclear grade,
poor tubule formation, presence of central necrotic or fibrotic zones, high proliferative index,
and conspicuous lymphocytic infiltrate. Most of these tumours are infiltrating ductal tumours
with aggressive clinical behaviour and high rate of metastasis to the brain and lung (21).
Therefore, is considered an interesting and challenging topic for breast cancer research.

Chemotherapy is the recommended treatment for TNBC (11).

It is important to clarify that the terms TNBC and basal-like breast cancer (BLBC) are not
entirely synonymous and there is a difference of about 20-30% across studies. The term TN
refers to the immunohistochemistry (IHC) classification of breast tumours lacking ER, PR
and Her-2 protein expression while the basal-like breast cancer (BLBC) is defined by a
distinct gene expression signature characterized by strong expression of basal markers such
as cytokeratin. Gene expression analysis often classifies TNBC as a subtype of BLBC.
Approximately 80% of TNBCs are classified as BLBC, and about 80% of BLBC are ER-
negative/Her-2-negative (22) (Figure 1.2). The basal-like classification is available only in
the research setting to date and thus the TN phenotype currently is a reliable surrogate in the

clinical setting (23).

All these subtypes of breast cancer have shown significant differences in their risk factors
(24), different natural histories (25) and diverse responses to targeted therapies, endocrine

therapy, Her-2 targeted therapy and chemotherapy (26).
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Table 1.1 Subtypes of breast cancer based on routine IHC markers
Intrinsic subtype Clinicopathologic surrogate definition

Luminal A ER and PR+, Her-2—, low Ki67 (<15%)

Her-2— ER and PR+, Her-2—, high Ki67 (>15%)

Luminal B

Her-2+ ER and PR+, Her-2+, any Ki67
Her-2 enriched ER and PR—, Her-2+
Triple negative breast cancer ER, PR, and Her-2—

Frequency Outcome

30-70% Good
Intermediate
10-20%
Poor
5-15% Poor
15-20% Poor

Table outlining the subtypes of breast cancer and relative frequency, prognosis, and treatment of each subtype (13, 16).
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Treatment

Endocrine therapy alone or with chemotherapy
Endocrine therapy and chemotherapy
Anti-Her-2 therapy
Chemotherapy and anti-Her-2 therapy

Chemotherapy



Basal-like TNBC
* Express basal cytokeratins Triple negative * ER, PR, Her-2 negative
* 20-40% are not TNBC and * 20-30% are not basal like

Basal like

Figure 1.2 Diagram showing the relationship between the TNBC and the basal-like molecular subtype.

One fourth of TNBCs are not basal-like by gene expression, and some non TNBCs are BLBC by molecular
profiling. Adapted from (27).

1.3 Triple negative breast cancer

1.3.1 Clinicopathological characteristics of TNBC

TNBC develops early, is diagnosed more often in premenopausal women and has a higher
prevalence in the African American population (28). TNBC has early onset, large tumour
size, high proliferative index, and high density of lymphocytic infiltrate (28, 29). TNBC is
highly invasive with high lymph node metastasis rate (30), and distant metastasis mainly
involves the brain and visceral organs which mostly occurs in the 3rd year after diagnosis
(31). Once metastasis occurred, the sensitivity to chemotherapy was dramatically decreased,
and the median survival time was reduced to less than 6 months (32). TNBC patients have
high clinical stage and high recurrence rate (28). After recurrence, TNBC patients have short

survival (30).

1.3.2 Classification of TNBC

1.3.2.1 Histological classification

82-90% of TNBC were histologically defined as invasive ductal carcinoma. Within TNBC
there are numerous other and mostly rare histological types including less aggressive
subtypes; lobular (5%), metaplastic (4%), medullary (2.3%), apocrine (1.6%), papillary
(1.4%), neuroendocrine (0.9%), cribriform (0.5%) and mucinous (0.5%) (33). In different
histological subtypes, 35% had lymph node involvement (34) which exhibits distinct
prognosis of TNBC (35). Medullary and apocrine types had excellent prognosis while

34



lobular TNBC had the worst prognosis (33). TNBC patients with invasive ductal carcinoma

and invasive lobular carcinoma predicted poorer overall survival (OS) (36).

1.3.2.2 Molecular classification

To better demonstrate TNBC-specific tumour heterogeneity, Lehmann et al. (37) used gene
expression profiling to subclassify TNBC into six molecular subtypes, each displaying
unique ontologies and differential response to standard-of-care chemotherapy. The TNBC
subtypes include two basal-like (BL1 and BL2), mesenchymal (M), mesenchymal stem-like
subtype (MSL), immunomodulatory subtype (IM) and luminal androgen receptor subtype
(LAR). The gene expression patterns of each TNBC subtype are listed in Table 1.2.

Table 1.2 Gene expression in different subtypes of TNBC
Subtypes of TNBC (%) Gene expression

BL1 (10%) Proliferation-related genes
DNA damage response genes

BL2 (20%) Growth factor signalling related genes
Cell growth factor receptor related genes

M (20%) Cell differentiation pathways related genes
Epithelial mesenchymal transition (EMT) related genes

MSL (10%) Growth factor signalling pathways
Cell differentiation and stem cells related genes
Mesenchymal stem cell-specific markers
EMT and angiogenesis related genes

IM (20%) Immune cell signalling related genes

LAR (10%) Hormonally regulated mediated by androgen receptor (AR)

Data from Lehmann (37).

TNBC subtypes display different clinical characteristics with BL1 subtype displaying higher
grade, lower stage, and increased patient survival. TNBC subtypes displayed different
patterns of progression with patients with LAR subtype having increased bone metastasis
while M tumours preferentially metastasize to lung. Clinical differences were complimented
by histological differences, with lobular carcinomas exclusive to the LAR subtype and
metaplastic carcinomas either M or BL2. Each subtype differed in their response to standard
neoadjuvant chemotherapy, with BL1 tumours displaying the greatest probability of
achieving a pathological complete response (pCR) (38). Indeed, research has shown that AR
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could be a promising therapeutic target. However, AR phosphorylation rather than total AR
expression would present new population of tumours appropriate for anti-androgen therapy

(39).

1.3.3 TNBC risk factors

Although approximately half of the women with breast cancer have no known risk factors
beyond female sex and increasing age, several well-established risk factors that have been

found to increase the risk of TNBC.

1.3.3.1 Age at diagnosis

Besides being female, age is the commonest risk factor for breast cancer. In general, it is a
disease of ageing, with the highest incidence rates in older women (40). However, TNBC
constitutes a clinically challenging subtype of breast cancer that occurs more frequently in

younger women <50 years (30).

1.3.3.2 Family history and genetic predisposition

Up to 10% of women who develop breast cancer in Western countries have a hereditary
predisposition, including mutations in the breast cancer susceptibility genes BRCA1 and
BRCA2 (41). TNBCs with germline BRCA1/2 mutations are detected in 10-20% of patients
with early-stage TNBC (42). TNBC is more likely to be found in BRCA1 mutation carriers
than BRCAZ2 carriers or those who are mutation negative (43). However, the association of
BRCA2 mutations with TNBC has been also reported, with prevalence of mutations varying
from 4 to 16%, depending on the patient population studied (44). BRCA1 mutation carriers
tend to be younger at diagnosis than non-mutation carriers. A study in TNBC reported that
the median age of diagnosis among BRCA carriers was 39 years old and that the prevalence

of BRCA1 mutations among women diagnosed at age younger than 40 was 36% (45).

1.3.3.3 Hormonal factors

1.3.3.3.1 Endogenous hormones exposure

A long exposure to female reproductive hormones, particularly endogenous oestrogens
increase the risk of developing TNBC as does early age at menarche and being younger age
at first pregnancy (24). Among parous women, multiparity (the number of births) appears to

increase the risk of TNBC (24, 41).
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Breastfeeding has been most consistently associated with a lower risk of TNBC (46), and
the greater protection is associated with longer duration. It has been estimated that
breastfeeding for at least 4-6 months decreases the risk of TNBC among parous women (24,
47). Further, a pooled analysis in African American and white women that concluded 40-

50% risk reductions correlated with breastfeeding for >12 months (48).

1.3.3.3.2 Exogenous hormones exposure

Oral contraceptives (OCs) may increase the relative risk of breast cancer in current users
(49) due to their oestrogen content taken later in reproductive age (50). Recently, a
systematic review and meta-analysis reported that women who use OCs have a high risk of
TNBC compared with women who do not (51). OC use >1 year was associated with a 2.5-

time increased risk of TNBC (52).

For ER-positive breast cancer, randomized controlled trials have showed an increased risk
of breast cancer recurrence with hormone replacement therapy (HRT) use after successful
primary treatment, leading to the premature termination of the trials (53). However, no

significant negative effect of HRT in ER-negative subgroup (54).

1.3.3.4 Dietary and lifestyle factors

Lifestyle factors such as diet, alcohol consumption, obesity, and regular physical activity
play an important role in the development of breast cancer. These significant modifiable
breast cancer risk factors can change over time and are important for breast cancer

prevention.

1.3.3.4.1 Type of diet

A significant association between an increased TNBC risk with increased consumption of
animal fat (55) whereas patients with the highest intake of vegetable fat had a significantly
lower TNBC risk than those with the lowest intake of vegetable fat. In addition, a positive
association was found between risk of TNBC and the total consumption of red meat and
eggs whereas intake of nuts and vegetables was negatively associated (55). Therefore, the
World Cancer Research Fund/American Institute for Cancer Research (WCRF/AICR)

recommends limiting the consumption of red and processed meats (56).
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1.3.3.4.2 Alcohol consumption

Alcohol consumption is a well-established risk factor for breast cancer (57). Approximately
4% of breast cancer patients in developed countries are at least partially due to alcohol intake
(58). The risk of TNBC significantly increased with alcohol intake (59). The mechanism for
increased TNBC risk is unclear. Recently, Zhao et al. suggested that alcohol promotes TNBC
progression through the induction of oxidative stress and the activation of NF-«kB signalling

(60).

1.3.3.4.3 Physical activity and obesity

Regular physical activity is associated with a considerably lower risk of breast cancer (61).
Ma et al. (62) have shown that both long-term and baseline strenuous physical activity were
inversely associated with TNBC. The physical activity reduces the exposure to endogenous
sex hormones (63). An exercise-induced decrease in tumour hypoxia may affect the efficacy

of immunotherapy (64).

Being overweight is now recognized to be one of the breast cancer risk factors and varies
according to breast cancer subtype (65). Obesity has been implicated as a risk factor for the
development of TNBC (66) that might be through chronic inflammation and secretion of
inflammatory cytokines include IL-6, TNF-a, and leptin (67). Obesity has been also reported

as a prognostic factor effect on poor survival in obese TNBC patients (66).

1.3.3.5 Benign breast disease (BBD)

Benign breast diseases can be classified into non-proliferative or proliferative disease (68).
Only proliferative disease is associated with an increased breast cancer risk. Atypical
hyperplasia has been shown to confer high risk for future breast cancer in studies with long-
term follow-up (69), with an absolute risk of almost 1-2% per year of developing invasive
breast carcinoma (70). With regards to racial-ethnic identity, the 10-year probability for
developing TNBC following BBD was 0.56% for African Americans compared to 0.25%

for white American patients (71).

Overall, risk factors of breast cancer are summarised in Table 1.3
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Table 1.3 Summary of selected risk factors for breast cancer

Risk factor
Age

Genetic mutation

Early menarche

Late menopause
Late onset childbearing

Breastfeeding

Bodyweight:
Premenopausal
Postmenopausal

Exogenous hormones
OoC
HRT

Alcohol consumption
Racial groups

Benign breast disease

High risk group hormonal dependent breast

cancer
Postmenopausal age

Women <40 and BRCAland/or BRCA2

12 years of age
>55 years of age
First full term >33 years

Ever breastfeed a child

BMI >35 kg/m? for both group

Recent use
>5 years use

Dose-dependent

American/Northern European women

Atypical hyperplasia

High risk group TNBC
Premenopausal age

57-88% of BRCA1 and/or BRCA2

Before 12 years

No association
No association

Parous women who had never
breastfed

Premenopausal BMI >30 kg/m?

OC =1 year
No association

Dose-dependent
African American women

Atypical hyperplasia
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High risk group Her-2 disease
Postmenopausal age

Her-2 cancer is uncommon in patients
with BRCA2 mutation

12 years of age

>50 years of age
No association

>] year breastfeeding

Postmenopausal BMI >27.3 kg/m?

Starting at =20 years of age
No association

Dose-dependent
American/Northern European women

Atypical hyperplasia



1.3.4 TNBC prognostic and predictive factors

Prognostic factors aim to predict patient clinical outcome independent of treatment, whereas
predictive factors provide information on the response of a patient to a definite therapeutic
intervention and are associated with tumour sensitivity or resistance to that therapy which
allow clinicians to predict therapeutic outcomes and decide future treatment plans (72).
Several prognostic and predictive factors are routinely used in clinical practice purely as a

prognostic or predictive, or as both (Table 1.4).

Table 1.4 Summary of breast cancer prognostic and predictive factors

Factor Hormone receptor-positive TNBC
breast cancer
Prognostic Predictive Prognostic  Predictive
Age Yes Yes
Histological grade Yes Yes Yes
Tumour size Yes Yes
Nodal status Yes Yes
Proliferation marker Yes Yes Yes Yes
Lymphovascular invasion Yes Yes
Hormone receptors Yes Yes No No
Her-2 overexpression Yes Yes No No

Table outlining breast cancer prognostic and predictive factors including, age, histological grade, tumour size,
nodal status, proliferation marker, lymphovascular invasion, hormone receptors, and Her-2 overexpression.

1.3.4.1 Patient age

Patient age at the time of diagnosis is an important prognostic factor for breast cancer in
general (73). Previous studies could not confirm the independent prognostic impact of age
in all breast cancer subsets; instead, the prognostic significance of young age was found to
depend on molecular subtype. Patients aged <35 years have a worse prognosis with 75%
absolute 5-year survival compared to 84-88% for patients aged 35-69 years (74). This group

of patients frequently present at an advance stage and have ER-negative disease.
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1.3.4.2 Histological grade

TNBC had high histological grade (75), and the majority were grade III (28, 76), and only
10% were grade I (30). The histological grade of the TNBC is used to decide the treatment,
and it is commonly established according to the histological grading system (77). The
components of tumour grade include tubule formation (refers to how much of the tumour
tissue has normal milk ducts), nuclear pleomorphism (evaluation of the size and shape of the
nucleus in tumour cells), and mitosis (This refers to the quantity of dividing cells seen with

microscopic magnification) (78) (Table 1.5).

Table 1.5 Summary of method for assessing tumour grade in breast cancer
Feature Score

Tubular formation

Majority of tumour (>75%) 1
Moderate degree (10-75%) 2
Little or none (<10%) 3

Nuclear pleomorphism

Small, regular uniform cell 1
Moderate increase in size and variability 2
Mark variation 3

Mitotic counts

Fewer than 10 mitotic cells were seen 1
Between 10 to 19 mitotic cells were seen 2
At least 20 mitotic cells were seen 3

Table outlining the clinical description for tumour grade.

The three scores are combined to determine the tumour grade. When a grade is higher, it is

more aggressive and is more likely to metastasize (Table 1.6).

Table 1.6 Summary of method for assessing tumour grade in breast cancer

Total Feature Score Tumour Grade Appearance of Cells
3-5 Grade | Well differentiated
67 Grade 11 Moderately differentiated
89 Grade 111 Poorly differentiated
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The Nottingham prognostic index (NPI) is a scoring system that is used to classify patients
with primary operative breast cancer into three prognostic groups (79). This prognostic index

is based on tumour grade, tumour size, and lymph node involvement (78).

Lymph node involvement is defined as follows: no lymph node involvement, 1; 1-3 axillary
lymph nodes or 1 internal mammary lymph node involved, 2; and >4 axillary lymph nodes
or an axillary and internal mammary lymph node involved, 3. NPI can be calculated as
follows: (Tumour size in cm x 0.2) + stage (based on lymph node involvement) + tumour
grade. Based on NPI, patients can be classified into three groups: good prognostic group,

NPI <3.5; moderate prognostic group, NPI = 3.5-5.5; and poor prognostic group; NPI >5.5.

1.3.4.3 Tumour size

TNBC women had relatively larger tumours than other subtypes of breast cancer (75), and
about two thirds of tumours were >2 cm at presentation (30). Research on TNBC reported
that larger tumours were associated with poor survival (80). Lymph node metastasis was
more frequent in TNBC with large size, which was also associated with late stage at
presentation (76). Yin et al. have found that tumour size had an effect on survival when

lymph nodes were extensively involved (81).

1.3.4.4 Nodal status

Highest rates of nodal metastases were in the TNBC patients (30, 76), and it was associated
with worse clinical outcomes (29). The higher the number of nodes involved, the worse the
prognosis (81). However, Hernandez-Aya et al. reported that in TNBC, the worse prognosis
associated with lymph node involvement might not be greatly affected by the absolute

number of positive lymph nodes (82).

1.3.4.5 Tumour proliferation marker (Ki67)

Ki67 is a marker of proliferation that measure the percentage of cells in the G1 phase of the
cell cycle (83). Ki67 could play an important role to classify subgroups of TNBC (84). Ki67
is currently utilised to distinguish between luminal A and luminal B subtypes and physicians
frequently use Ki67 index for making a decision on adjuvant treatment (85, 86). Using of
Ki67 as a prognostic marker in TNBC has been widely investigated (87). Higher Ki67 score
is an independent risk factor for disease-free survival (DFS) and OS in TNBC (84). A

positive association between Ki67 expression and tumour response to neoadjuvant
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chemotherapy has been reported. TNBC patients with non-pathological complete response,
a significant decrease of Ki67 after treatment could indicate a good prognosis (84), and high
Ki67 was a poor prognostic factor for TNBC who received neoadjuvant or adjuvant

chemotherapy (88).

1.3.4.6 Lymphovascular invasion (LVI)

LVI is defined as presence of tumour emboli within blood vessels (vascular invasion),
lymphatic vessels (lymphatic invasion) or both (lymphovascular invasion) in the breast
surrounding invasive carcinoma (89). LVI is more commonly observed in patients with
TNBC than in those with non-TNBC (28, 76). LVI has been found to be an independent
prognostic factor for both DFS and OS in TNBC (90). Liao et al. reported a significant
difference in OS according to the lymph node positive, and LVI positive TNBC (91).
However, not all studies have shown LVI to impact survival. Urru et al found that LVI was
not significantly associated with survival in multivariate analysis (92). Regardless of the
implications for survival, several studies have shown that the presence of LVI predicts the

development of distant metastasis (92, 93).

1.3.4.7 Tumour necrosis

Necrosis is uncontrolled cell death which lacks the features of apoptosis and autophagys; it is
a non-physiologically regulated cause of cell loss (like apoptosis) and can initiate a local
inflammatory response (94). The commonest cause of necrosis during tumour development
is inadequate oxygen and nutrient supply (defined as metabolic stress) of fast-growing
tumour cells (95). The influence of necrotic cell content on cancer cells and tumour
microenvironment (TME) cues has been examined when nutritional deficit and hypoxia were
combined (96). Their findings demonstrated that signals released by necrotic cells had an
impact on cancer cells function and increased the angiogenic capacity. Several studies have
shown that tumour necrosis is associated with aggressive tumour characteristics and poor
prognosis (97). Necrosis has been correlated with BLBCs (98), had a higher rate of lung and
brain metastasis (99), and it is usually seen in advanced stage at diagnosis. Studies showed
that TNBC had central necrotic zones and pushing borders (28, 100), and was related to

lower rate of 10-year disease-free survival (DFS) (99).
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1.3.5 Treatment of TNBC

TNBC is extremely aggressive disease making its therapy an arduous task resulting in a
higher mortality rate than other subtypes of breast cancer (30). Because there is a lack of
molecular targets (oestrogen, progesterone and Her-2 receptor), TNBCs are not curable with

hormonal treatment and Her-2 therapies (101, 102).

TNBC is normally treated with a combination of surgery, radiotherapy, and chemotherapy.
To improve the prognosis and survival of patients with TNBC, some new therapies have

been developed and improved, such as new targeted therapies, and immunotherapy.

1.3.5.1 Lumpectomy

Several different surgical methods can be used according to the size of the tumour. For the
wide local excision (breast-conserving surgery), only the tumour and some parts of the para-
carcinoma tissue are removed. Adjuvant radiotherapy and chemotherapy after breast-
conserving surgery was associated with better TNBC patient’s survival (103, 104). However,
a study shows that TNBC is independently associated with increased risk of residual disease

after lumpectomy (105).

1.3.5.2 Chemotherapy and radiotherapy

Chemotherapy is used as an anti-cancer drug to kill tumour cells and could decrease the
recurrence rate of cancer. Chemotherapy is the primary systemic treatment at the early and
late stages of TNBC. It has been reported that the response rate of TNBC patients to
neoadjuvant chemotherapy (NAC) was higher than that of non-TNBC patients (102). Several
combinations of chemotherapy regimens have been studied, defining that the response rate
increased using a combination of chemotherapeutic drugs compared with using of a single
drug. Most guidelines recommend anthracycline and taxane-based neo/adjuvant
chemotherapy. Although clinical outcomes for TNBC patients are significantly improved by
chemotherapy, recurrence rates remain relatively high and TNBC tumours often develop

resistance to chemotherapeutic drugs (101) and increasing cytotoxicity (106).

Radiotherapy is usually conducted after surgery and chemotherapy. The advantages of
chemotherapy and radiotherapy are the killing of tumour cells and the inhibition to their
growth and proliferation; however, these treatment methods can destroy the immune system

and the regeneration of bone marrow.
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Therefore, considering the limited treatment options and aggressive phenotypes of TNBC,
it is important to discover potential therapeutic targets to aid in the development of effective

therapies.

1.3.5.3 Targeted therapy

Compared with that of chemotherapy, there is no damage to the healthy cells by using
targeted therapy. However, some targeted therapies, such as endocrine therapy for ER-
positive and trastuzumab for Her-2-overexpressed breast cancer are not effective in the
treatment of TNBC. Therefore, the search for new and effective target therapies is of great
significance for TNBC. Some inhibitors have been used as potential medicines for TNBC
therapy, including the poly-ADP-ribose polymerase (PARP) inhibitors, epidermal growth
factor receptor (EGFR) inhibitors, MEK inhibitors, vascular endothelial growth factor
(VEGF) inhibitors, and phosphoinositide 3 kinase (PI3K) inhibitors (107) (Figure 1.3).

Immunotherapy has been one of the most promising and rapidly progressing areas of cancer
therapy. Cancer cells can evade immune responses by regulating T cell activity. Programmed
death-ligand 1 (PD-L1) is a cell membrane protein expressed on cancer cells and immune
cells. PD-L1 binds to PD-1 on T cells to inhibit their antitumour function (108). PD-L1
expression on cancer cells appears to be higher in TNBC than non-TNBC and has been
shown to be correlated with higher numbers of tumour infiltrating lymphocytes (TILs) (109,
110). High PD-L1 expression associated with significantly shorter survival (109). Preclinical
studies concluded that suppression the activity of the PD-1/PD-L1 might be used for TNBC
therapy. Both anti PD-1 inhibitor (nivolumab and pembrolizumab) and an anti-PD-L1
inhibitor (atezolizumab) exhibited promising results with a potentially acceptable safety and
tolerability in preclinical studies (111) (Figure 1.3). Initial phase I trials of monoclonal
antibodies (mAbs) to pembrolizumab and atezolizumab on extensively pre-treated PD-L1-
positive TNBC cases gave promising results (112). Both PD-1 inhibitor and PD-L1 inhibitor
are now being assessed in many phases III clinical trials to assess their benefit in metastatic

TNBCs, with or without chemotherapy (113).

Even though the patient's OS has been improved by these treatment plans, later phases of
survival are still fatal because TNBC is not effectively targeted. Therefore, developing novel

biomarkers are needed to combat TNBC.
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Figure 1.3 Summary of the novel potential agents under development for the treatment of TNBC.

PARPi prevents the repair of single-strand breaks that occur during cell cycle especially in BRCA-mutated
cells. EGFR inhibitors bind to EGFR and turn off the uncontrolled growth of cancer cells with EGFR
mutations. MEK inhibitors attenuate tumour growth and proliferation by inhibiting MAPK/ERK pathway.
Angiogenesis inhibitors block the growth of new blood vessels by inhibiting VEGF. mTOR inhibitors suppress
cancer cell growth and proliferation through targeting the PI3K/Akt/mTOR signalling pathway. Targeting PD-
1, PD-L1 and CTLA-4 can enhance the adaptive immune reaction. Adapted from (107).

1.3.6 TNBC outcome

TNBC has a poorer prognosis compared to other intrinsic subtypes of breast cancers (16, 29,
102). The survival time of TNBC patients is shorter, and the mortality rate is 40% within the
first 5-years after diagnosis (30). TNBC is highly invasive, and about 46% of TNBC patients
have distant metastasis. Distant metastasis mostly occurs in the 3rd year after diagnosis (31).
The median survival time after metastasis is only 13 months, and the recurrence rate after
surgery is as high as 25%. The average time of recurrence in TNBC patients is only 19-
40 months while in non-TNBC patients is 35-67 months. The mortality rate of TNBC
patients within 3 months after relapse is as high as 75% (114). There are two reasons for the
low survival rate of patients with TNBC. First, the lack of therapeutic targets, and there is
still no effective therapy for TNBC until now, and the other reason is that it is easier to
metastasize and recur compared with other breast cancer with high mortality rate. Therefore,

preventing recurrence and metastasis is critical to improving the survival of TNBC patients.
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It has been widely believed that the TME is critical for carcinogenesis, and the association
between the TME and tumorigenesis as well as disease progression have been well studied;
it is helpful to identify new biomarkers to predict the clinical outcomes and will also benefit

the treatment of TNBC (115).

1.4 Tumour microenvironment (TME)

The TME is essential for the induction and development of TNBC. Initiation of
angiogenesis, proliferation, inhibition of apoptosis, suppression of the immune system, and
avoidance of immune surveillance are associated with TME (115). TME is heterogeneous
and highly complex (116) composed of cells such as carcinoma-associated fibroblasts
(CAFs), mesenchymal stem cells (MSCs), endothelial cells, adipocytes, pericytes, and
immune cells such as T lymphocytes, macrophages, natural killer (NK) cells, and cytokines
as well as extracellular matrix components (117) (Figure 1.4). The interactions among these
compartments may be mediated by secreted factors, cell-matrix interactions, as well as cell-

cell direct contact.

TME enabling rapid proliferation of cancer cells, subsequent development of hypoxia, and
simultaneous reprogramming of cancer cells to adapt to changes within TME. TME creates
a habitat for cancer cells to interact with noncancerous cells include immune cells,

endothelial cells, and fibroblasts and can provide potential targets for TNBC (118).
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Figure 1.4 Schematic diagram of primary tumour microenvironment.

Tumour cells are surrounded by a complex microenvironment comprising numerous cells including, stromal
fibroblasts, macrophages, myeloid-derived suppressor cells (MDSCs), TIE2-expressing monocytes/
macrophage (TEMs), mesenchymal stem cells (MSCs), neutrophil, and lymphocyte. Adapted from (119).

TNBC is characterized with unique TME, which differs from other subtypes, including high
infiltration of TILs, tumour associated macrophages (TAMs), and high expression of VEGFs
and other molecules that promote tumour cell growth and migration, have been shown to
play a role in TNBC initiation, growth and metastasis (120, 121). TME is associated with
response to treatment and prognosis of TNBC (122, 123). Therefore, an increasing number
of studies have focused on the TME to identify new biomarkers or target in stromal

components to predict clinical outcome and guide therapy in TNBCs (124).

Lotfinejad et al. revealed that the TNBC immune microenvironment plays a role in TNBC
initiation, growth, and metastasis. Increased tumour antigen expression sets the stage for the
immune system to recognize, destroy and remove the tumour, and TILs play a role in tumour
cell killing and removal, but the high expression of immune checkpoints inhibits immune
cell function and promotes tumour immune escape (120). Therefore, understanding the

immune microenvironment of TNBC is important for the prognosis and treatment of TNBC.
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1.4.1 Immune cells in TNBC microenvironment

The biological and clinical importance of immune system in TNBC have been explored by
several studies (125, 126). Recent studies conducted by Romero-Cordoba et al. showed
extensive immune heterogeneity in TNBC. The prognostic value of immune infiltrates varies
among TNBC cells, and it has been related with systemic inflammatory parameters that can
be identified by a simple blood test such as whole blood count, platelet-lymphocyte ratio,
and neutrophil-lymphocyte ratio (127).

TNBC is the most immunogenic subtype of breast cancer, with higher PD-1 expression
levels and more TILs. PD-1 is an important immune checkpoint receptor and when it binds
to its ligands, PD-L1 and PD-L2, it attenuates T-cell function within tissues (128). PD-L1 is
expressed on activated T cells within the TME, however, tumours can also express PD-L1,
which has been demonstrated in TNBC (129). It plays an essential role in the clinics for
TNBC, and it was a significant predictor of OS in the basal-like subtype (130). PD-1/PD-L1

inhibitory treatment in neoadjuvant setting in TNBC is becoming more important (131).

1.4.1.1 Tumour infiltrating lymphocytes (TILs)

1.4.1.1.1 Significance of TILs

A large number of TILs infiltrate the TNBC microenvironment compared to other breast
cancer subtypes (132). TILs have intrinsic immunogenicity in TNBC (107), and was used to
induce favourable TME, inhibit tumour progression, and improve TNBC patients' survival.
TILs are currently considered a prognostic factor and a predictive marker in TNBC patient.
High TIL level was significantly associated with a better survival outcome (122, 133, 134),
and associated with increased pCR following neoadjuvant chemotherapy in TNBC (111,
122). Also, it was found that TNBC patients with high TIL levels may have lower Ki67
levels and less proliferation of cancer cells (135). These findings have indicated the use of
immunotherapy in TNBC patients (125, 136). Clinically, the evaluation of TILs as a
prognostic marker was recommended by an International TILs Working Group (137) with
minor modifications added in 2017 by Hendry and colleagues such as assessment of TIL
separately in the stromal and tumour compartment, evaluated TIL within the borders of

invasive tumour, and excluded the TIL at a distance outside the tumour borders (138).
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1.4.1.1.2 Subpopulations of TILs

TILs include CD3+ T and CD20+ B cells, and CD38+/CD138+ plasma cells (subtype of B
lymphocytes). With regards to subtypes of TILs, T-lymphocytes are the most predominant
type of lymphocytes in the TME, representing up to 75% of TILs (139). The strongest
evidence for effect on outcome has been found for T-lymphocytes. The CD3+ T cell
population was further divided into CD8+ T lymphocytes (cytotoxic T cells) and CD4+ T
lymphocytes (helper T cells).

CD8+ T lymphocytes

CD8+ infiltrates are estimated in 60% of TNBCs (132). It has revealed that TNBC rich in
CD8+ T cells are correlative with a better prognosis (140) and increase neoadjuvant

chemotherapy sensitivity (141).

CD4+ T lymphocytes

The main subgroups are T-helper cells (Thl, Th2), and regulator T-lymphocytes (Treg).
CD4+ helper T lymphocytes play a regulatory role in the immune system by regulating B
cell, CD8+ T lymphocytes and macrophages (142). The expression of Thl predicted an
improved OS in breast cancer patients (132). Moreover, the higher levels of Th2 cytokines,
IL-5 and GM-CSF (Granulocyte-macrophage colony-stimulating factor), related with a good
outcome, may have play a vital role in suppression of carcinogenesis, preventing
differentiation into a more aggressive breast cancer phenotype (143). The Th1/Th2 ratio is a
prognostic factor for breast cancer and was statistically significant in luminal A and BLBC
survival analysis (144). High levels of Tregs TILs are correlated with high histological grade
and ER-negativity (145). Tregs induce an immunosuppressive microenvironment, inhibit the
activation of CD8+, and prevent the body’s antitumour immune response (146), and can

predict poor prognosis (132).

B lymphocytes

Several studies reported that TIL-B carry positive prognostic value in TNBC (122), while
others found no significant effect (147), or even poorer survival with CD138+ plasma cell
infiltrates (148). High expression of CD20+, marker used to assess B lymphocytes was
significant predictor of pCR in TNBC (147).
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1.4.1.2 Tumour associated macrophages (TAMs)

Macrophage polarization into M1 or M2 phenotypes leads to varied cytokine secretion and
function (149). M1 macrophages are associated with an inflammatory response and induce
a Th1 immune response by liberating proinflammatory cytokines including interleukin-12
(IL-12) and tumour necrosis factor (TNF). M2 macrophages produce cytokines, including
IL-10, IL-1, and associated with tumour growth and progression by stimulating angiogenesis
and suppressing other immune responses (150) or facilitating invasion and metastasis (151).
Several immunohistochemical (IHC) markers are available to evaluate TAMs. CD68 is
known as a pan-macrophage marker and facilitates identification of both M1 and M2
macrophages (152). In TNBC, a higher degree of CD68+ macrophage infiltration was
associated with poor prognosis (153). However, Medrek et al. have reported no significant
difference in outcome based on TAMs in TNBC, but intratumour macrophages were
positively associated with larger size, high histological grade, Ki67 positivity, hormone
receptor negativity and TNBC (152). TAMs in BLBCs have been reported to show
difference in macrophage polarisation, cytokine profile and migratory function compared
with TAMs in luminal cancer (154) suggesting that immune response mediated by TAMs in

BLBC may be different from that of non-basal breast cancer.

1.4.2 Cytokines in TNBC microenvironment

TNBC exists in a variety of cytokines and chemokines, including IFN-y, TNF-a, IL-1,
TGF-B, IL-6, IL-8, IL-2, IL-15, and IL-18, which enhance tumour growth, metastasis, drug
resistance, mediated immune suppression and antitumour activity, and plays a vital role in

microenvironment.

IFN-y (interferon-y) associated mRNA profiles have been proposed as predictors of PD-1
blocking clinical responses (155). It was found that the expression of PD-L1 in breast cancer
was induced by IFN-y, which was regulated by the JAK/STAT signalling pathway (156). A
recent study by Singh et al. showed the metastatic role of [IFN-y in TNBC (157).

TNF-a (tumour necrosis factor-o) and IL-1 stimulate co-cultures of TNBC and MSCs in
vitro has increased the aggressiveness of the cancer cells in vivo leading to increase lung

metastases in mice through induce the expression of the pro-metastatic chemokines CXCLS8

(158).
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TGF-B is a cytokine belonging to the TGF superfamily which is involved in the production
of Tregs and suppress the effector function of cytotoxic T cells in the TME of mice model.
TGF-B can also increase the inhibitory activity of TAMs and stimulate tumour escape by

enhancing M1 to M2 phenotype polarization and inducing PD-L1 up-regulation (159).

IL-6 is an inflammatory cytokine that interferes with the expression of cell adhesion and
surface molecules, regulates a variety of cell functions, such as proliferation, differentiation
and immune defence, participates in TNBC growth, and associated with TNBC prognosis
(160, 161). TNBC cells secrete a large amount of IL-6 which activate the JAK2-STAT3
signalling pathway and stimulate CCL5 synthesis in lymphatic endothelial cells and lung
lymphocytes (162). In TNBC, MSCs contribute to higher aggressiveness by stimulating the
expression of angiogenic factors and pro-metastatic chemokines such as CCL2, CCL5 and

CXCLS (162-164).

IL-8, IL-2, IL-15 are important indicators of immune response in breast carcinoma. IL-8, an
immune-related cytokine and inflammatory mediator, has tumorigenic and angiogenic
properties. IL-8 is highly expressed in the TNBC and associated with poor prognosis (161).
IL-8 secreted by tumour cells, invasive neutrophils and tumour-related macrophages
participates in the angiogenesis, proliferation and migration of tumour cells in the TME
(162). Stimulation of IL-2 or IL-15 cytokine can improve the antitumour ability of NK cells
in TNBC (165).

IL-18 is a cytokine member of the IL-1 family. It is produced by various cells such as
macrophages and plays a pro- and anti-inflammatory role. IL-18 is involved in regulating
the expression of PD-1 in TNBC microenvironment. IL-18 in TME increases the number of
immunosuppressive NK cells and stimulates expression of PD-1 in a subset of NK cells.
Tumour-derived IL-18 levels were significantly associated with reduced survival in TNBC

patients (166).
1.4.3 Tumour stroma percentage (TSP)

Study of tumour to stroma ratio indicates that increased expansion of tumour stroma is
crucial for prompting the prognostic outcome. TSP is fast emerging as a significant
prognostic indicator in different tumour types. Many studies document an association of high
stromal content with worse prognosis in breast cancer (167). In TNBC, a high percentage of
stroma predicts poor prognosis (167, 168), and was found to be an independent prognostic

factor for recurrence free survival (RFS) (167).
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CAFs make up the bulk of cancer stroma, especially in breast cancer, and have been found
to play a critical role in the TME (169). The source of CAFs is complex and debated. CAFs
may activated and proliferated from resident fibroblasts, mesenchymal derived stem cells,
neighbouring adipose tissue, endothelial cells (endothelial-mesenchymal transition,
EndoMT), and epithelial cells (epithelial-mesenchymal transition, EMT) (Figure 1.5). The
activation of resident fibroblasts is induced by many factors, such as TGF-B (transforming
growth factor-f§) and SDF-1 (stromal cell-derived factor-1). The most widely used marker to
detect CAFs in the tumour is a-smooth muscle actin (a-SMA) (169). The percentage of
positively a-SMA stained cells was graded on a scale of 0—3, with less than 5% representing
grade 0, 5-25% representing grade 1, 26-50% representing grade 2, and more than 50%
representing grade 3. The intensity of staining was also graded on a scale of 0-2, with
negative to weak intensity representing grade 0, weak-moderate intensity representing grade
1, and moderate to strong intensity representing grade 2. The score of percentage and
intensity was multiplied. The final score between 0 and 2 was determined as low expression,

and a score higher than 2 was determined as high expression (170).
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Figure 1.5 Outline of potential progenitor cells for cancer associated fibroblasts in the tumour
microenvironment

Hlustrative diagram showing origins CAFs from several cells such as normal tissue derived fibroblast (NAF),
mesenchymal derived stem cell (MDSC), adipose tissue-derived stem cell (ASC), endothelial cell (EC) (through
endothelial mesenchymal transition, EndoMT), and epithelial tumour cell (through epithelial mesenchymal
transition, EMT). Adapted from (169).

53



CAFs reduce antitumour immunity, enhance cancer cell proliferation and invasion, stimulate
neo-angiogenesis of tumour cells, reshape the extracellular matrix, and contribute to the
formation of an immunosuppressive microenvironment (171). Studies have demonstrated
that CAFs autophagy can improve the in vitro migration of TNBC cell lines (172), and
promote lung metastasis via TGF-} activation in TNBC mouse model (173). Furthermore,
Galectin-1, which is highly expressed in CAFs regulates CAF activation and enhances
TNBC cells metastasis by stimulating matrix metalloproteinase 9 (MMP9) expression (174).
Also, podoplanin expression in CAFs was associated with higher tumour grade and TNBC
(175). Metabolically, co-cultured BLBC cells and CAFs has been shown to exhibit higher
glucose up-take, glucose oxidation and glycogen synthesis than luminal cells (176). High
CAF infiltration in TNBC tissues was significantly correlated with high infiltration of TAMs
and lymphatic metastasis which correlated with poor outcome and might be a potential

therapeutic target in TNBC patient (177).

1.4.4 Tumour budding (TB)

Tumour budding is defined as isolated single tumour cells or clusters of up to four tumour
cells located at the invasive tumour front (178). TB is likely to be an early step in cancer
metastasis as budding cells are proposed to reflect the process of an EMT in breast cancers
which is an important step during carcinoma progression and metastasis (178). TB has been
identified as a poor prognostic factor in breast cancer (179) mainly in TNBC (180). High
breast cancer budding was associated with necrosis (181). Budding cells have been shown
to escape hypoxia by expressing a hypoxia-inducible factor-1o (HIF-1a) mediated hypoxic

tumour phenotype which increases their malignant potential (182).

1.5 Tumour hypoxia

Tumour hypoxia results from an imbalance between the cellular oxygen consumption and
the oxygen supply to the cells (183). Approximately 50-60% of solid tumour have been
shown to exhibit regions of hypoxia (184). A previous study has demonstrated that about
25-40% of locally advanced breast cancers exhibit hypoxia (185). Hypoxia can be caused
by perfusion, or diffusion related factors. Perfusion-related (acute) hypoxia arises due to
inadequate blood flow in tissues which caused by structurally and functionally abnormal
cancer vessels while diffusion-related (chronic) hypoxia arises due to increased diffusion
distances with tumour expansion (183). Cancer cells are exposed to a continuum of oxygen

concentrations and consequently solid tumours are comprised of three tissue regions: the
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normoxic, hypoxic and necrotic (Figure 1.6). Located nearby functional blood vessels
normoxic cells are typically viable and proliferative while at distances of 150um from patent

blood vessels cells may become anoxic, giving rise to areas of necrosis.
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Figure 1.6 Schematic representation of hypoxic regions of solid tumours.

Regions of tumours containing of oxygenated cells situated near to blood vessels, becoming increasingly
hypoxic with increased distance from a functional blood supply. Adapted from (186).

1.5.1 Cellular responses and adaptations to hypoxia

Hypoxia stimulates both proteomic and genomic changes within tumour cells (Figure 1.7).
Cancer cell responses to hypoxic stress include adaptive proteomic changes permitting the
cells to escape their hostile environment by facilitating anaerobic glycolysis, increased

proliferation, angiogenesis, decreased sensitivity to apoptotic and other cell death signals,

evasion of immune attack, confers limitless replicative potential allowing invasion, or
metastatic spread (187). Furthermore, hypoxia promotes genomic instability, thereby
increasing the number of mutations. At a molecular level, the adaptation of tumour cells to
hypoxic stress is regulated largely by hypoxia-inducible factors (HIFs), key regulators of the

hypoxic-induced stress response.

55



I Invasion and metastasis |

Genomic instability

| Self-sufficiency in growth signals je—— ——| Immune evasion |
I Regulation of angiogenesis / / \\1 Evasion of apoptosis |
| Regulation of cell proliferation | | Unlimited proliferation |

Figure 1.7 The role of hypoxia in the cancer-specific biological pathways.

Schematic diagram showing numerous effects of hypoxia on cancer progression including switch to a glycolytic
metabolism, maintenance of proliferation, resistance to apoptosis, obtain unlimited replication potential,
genetic instability, evade immune attack, stimulate angiogenesis, invade and metastasize.

1.5.2 Hypoxia inducible factors (HIFs)

Three human HIF family members have been identified, HIF-1, HIF-2, and HIF-3, these
heterodimers comprise of o subunit and  subunit (188). Of the three isoforms, HIF-1 is

frequently overexpressed in tumour cells (189).
1.5.2.1 Hypoxia inducible factors domain structure

HIF-1 is a heterodimer composed of a constitutively expressed nuclear HIF-1f subunit, aryl
hydrocarbon receptor nuclear translocator (ARNT) and an O-regulated HIF-1o subunit
(190). Both HIF-1 subunits belong to the protein family of the basic-helix-loop-helix
(bHLH)/PER-ARNT-SIM (PAS) domain-containing transcription factors (Figure 1.8). The
bHLH and PAS motifs facilitate DNA-specific binding and dimerization. HIF-1a subunit
contains two transactivation domains (C-TAD and N-TAD). C-TAD can interact with co-
activators such as CREB binding protein (CBP)/P300 to regulate the transcription of HIF-
la target genes. N-TAD participates in stabilizing HIF-1a against degradation. Moreover,
HIF-1a but not HIF-1B contains an oxygen-dependent degradation domain (ODD) that
mediates the O>-dependent degradation of HIF-1a. Two nuclear localization signals (NLSs)
have been identified as determining the nuclear localization of HIF-1a, however, the C-
terminal NLS motif is considered to be more important in the nuclear translocation induced
by hypoxia (191, 192). HIF-1a was the first HIF family member to be described by Semenza
and Wang (193).
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Figure 1.8 Schematic representation of domain structures of hypoxia inducible factors isoforms.

Most isoforms contain a bHLH (Basic helix—loop—helix) domain for DNA-specific binding and two sequential
PAS domains (PAS-A and PAS-B) which facilitate dimerization with HIF-1f. Two transcription-activation
domains (TADs), one N-terminal domain (N-TAD), and one C-terminal domain (C-TAD). The N-TAD is
located in the oxygen-dependent degradation domain (ODD). HIF-3 lacks C-TAD domains, and HIF-1p lacks
ODD. Numbers indicate the amino-acid residues of each domain or special amino sites. The figure has been
adapted, with some modifications from (194).
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HIF-2a was the second HIF family member to be identified and shares about 48% amino
acid sequence homology with HIF-1a (195). This identity resemblance could explain their
common capability of hetero-dimerization with HIF-f and binding with hypoxia response
elements (HREs) and induce gene expression (196). While the DNA binding and
dimerization domains of HIF-la and HIF-20 are similar from a structural view, the
transactivation domains of these two forms are different. Another difference is that HIF-1a
has all-pervasive expression, while HIF-2a expression is more limited to specific tissues
(196). In general, the two forms react to hypoxia through different biological actions. HIF-
la mediated mechanisms favour tumour growth, malignant progression, and regulation of
genes (197) while HIF-2a stimulates some, but not all genes stimulated by HIF-1a (198).
For example, HIF-1a and HIF-2a share several common targets such as VEGF. HIF-1a
mediates transcription of glycolytic enzyme and the proapoptotic gens while erythropoietin
production and cyclin D1 is regulated by HIF-2a (196). Furthermore, HIF-1a responds in
transient manner to severe hypoxia with rapid stabilization and stimulation of target genes,

while HIF-2a responds to moderate levels of hypoxia and accumulates over time (199).

The third HIF family member, HIF-3a, like HIF-10 and HIF-2q, it can dimerize with ARNT
and bind to HREs in vitro, but the role of HIF-3a in the hypoxic regulation of target gene
expression in vivo is not well understood (200). HIF-3a lacks the transactivation domain
which means that this form possesses a suppressive effect, preventing HIF-1a from initiating
transcription by binding to it (201). As result, HIF-3a is referred to as the inhibitory Per-
Arnt-Sim PAS domain (189).

Besides ARNT, another HIF- subunit, ARNT2 and ARNT3 can heterodimerize with HIF-
la proteins (202) (Table 1.7). ARNT2 has 57% amino acid sequence identity to ARNT.
Even though the two proteins may share similar functions, the expression patterns of ARNT
and ARNT?2 differ. While ARNT mRNA is ubiquitously expressed, ARNT2 expression is
limited to the brain and kidney tissues (203).

Table 1.7 Members of HIF family

o Subunits B Subunits
HIF-1a HIF-1B (ARNT)
HIF-2a ARNT2
HIF-3a ARNT3

Each o subunit may dimerize with any  subunit, and each f subunit may dimerize with any o. subunit.
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1.5.2.2 HIF-1a regulation and its function in cancer

While HIF-1 is stable and constitutively expressed regardless of oxygen availability, HIF-

la levels are regulated via both O>-dependent and independent pathways.
1.5.2.2.1 HIF-1a versus oxygen-dependant regulation

Under normoxic conditions, HIF-1a is rapidly degraded (half-life of less than 5 minutes)
through the ubiquitin-proteasomal pathway (Figure 1.9A). This involves hydroxylation of
proline residue 402 and/or 564 within ODD by prolyl hydroxylases (PHDs) in a reaction that
requires oxygen as a substrate, ferrous iron (Fe?") and ascorbate as cofactors, and 2-
oxoglutarate (alpha-ketoglutarate) as an electron donor co-substrate (204, 205). This allows
recognition hydroxylated HIF-1a through the von Hippel-Lindau (VHL) tumour suppressor
protein and is tagged for ubiquitylation and subsequent proteasomal degradation (206).
Hydroxylation of asparagine residue 803 located within the HIF-1oo C-TAD by the factor
inhibiting HIF-1 (FIH-1) provides another regulatory layer by blocking the binding of HIF-
la to coactivator P300 and CREB binding protein (CBP) thus inhibiting HIF transcriptional

activation under normal oxygen conditions (206).

Under hypoxic condition, the oxygen-dependent hydroxylation of HIF-1a does not occur
resulting in HIF-1a stabilization, accumulation, and subsequent translocation to the nucleus
where it dimerises with HIF-1 and binds to HRE to regulate transcription of the target genes
(Figure 1.9B). HIF-1a induces a wide variety of biological changes associated with glucose
metabolism, pH regulation, cell proliferation, angiogenesis, metastasis, and therapy
resistance (206). HIF-1a was also shown to increase the expression of an anti-apoptotic
protein, BCL2 (B-cell lymphoma-2) in breast cancer cell lines which may promote cell

survival (207).

Hypoxia predicts a poor patient outcome due to increased expression of related genes (208).
Up to 1.5% of the human genome is evaluated to be transcriptionally responsive to hypoxia
(209). Recent years brought insights into several additional genes and pathways which have
been identified as being responsive to hypoxia and might serve as predictive or prognostic
markers (210). Since increased activity of the HIF-1a pathway is associated with a more
profound intratumoural hypoxia in BLBC compared with other subtypes, gene signatures
might direct treatment decisions for potential application of anti-hypoxic drugs within the

future (211) .
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Figure 1.9 Activation and degradation of the hypoxia inducible factor-1a.

Schematic diagram showing molecular mechanism of hypoxia-inducible factor 1 (HIF-1) signalling. In
normoxia, HIF-1a. is rapidly degraded via the pVHL proteosome pathway. This results in the inactivation of
HIF-a subunit transcriptional activity [A]. Under hypoxic conditions, HIF-1a associates with HIF-1§ and the
resulting heterodimer binds to the hypoxia response element (HRE) of target genes [B]. Adapted from (212).

60



1.5.2.2.2 HIF versus oxygen-independent regulation

According to an earlier survey of cancer cell lines, there was almost a 50% incidence of HIF-
la stabilizing under normoxic conditions in tumours (213). HIF-1la can be stabilised
independently of hypoxia by accumulation of Krebs cycle metabolites such as succinate and
fumarate which inhibit PHD activity and in turn increase HIF-1a stabilization (214, 215).
Intracellular pyruvate and lactate accumulation also enhance HIF-la stabilization (216)

(Figure 1.10).

Succinate Pyruvate
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Figure 1.10 Oxygen-independent HIF-1a stabilization via oncometabolite.

Schematic diagram showing oncometabolite stimulates HIF-1o. stability. Succinate and fumarate inhibit prolyl
hydroxylase (PHD) activity. Pyruvate and lactate enhance HIF-1a stabilization.
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Furthermore, HIF-1a can be stabilised independently of hypoxia by dysregulation of
oncogenes, such as the amplification of C-Myc in cancer cells. C-Myc has been found to
prevents HIF-1a degradation via reducing HIF-1a binding to the pVHL complex, eventually

leading to normoxic HIF-1a stabilization in breast tumour cells (217) (Figure 1.11).

C-Myc —|

Stabilization

Figure 1.11 PHD-independent pathways regulating HIF-1a stability.

Schematic diagram showing C-Myc inhibit HIF-1a binding to pVHL complex which promotes HIF-1o
degradation in hypoxic environment.
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HIF-10 may also be regulated through mRNA transcription and protein synthesis. Activation
of the PI3K/Akt/mTOR pathway leading to increased mTOR-dependent HIF-1la
transcription and translation (218). Consequently, any aberrant stimulation of this pathway
in cancer often occurs via hormones, growth factors, and increased reactive oxygen species
(ROS) concentrations leads to stimulation of HIF-1a even in normoxic conditions (218-220)

(Figure 1.12).

Hormones

N/

[PBK/Akt/mTOR }

HIF-1a transcription

Translation

Figure 1.12 Regulation of HIF-1a on transcriptional and translational level.

Schematic diagram showing PI3K/Akt/mTOR axis which is the major pathway involved in promoting HIF-1o.
transcription and translation, regardless of O: concentrations and upon numerous pro-tumourigenic stimuli
such as hormones, growth factors, increased ROS concentrations were shown to promote HIF-1a transcription
and translation.

Cancer cells must be able to maintain an intracellular pH at or near physiological levels in
order to survive in the acidic microenvironment. Therefore, hypoxia-associated enzyme
carbonic anhydrase IX, a direct transcriptional target of HIF-1a, is a key in this regulatory

process (221, 222).

1.5.3 Carbonic anhydrase IX (CAIX)

In addition to HIFs, CAIX has been proposed to be a potential intrinsic marker of hypoxia

(222). It was first detected in human cervix carcinoma HeLa cells and initially named the
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MN protein by Pastorekova et al. (223) There are 15 different CAs isoforms differing in
physiological roles and expression patterns but only CAIX and CAXII have been implicated
in cancer (224) CAIX is of particular interest due to its high expression in solid tumours
while displaying low expression in normal tissues (mainly the gastrointestinal tract and

biliary tree) (225) suggesting its potential to function as a promising tumour biomarker (226)

1.5.3.1 CAIX domain structure

CAIX is a transmembrane protein belongs to the class of zinc metalloenzymes, consisting of
four distinct domains. An N-terminal proteoglycan (PG) domain, a CA catalytic domain, a
transmembrane segment (TM), and an intracytoplasmic (IC) tail at the C-terminal (227)
(Figure 1.13). A signal peptide domain is removed prior to enzyme maturation (228). The
extracellular PG-like domain immediately adjacent to the CA domain allows the enzyme to
act efficiently at acidic pH values (227), and it is the distinctive feature of CAIX differing
from the other known CAs. It has been suggested that the PG domain is involved to cell
adhesion and tumour invasion via its interaction with -catenin which leads to a decrease in
E-cadherin mediated cell-cell adhesion, therefore, promoting cell motility and invasion
(229). The intracellular tail contains potential phosphorylation sites which results in

increased catalytic activity of CAIX (230).

167-405

CAIX

™ IC

Figure 1.13 Domain organization of CAIX protein.

Schematic diagram showing domain organization of CAIX. The proteoglycan-like domain (PG), the catalytic
domain (CA); the transmembrane segment (TM) and the intracytoplasmic tail (IC). SP: signal peptide. Adapted
from (227).

CAIX is involved in pH regulation that catalyses the reversible hydration of carbon dioxide
to bicarbonate and a proton: CO2 + H,O = HCOs; + H* maintained a more alkaline and

uniform intracellular pH whereas making a more acidic extracellular pH (231) (Figure 1.14).
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The extracellular HCO3™ generated by CAIX is transported by bicarbonate transporter (BT)
across the plasma membrane to the cytoplasm, where it contributes to intracellular
neutralisation, which is important for cell survival and proliferation. However, protons
remain at the cell surface lowering the extracellular pH and support extracellular
acidification (232), which facilitates cell migration and invasion (233). Thus, it plays a major

role in maintaining the pH gradient between cells and their extracellular space (234).

+ H,0 HCO,; + @
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Figure 1.14 Schematic illustration of the catalytic role of CAIX in pH regulation in tumour cells.

Pericellular CO: is hydrated to bicarbonate ions and protons by CAIX. Protons remain on the outer side of
the plasma membrane and contribute to extracellular acidification while bicarbonate ions transport across the
plasma membrane through bicarbonate transporters (BTs) to neutralize intracellular pH. This results in
production of CO: that leaves the cell by diffusion and may enter a new round of hydration. Adapted from
(234).

1.5.3.2 CAIX regulation and its function in cancer

When hypoxic environment advances, HIF-1a is overexpressed and promotes upregulation
of various target genes, including CAIX to prevent intracellular acidosis, and allowing breast
cancer cells to undergo metabolic adaptation to hypoxia (235, 236). CAIX also contributes
to several specific biological process critical for tumour progression including migration,
invasion, cell survival, maintenance of cancer stem cell function and chemotherapy and
radiotherapy resistance (237) (Figure 1.15). Cancer stem cells (CSCs) are a small
subpopulation of tumour cells capable of self-renewal and the ability to differentiate into

multiple cell types. These cells are associated with development of metastases and exhibit
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enhanced invasiveness. Hypoxia increases the number of CSCs, which are essential for
disease progression and recurrence (238). Analysis of CSC markers in invasive breast cancer
showed an association with CAIX-positive tumour. Inhibition of CAIX results in reduced

the stemness properties and survival of CSCs and decrease migration and invasion (237).
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Figure 1.15 Schematic illustration of CAIX regulation.

Hypoxia induces a HIF-1o mediated signalling cascade that results nuclear translocation of HIF-1o and

activation of hypoxia-regulated genes, including erythropoiesis, angiogenesis, metabolism, and pH regulation
(CAIX).
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1.5.4 Hypoxia prognostic factors in breast cancer

Associations between microenvironmental hypoxia, activation of hypoxia pathways, and
aggressively malignant phenotypes are observed across a range of cancers. It was previously
reported that HIF-1a and HIF-2a were frequently upregulated in a variety of human tumours
(239). These finding suggest that HIF may play a role in tumorigenesis. It has been reported
that overexpression of HIF-1a in breast cancer was positively associated with large tumour
size, advanced tumour stage and high histological grade (240), metastasis (241, 242) and
mortality in lymph node positive (243), lymph node negative (244), Her-2-positive (245),
ER-positive (246). Clinically, high levels of HIF-1a expression positively correlate with
tumour progression and poor prognosis in breast cancer (240, 241, 246-248). Overexpression
of HIF-1a is an independent prognostic factor in ER-positive breast cancer with decrease
DFS (249). Since TNBC frequently shows central fibrosis and necrosis which are
morphologic evidence of hypoxia (100, 250), a high expression of HIF-1a in TNBC may be
anticipated. Indeed, this had been confirmed through the preferential expression of HIF-1a
in peri-necrotic cancer cells in TNBC and BRCA1 mutated breast tumours (251). TNBC
more often has higher HIF-1a expression than non-TNBC, and it is associated with nodal
metastasis, histological grade, Ki67 expression (252), and large tumour size (250).
Preclinical study showed that, inhibition of HIF in TNBC cell lines was associated with
reduction in their growth (253). It was suggested that targeting HIF-10 might provide a new
therapeutic option for patients with TNBC (254). Combination of cytotoxic chemotherapy
and HIF inhibitors in treatment of patients with TNBC will improve patient survival (255).

Furthermore, elevated HIF-2a expression also associated with poor prognosis in breast
cancer patients (256). Combined HIF-1a and HIF-2a downregulation in TNBC xenograft
have provided a wealth of information on cell metabolism and significantly affected tumour

growth (253).

Moreover, CAIX has been described as a useful marker to identify cancer cell hypoxia (257,
258). Increased CAIX expression is associated with high tumour grade (259), ER-negative
(260), metastasis (261), chemotherapy and radiotherapy resistance (258, 262). Clinically,
high level of CAIX expression is an independent prognostic factor in ER-positive breast
cancer (249), and in TNBC compared to other subtypes of breast cancer (263, 264). Trastour
et al. concluded that both HIF-1a and CAIX are markers of poor prognosis of breast cancer
patients (248). Jin and colleagues reported that combined expression of HIF-1a and CAIX
predicts poor prognostic factor in early stage TNBC particularly in basal type (265).
67



However, two studies have demonstrated that in TNBC an increase of CAIX expression
without HIF-1a being detected (235, 264). It is important to note that HIF-1a has a very
short half-life in normoxic conditions, but CAIX protein is relatively stable and persisted

much longer than HIF-1a.

1.5.5 Hypoxia and tumour metastasis

EMT is a process promoted by hypoxia which increases the aggressiveness and metastatic
potential of cancer cells (266). HIF-1a activates EMT through expression of the transcription
factors like SNAIL, and ZEB1 (267). Additionally, hypoxia has been shown to stimulate
lysyl oxidase (LOX) and LOX-like proteins (LOXL) secretion by breast cancer cells. LOX
and LOXL are collagen-stabilizing enzymes that are implicated in remodelling the ECM in
metastatic sites to promote metastasis niche formation. LOX/LOXL expression remodels the
ECM at metastatic sites to accelerate recruitment of bone marrow-derived cells, an effect
dependent on HIF-la and HIF-2a activity in cancer cells (268). Consequently, LOX
inhibitors are being examined as potential agents that may overcome chemoresistance and

decrease metastasis in TNBC (269).

1.5.6 Hypoxia and tumour metabolism

The process of glycolysis is carried out in the cytoplasm and produces two ATPs. Glucose
is broken down into pyruvate that is a fuel for oxidative phosphorylation (OXPHOS). In
aerobic conditions, pyruvate enters the mitochondria to be further catabolised via the
tricarboxylic acid cycle and OXPHOS which can produce 36 ATPs. In anaerobic conditions,
cells favour glycolysis, and pyruvate is reduced to lactate by lactate dehydrogenase A (LDH-
A) in the cytoplasm and then lactate is exported into the extracellular space through
monocarboxylate transporters (MCTs) (270) (Figure 1.16). In contrast to non-malignant
tissue, hypoxic tumours tend to increase rate of glycolysis to support their energy demands
even when oxygen is plentiful, a phenomenon termed aerobic glycolysis or the Warburg
effect. This phenomenon was first observed by Warburg in the 1920s (271), and it was
hypothesized that cancer results from impaired mitochondrial metabolism. However, new
findings suggest controversy over Warburg hypothesis. The experimental observations of
increased glycolysis in tumours even in the presence of oxygen have been repeatedly
confirmed (272). Aerobic glycolysis produces lactate which contributes to extracellular
acidification which provides a growth advantage to cancer tissues over normal tissues and

enhances the invasion and metastasis of tumour cells (273).
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Figure 1.16 Schematic diagram of glucose metabolism in mammalian cells.

Glucose is taken up by specific transporters, where it is converted first to glucose-6-phosphate by hexokinase
and then to pyruvate, generating 2 ATP per glucose. In the presence of oxygen, pyruvate is oxidized to HCO:s.
generating 36 additional ATP per glucose. In the absence of oxygen, pyruvate is fermented to lactate which is
exported from the cell. HbO:.: oxygenated haemoglobin, LDH-A: lactate dehydrogenase A. Modified from
(270).

Certain factors contributing to the switch to aerobic glycolysis in various tumour types were
reported by Zheng including oncogene activation, tumour suppressor loss, and hypoxic

microenvironment (274) (Figure 1.17).
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Figure 1.17 Alterations of oncogene and tumour suppressor and hypoxia drive cancer cells to aerobic
glycolysis.

Schematic diagram showing HIF-1o and c-Myc, p53 transcription factors responsible for glycolysis in cancer.
HIF-1a is induced by hypoxia or activated oncogenes (Ras, PI3K-Akt and Her) or inactivated tumour
suppressors (p53, pVHL and PTEN) under normoxia, HIF-1a also stimulates Myc expression. OXPHOS:
oxidative phosphorylation. Adapted from (274).
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Tumours with high histologic grade, high mitotic index, poor differentiation, and poor
outcome have been previously characterized with high metabolic activity (275). Compared
to ER-positive breast cancer cell lines, TNBC cell models are shown to harbour high
glycolytic flux and low OXPHOS activity (276) and are more primed to switch to aerobic

glycolysis in the presence of limited oxygen than non-transformed cells (277).

The effect of HIF-1a on glycolytic metabolism is well established (278). HIF-10 maximizes
the efficiency of the glycolytic shift through changes in the expression of glucose transporter
(279), and glycolytic enzymes genes (270). Both the maximal glucose uptake and high
efficiency of glucose utilization enables cancer cells to grow and proliferate under such

conditions.

Additionally, HIF-1a enables cancer cells to maintain intracellular pH that occurs as a result
of increased aerobic glycolysis and the resulting lactic acid production through increased
activation and expression of HIF-1-dependent genes (280). HIF-1a activation promotes the
expression of several hypoxia adaptation genes such as monocarboxylate transporter which
removes lactate along with hydrogen ions from tumour cells, or CAIX which facilitates the

formation of bicarbonate and hydrogen ions from CO, and H>O (281).

1.5.7 Clinical relevance of hypoxia in breast cancer

Hypoxia is a poor prognostic factor in breast cancer and may cause a more aggressive
malignant phenotype (282). Also, it is proposed to promote resistance to cancer therapy (246,
282). Therefore, it is a longstanding goal in experimental cancer research and clinical
oncology to develop reliable markers to detect hypoxia. IHC is a reliable approach to assess
endogenous hypoxia markers such as HIF-a in combination with CAIX in tumour biopsies.
In the era of personalized precision medicine, clinical trials are warranted to determine
whether anti-hypoxia drugs may improve the survival of breast cancer patients alone or in
combination with current therapeutic regimens. It is essential to explore the crucial influence
of hypoxia in the development of breast cancer in order to gain a deeper understanding of
individual disease trajectories and to better anticipate them. This knowledge can then be used

in the future to develop and implement adequate therapy for each individual patient.

1.6 Research aims and hypothesis

It was hypothesised that hypoxic markers are associated with development of breast cancer,

resistance to endocrine therapy and are potentially a novel therapeutic target for breast cancer
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treatment. Thesis aims were to investigate the prognostic role of hypoxic markers in breast

cancer. In order to address the hypothesis, the main objectives were as follows:

= Investigate expression of hypoxic markers within tumour cells of breast cancer
patient tissue microarrays and assess association with prognosis, and

clinicopathological features.

= Investigate expression of hypoxic markers in TNBC patient tissue microarrays and

assess association with prognosis, and clinicopathological features.

= Establish which biological processes, and key pathways related to hypoxic markers
expression in ER-negative and a node negative subset of ER-negative breast cancer

patients using TempO-Seq technology.

= [dentify the mRNA signature associated with hypoxic markers expression within
tumour and stromal compartments in TNBC tissue microarrays based on the

NanoString technology.
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2.1 Tissue studies

To test whether the hypoxic markers are associated with clinical outcome measure, their
expression was assessed using [HC on a tissue microarray (TMA) of breast cancer patients.
Formalin-fixed paraffin-embedded tissue (FFPE) blocks were retrieved from the archives of
the Department of Pathology, Glasgow Royal Infirmary, Western Infirmary and Stobhill
Hospitals, in the West of Scotland, and were used to construct a TMA. Tumour-rich areas
on full Haematoxylin and eosin (H&E)-stained sections were identified and marked by a
qualified pathologist and were matched to FFPE blocks. Three different 0.6 mm cores per
patient from each carcinoma were punched from FFPE tissue blocks and distributed in three
pre-prepared holes in three new recipient paraftfin array blocks (Beecher Instruments, Silver
Spring, Maryland, USA). TMA blocks contained multiple tumour cores, with known
coordinates to allow easy linkage to clinicopathological data. Patients were excluded from
the cohort if tissue blocks were not available or had insufficient tumour tissue as determined

by the pathologist.

There are several advantages of using TMAs as a research tool for the investigation of
putative prognostic molecular targets. Because of the small amount of tissue required for
construction, the remaining valuable tissue can be preserved for other experiments. TMAs
are cost-effective and time saving as the amount of reagents was reduced and a large amount
of tumour core can be stained in one run. TMAs enable standardisation for the entire cohort
as they are stained in one run with the same conditions. However, due to the small size of
TMA cores, the tissue cores can be vulnerable to loss while performing experiments when
compared to the full sections (283). Heterogeneity and loss of cores is mitigated by having

multiple cores for each tumour specimen.

Ethical approval for this study was approved by the Research Ethics Committee of the West
Glasgow University Hospitals NHS Trust (NHS GG&C REC reference: 16/WS/0207).

2.1.1 Patient TMA cohorts
2.1.1.1 Cohort 1: Glasgow breast TMA (Mixed breast cancer cohort)

This retrospective TMA of patients with breast cancer was constructed by Clare Orange
(TMA and Image Analysis Unit manager, University Department of Pathology, Queen
Elizabeth University Hospital). Sections were marked up by pathologist (E.M). The cohort

included 850 breast cancer patients presenting with invasive breast cancer in the West of
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Scotland at Royal Infirmary, Western Infirmary and Stobhill Hospitals, Glasgow dating from
the years 1995 and 1998. Patients were included in this study based on the selection of ductal
histological subtype and having HIF-1a (2) expression available (n = 575). Therefore, 275
patients were excluded from the study as they did not have ductal carcinoma or HIF-1a (2)

expression was unavailable (Figure 2.1).

The Glasgow breast cohort
TMA construction
(n=850)

Excluded: non ductal carcinoma W
or HIF-1a (2) not available J:

(n=275)

Y

Eligible patients
(n=575)

A 4

Central analysis by IHC for HIF-1a (1),
HIF-1a (2), HIF-2a, and CAIX
(n=1575)

inadequate quality

Excluded: tissue core missing or 1
for scoring j

HIF-1a (1) HIF-1a (2) HIF-20. CAIX
(n = 470) (n=575) (n=519) (n=533)

Figure 2.1 Consort diagram in the Glasgow breast cohort.

Consort diagram showing the number of patients included in analysis for each marker based on exclusion
criteria of not having ductal histological subtype and HIF-1o (2) expression and missing or damaged cores.
There were 850 patients in the full cohort prior to exclusions. After exclusions there were 470 patients analysed
for HIF-1a (1), 575 patients for HIF-1a. (2), 519 for HIF-2a, and 533 patients analysed for CAIX staining.
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A database was available in the Glasgow Safe Haven (database number GSH/18/ON/008)
which included clinicopathological details, adjuvant treatment and survival and recurrence
data. The patients included in this study did not receive neoadjuvant therapy or adjuvant
anti-Her-2 therapy. Details of proteins previously examined in Professor Edwards’
laboratory in this cohort were also available in the database. ER, PR and Her-2 staining, and
scoring had been previously carried out in the Edwards’ lab using current diagnostic
protocols. This was to ensure standardisation of technique, as techniques had changed in
diagnostic labs over the time period of this cohort and routine Her-2 testing had not been

established. Characteristics of the cohort are summarised in Table 2.1.
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Table 2.1 Patient tissue microarrays characteristics
Clinicopathological characteristics

Age (50/>50 years)

Histological status (ductal/lobular/other)

Size (20/21-50/>50)

Grade (I/1I/111)

Lymph node (negative/positive)

ER status (negative/positive)

PR status (negative/positive)

Her-2 status (negative/positive)

Ki67 (proliferative index) (low/high)
Molecular subtype (lum A/lum B/TNBC/Her-2)
Adjuvant endocrine therapy (no/yes/ATAC trial)
Adjuvant chemotherapy (no/yes)

Adjuvant radiotherapy (no/yes)

Alive/cancer death/non-cancer death

No recurrence/local/distant/both

The Glasgow breast cohort
(n = 850)
248(29)/602(71)
736(87)/68(8)/46(5)
496(59)/309(36)/44(5)
161(19)/382(45)/305(36)
490(59)/348(41)
276(33)/570(67)
448(53)/396(47)
699(85)/128(15)
567(61)/228(29)
371(47)/178(22)/176(22)/73(9)
141(20)/528(75)/32(5)
516(61)/331(39)
446(53)/401(47)
482(58)/174(21)/157(19)
648(78)/50(6)/123(15)/8(1)

The ER-positive cohort
(n = 456)
82(18)/361(82)
350(82)/49(11)/32(7)
220(53)/176(42)/23(5)
102(25)/202(49)/109(26)
216(54)/188(46)
20(5)/392(95)
169(41)/238(59)
407(91)/39(9)
248(61)/159(39)
221(57)/90(23)/0(0)/0(0)
0(0)/456(100)/0(0)
338(76)/105(24)
317(70)/139(30)
243(55)/116(26)/84(19)

310(70)/118(27)/12(2)/3(1)

The TNBC cohort
(n=207)
66(32)/140(68)
190 (97)/2(1)/9(2)
82 (42)/100(51)/15(7)
2(1)/15(7)/184(92)
141(70)/62(30)

30(15)/176(85)
45(22)/161(78)
128(62)/69(34)/9(4)
136(67)/31(15)/28(14)/7(4)

Table showing the number of patients with clinical characteristics in each cohort including age, histological status, tumour size, grade, lymph node, ER, PR, Her-2 status, Ki67,

molecular subtype, adjuvant endocrine therapy, adjuvant chemotherapy and adjuvant radiotherapy.
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Clinical end points used were RFS (was measured from the date of primary surgery until the
date of the first loco-regional or systemic recurrence), DFS (was measured from the date of
primary surgery to the date of the first loco-regional or systemic relapse, or mortality in the
absence of relapse) and OS (was defined from the day of surgery until death of the patient

either from cancer or a cause other than breast cancer).

Patients were routinely followed up after surgery for minimum of 10-years. Date and cause
of death were checked with the cancer registration system and the Registrar General

(Scotland).

The follow up for the whole cohort ranged from 1-183 months with a median follow up time
was 150.37 (73-165) months. There were 482 patients alive at the last follow up, and median
follow up was 162.7 months (range 153-170.98 months). At the last follow up 174 patients
had died of their disease and 157 had died of other causes. Follow up of recurrence status

found 181 patients had relapsed.

Subtypes in the Glasgow breast cohort

The Glasgow breast cohort includes both ER-positive and ER-negative patients, PR status,
Her-2 status and Ki67 index. It was possible to categorise the cohort into four distinct
subtypes. 15 (3%) of the 575 patients were missing and were excluded from analysis. Of the
remaining 560 patients, 238 (43%) were categorised as luminal A and 130 (23%) as luminal
B, 62 (11%) as Her-2 enriched, and 130 (23%) as TNBC as shown in Table 2.2.

Table 2.2 Subtyping of the Glasgow breast cohort

Subtype ITHC markers Patients number
n =560 (%)
Luminal A ER or PR+, Her-2—, low Ki67 (< 14%) 238 (43)
Luminal B ER or PR+, Her-2+ and/or high Ki67 (> 14%) 130 (23)
Her-2 enriched  ER, and PR—, Her-2+ 62 (11)
Triple negative = ER, PR and Her-2— 130 (23)

Table outlining IHC description and the number of patients for each breast cancer subtype in Glasgow
breast cohort including luminal A, luminal B, triple negative and Her-2 enriched.
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2.1.1.2 Cohort 2: ER-positive TMA

In order to confirm the results from the Glasgow breast cohort, ER-positive cohort was
stained for HIF-1a (1), HIF-1a (2), HIF-2a, and CAIX. This retrospective TMA of breast
cancer was constructed by Dr Sian Tovey, and sections were marked up by pathologist
(B.D). The TMA included 456 patients presenting with invasive breast cancer and
undergoing curative surgery between 1980 and 1999 within Western Infirmary, Victoria
Hospital, and Stobhill Hospital, Glasgow. Patients were included in this cohort base on initial
ER-positive pathological reports. 20 were found to be ER-negative and 44 were of unknown
ER status and were excluded from the study. 107 patients were excluded from analysis as
they did not have ductal carcinoma or HIF-1a (2) expression was unavailable remained 285

patients available for analysis as shown in Figure 2.2.
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Figure 2.2 Consort diagram in the ER-positive cohort.

Consort diagram showing the number of patients included in analysis for each marker based on exclusion
criteria of having ER-negative status, not having ductal histological subtype and HIF-1a (2) expression and
missing or damaged cores. There were 456 patients in the full cohort prior to exclusions. After exclusions there
were 217 patients analysed for HIF-1o. (1), 285 patients for HIF-1o (2), 281 for HIF-20, and 254 patients
analysed for CAIX staining.
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The clinicopathological data available via Glasgow Safe Haven (database number
GSH/21/0ON/011) and including patient’s age, histological tumour type, tumour size, tumour
grade, involved lymph node status, PR status, Her-2 status, and Ki67 proliferation index. In
this cohort patients were treated with adjuvant tamoxifen and time on tamoxifen was
available in the database, as well as recurrence and survival follow up. This pathological
information was previously retrieved from the pathology routine reports and recorded in

SPSS database. The key characteristics of this cohort are summarised in Table 2.1.

Clinical end points used were again RFS, DFS and OS. The follow up for the whole cohort
ranged from 0-311.2 months with a median follow up time was 85.44 months (range 58.65-
119.13) months. There were 243 patients alive at the last follow up, and median follow up
was 97.44 (68.88-119.64) months. At the last follow up date, the number of patients who
had died from cancer was 116 and those who died from other causes was 84. The number of

patients who experienced local and distance recurrence was 118 and 12, respectively.

Subtypes in the ER-positive TMA cohort

This cohort was an ER-positive cases. The cohort was subdivided into luminal A and luminal
B subtypes using Her-2 status and Ki67 index. 47 (17%) of the 285 patients were missing
and were excluded from analysis. Of the remaining 238 patients, 169 (71%) were categorised

as luminal A and 69 (29%) as luminal B, as detailed in Table 2.3.

Table 2.3 Subtyping of the ER-positive cohort

Subtype IHC markers Patients number
n =238 (%)
Luminal A ER or PR+, Her-2—, and low Ki67 (< 15%) 169 (71)
Luminal B ER or PR+, Her-2+ and/or high Ki67 (> 15%) 69 (29)

Table outlining IHC description and the number of patients for each subtype in ER-positive cohort including
luminal A and luminal B.
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2.1.1.3 Cohort 3: Triple negative breast cancer (TNBC) cohort

The results from the Glasgow breast cohort were confirmed in a newer cohort with relevance
to modern clinical practice. This retrospective TMA TNBC was constructed by Dr Jennifer
Hay (University Department of Pathology, Queen Elizabeth University Hospital), tumour
and stromal regions were identified by a consultant pathologist (E.M). This cohort included
207 patients presenting with invasive TNBC between 2011 and 2019 in the West of Scotland
at Greater Glasgow and Clyde. TNBC cohort was stained for CAIX. After excluding patients
who did not have ductal carcinoma or CAIX expression was unavailable (n = 30), and who
received neoadjuvant chemotherapy (n =41), 136 patients remained for downstream analysis

(Figure 2.3).
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Figure 2.3 Consort diagram showing patient exclusions in TNBC cohort.

Consort diagram showing the number of patients included in analysis for CAIX based on exclusion criteria of
not having ductal histological subtype, CALX expression, administration of neoadjuvant therapy, and missing
or damaged cores. There were 207 patients in the full cohort prior to exclusions. After exclusions there were
136 patients analysed CAIX staining.

A database of clinicopathological features was available, including patient age, tumour size,
grade, lymph node status and treatment the patient received. Clinical information of the
patients was held by Professor Joanne Edwards and in Glasgow Safe Haven
(GSH/21/ON/008). The key characteristics of this cohort are summarised in Table 2.1.

Patients with insufficient tumour tissue or incomplete follow up were excluded.

Clinical endpoints included RFS, DFS, and OS. The follow up for the whole cohort ranged
from 0-112 months with a median follow up time was 52.6 (33-69) months. There were 112

patients alive at the last follow up, and median follow up was 64.20 months (range 49.38-
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77.47 months). At the last follow up date, the number of patients who had died from breast
cancer was 69 and those who died from other causes was 9. The number of patients who

experienced recurrence was 66 patients.

2.1.2 Control tissue

TMAs of breast cancer patients without associated clinical data were available for
optimisation of antibodies. These were included as positive and negative controls in IHC
experiments. Positive controls were included in every step of the IHC procedure and
incubated in identical solutions as to the TMAs of patients. Cores of liver, kidney, prostate,
lung, colon, tonsil and pancreas tissue were included as positive controls in the Glasgow
breast cohort, and cores of lung, liver, gut, smooth muscle, pancreas and tonsil were included
as positive controls in the ER-positive cohort for the various antibodies. Tonsil, colon, liver,
prostate, spleen, lung, breast and skin were used as positive controls in TNBC cohort.
Negative controls were included in every step with the exception of primary antibody, and
slides were instead incubated in antibody diluent for the duration of primary antibody

incubation.

2.1.3 Antibody validation

To ensure antibodies utilised were specific for the target protein, specificity testing was

performed.
2.1.3.1 Western blotting for antibody specificity

Western blotting was used to validate the specificity of HIF-1a (1), HIF-1a (2) HIF-2a, and
CAIX antibodies. Running buffer was prepared by diluting 100mL 10x running buffer,
tris/glycine/SDS in 900mL distilled water. Precast protein gels (4-20% Mini-PROTEAN
TGX) were utilised (Bio-Rad #4561023). The gel tank was assembled, added to the Bio-Rad

tank, and tested for leakage when the reservoir was filled with running buffer.

HeLa hypoxic/normoxic cell lysates (Novus NBP2-36452) were purchased. Ladder (10uL)
was loaded into lane 1 and 15puL samples were added to remaining 4 wells plate onto precast
gels. Gels were run for 90 minutes or until the samples reached the edge of the gel at a
constant 120 Volts. Transfer buffer was prepared by adding 200mL methanol and 100mL
10x transfer buffer (tris/glycine) to 700mL distilled water. Polyvinylidene fluoride (PVDF)

membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK) were soaked in
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methanol for 5 minutes. Sponges and filter paper were soaked in transfer buffer. Sandwich
was prepared as outlined in Figure 2.4 and rolled using to remove any air bubbles. The
assembled cassette was added to the tank and run at constant 300mA for 90 minutes to

transfer protein from gels to the membranes.

| White section of cassette

| Sponge

{} Filter paper
1 Gel
] Membrane

{}Filter paper
| Sponge

I  5iack section of cassette

Figure 2.4 Assembly of the sandwich for Western blot transfer.

Diagram showing the makeup of gel membrane sandwich utilised in Western blot transfer step. The cassette is
opened, and a piece of sponge is placed at both ends. Two pieces of filter paper are added to each side and the
membrane is placed on the side nearest the black end of the cassette. The gel is carefully added on top of the
membrane and the sandwich is assembled.

The sandwich was removed from the tank and membranes were blocked depending on the
antibody, either with 3% bovine serum albumin (BSA) in tris-buffered saline plus 0.05%
Tween-20 (TBST) for HIFs or with 5% non-fat dry milk dissolved in TBST for CAIX for 1
hour on a platform shaker at room temperature. Membranes were incubated in appropriate
primary antibody (diluted in 0.3% BSA for HIFs antibodies or in 0.5% dry milk dissolved
in TBST for CAIX antibody) overnight at 4°C and then washed three times in TBST for 10
minutes. Conditions for each antibody are listed in Table 2.4. Secondary antibodies were
diluted either in 0.3% BSA or in 0.5% non-fat dry milk dissolved in TBST (1:5000 for anti-
rabbit and 1:10000 for anti-mouse antibodies) with anti-ladder at 1:50000. Membranes were
incubated for 90 minutes in secondary antibodies at room temperature and then washed three
times for 10 minutes in TBST. After washing, membranes were incubated in horse radish
peroxidase (HRP) substrate enhanced chemiluminescence reagent (Pierce ECL) (Thermo
Fisher Scientific, Waltham, MA, USA) for 5 minutes at room temperature. Membranes were
blotted on blue roll and then imaged using Syngene Gene Sys (Syngene International Ltd,

India). All experiments were repeated three times.
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Table 2.4 Antibodies used for Western blot and optimal conditions

Protein of Antibody
interest
HIF-1a (1) Monoclonal anti-HIF-1a 67
antibody (Novus Biologicals,
Abingdon, UK)
HIF-1a (2) Polyclonal anti-HIF-1a antibody
(Novus Biologicals, Abingdon, UK)
HIF-2a Polyclonal anti-HIF-2a antibody
(Novus Biologicals, Abingdon, UK)
CAIX Monoclonal anti-CAIX antibody

(Bioscience, Slovakia)

Species

Mouse

Rabbit

Rabbit

Mouse

Manufacturer

Novus

Biologicals

Novus
Biologicals
Novus
Biologicals

Bioscience

Blocking
conditions
3% BSA in TBST,

60 minutes

3% BSA in TBST,
60 minutes

3% BSA in TBST,
60 minutes

5% milk in TBST,

60 minutes

Table showing the species for each antibody and the optimal conditions for Western blotting.
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Primary antibody

1:2000 (0.3% BSA),
overnight 4°C

2.5:10000 (0.3% BSA),
overnight 4°C
1:10000 (0.3% BSA),
overnight 4°C

1:4000

(0.5% milk in TBST),

overnight 4°C

Secondary antibody

1:10000 (0.3% BSA),

90 minutes

1:5000 (0.3% BSA),
90 minutes
1:5000 (0.3% BSA),
90 minutes
1:10000
(0.5% milk in TBST),

90 minutes



2.1.3.2 Cell pellets for antibody specificity

Human cell lines are an important resource for research and are often used as in vitro models
of human diseases. The cells commonly used in the lab include MCF-7 and MDA-MB-231

breast cancer cell lines.
2.1.3.2.1 Culturing of breast cancer cell lines

MCF-7 (ER-positive) and MDA-MB-231 (ER-negative) breast cancer cells were routinely
cultured in GlutaMAX™ medium supplemented with 10% (v/v) fetal bovine serum (FBS,
Sigma-Aldrich, Gillingham, UK). Cells were grown in T-75 flasks and maintained in 5%
CO; at 37°C, with media changed twice per week and cells passaged once a confluency of
around 70% was reached. To passage cells, flasks were washed once with 1.5ml of
phosphate-buffered saline (PBS) to remove traces of serum and 1ml trypsin was added to
detach cells from the flask and then incubated at 37°C in 5% CO; for 5 minutes. Once cells
had detached, medium was added to inactivate the trypsin. Cells were carefully pipetted on
the side of the flask to break any clusters, before being split 1: 6 into new T-75 flasks with

fresh medium.
2.1.3.2.2 Cell culture and CoCl; treatment

In order to activate the hypoxia and stimulate expression of certain hypoxic proteins, cells
were treated with hypoxia-mimetic agent, cobalt chloride (CoCly) (Cat no. C8661; Sigma-
Aldrich, St. Louis, MO, USA). CoCl; was used as a chemical hypoxia mimetic agent,
because of its property to mimic hypoxic conditions. CoCl, strongly stabilizes HIF-1a and
HIF-2a for several hours under normoxic conditions (284). Therefore, this CoCl> model
permits users to modify and analyse their samples over a longer period of time under
normoxia. The CoCl,-hypoxia model is based on blocking PHDs activity, the key enzymes
that link O» concentration to the degradation of HIF under normoxic conditions, by
substitution of Fe?* in PHD by Co?* (cobalt), thus increasing HIF-1a protein levels and
inducing its transcriptional activity (284). Because CoCl: is a reliable HIF-1a inducer, and
hypoxia response mimicker, this chemically induced hypoxia is widely used in hypoxia-

related research (285, 286).

A stock solution of 100uM CoCl, was prepared in PBS (1.29mg CoCl, in PBS to a total
volume of 10mL). 10uL of this was added to 9.99mL growth medium to give a final

concentration of 100uM. Cells were incubated in this medium for 4 hours and 24 hours in
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5% CO, and then harvested. Then, the effect of CoCl, treatment was examined on the

expression of HIF-1a, HIF-2a, and CAIX in cultured cells (MCF-7).
2.1.3.2.3 Preparation of cell pellets

After exposed to treatment with 10uL. CoCl, to mimic hypoxia, cells were trypsinised and
added to a 15mL falcon tube with medium up to 10mL. Tubes were centrifuged for 3 minutes
at 1200 RPM. Supernatant was removed using an aspirator and the pellet resuspended in
PBS. Cells were spun for 3 minutes at 1200 RPM. Supernatant was removed and cells were
resuspended in 1mL 4% paraformaldehyde (PFA) at room temperature and transferred to
Eppendorf tubes. After 20 minutes fixation cells were spun at 1200 RPM for 3 minutes and
washed in PBS twice. Once dry, the pellet was resuspended in 1% agarose and left overnight
at 4°C. The embedded pellet was removed, transferred to a labelled cassette. The pellet was
dehydrated through a series of graded alcohols (50% once for 15 minutes, 75% once for 15
minutes and 100% twice for 15 minutes), then submersed in Histoclear twice for 15 minutes.
Finally, the pellet was removed from the cassette, placed in a mould, embedded in paraffin

wax and left on a cold block for 1 hour.
2.1.3.2.4 Cutting cell pellets

Following setting overnight, 4um thick sections from embedded pellets were obtained with
a Leica microtome, transferred onto adhesive slides, dried at 50°C overnight and baked at

62°C for 30 min.
2.1.3.2.5 Immunohistochemistry of cell pellets

After cutting onto slides, pellets were then stained using the same THC method outlined in
section 2.2 for respective proteins, aside from heating at pressure for 2 minutes and 30

seconds as opposed to 5 minutes for TMAs.

2.2 Immunohistochemistry

Immunohistochemistry utilizes antigen-antibody recognition in detecting specific antigens
within breast cancer tissues. A variety of markers has been evaluated for their role in the
prognosis. IHC expression of hypoxic markers, HIF-1a (1), HIF-1a (2), HIF-2a, CAIX, anti-
apoptotic marker, BCL2, and immune markers, CD3 and CD68, were carried out using a
previously constructed TMA. HIF-1a (1), HIF-1a (2) are from different suppliers. The

technique uses a specific antibody to the target antigen of interest. A labelled secondary
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antibody is then used which reacts with the primary antibody, then DAB chromogen is
applied as a signal enhancer so that expression of the antigen can be visualised under a light
microscope as a brown stain. The slides are then counterstained with Haematoxylin so that
the primary stain is more distinct. The various steps of IHC are described in more details
below. There was some variation between antibodies in terms of specific timings of stages
of the protocol and types of reagents used, because of variability in the optimal conditions
for certain antibodies or changed suppliers to the laboratory. These variations are

summarised in Table 2.5.
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Table 2.5 Optimal antibody conditions for immunohistochemistry

Target Clone Origin Manufacturer Dilution = Antigen retrieval =~ Expected staining Blocking conditions
SAME buffer
COMPANY
HIF-10 (1) Monoclonal Mouse Novus 1:150 Tris-EDTA Cytoplasmic and 1.5% horse serum
(anti-HIF-1a 67, NB 100-105; Biologicals pH9 nuclear 60 minutes
Abingdon, UK)
HIF-1a (2) Polyclonal Rabbit Novus 1:400 Tris-EDTA Cytoplasmic and 1.5% horse serum
(anti-HIF-1a, NB 100-449; Biologicals pH9 nuclear 60 minutes
Abingdon, UK)
HIF-20 Polyclonal Rabbit Novus 1:1000 Tris-EDTA Cytoplasmic and 1.5% horse serum
(anti-HIF-2a, NB 100-122; Biologicals pH9 nuclear 60 minutes
Abingdon, UK)
CAIX Monoclonal Mouse Bioscience 1:500 Citrate Cytoplasmic and 10% casein
(anti-CAIX, Slovakia) pH6 membrane 60 minutes
BCL2 Monoclonal Mouse Agilent 1:150 Tris-EDTA Cytoplasmic -
(anti-BCL2, Cheadle, UK) pH9
CD68 Monoclonal Mouse DAKO 1:200 HIER Buffer Cytoplasmic 200l of UVQ protein
(anti-CD68, Newcastle, UK) 5 minutes
CD3 Monoclonal Mouse Leica 1:100 HIER Buffer Cytoplasmic 200l of UVQ protein
(anti-CD3, Newcastle, UK) 5 minutes

Table outlining the clone, origin, manufacture, dilution, antigen retrieval buffer, blocking solution for each protein. HIER: heat-induced epitope retrieval/ UVQ: UltraVision
Quanto.
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2.2.1 Slides preparation

Tissue TMA sections were requested from NHS Research Scotland GGC Biorepository.
Tissue was cut at 2.5um thick paraffin wax sections and mounted onto slides. They were

baked overnight at 56°C prior to being stored at 4°C.

2.2.2 Immunostaining of markers
2.2.2.1 HIFs and CAIX immunostaining

Immediately before staining TMA sections were baked at 56°C for 20 minutes to minimise
the risk of core loss, then immersed in Histoclear twice for 3 minutes to deparaffinized them.
Slides were then rehydrated through a decreasing gradient of alcohols (100% twice for 3
minutes, 90% once for 2 minutes then 70% once for 2 minutes) before being rinsed in water

for 10 minutes.

Subsequently, to unmask epitopes blocked during formalin fixation, antigen retrieval was
performed using Tri-EDTA buffer (pH9) or citrate buffer (pH6) depending on the antibody.
The Tris/EDTA buffer is made up of 0.55g Tris Base (BP152-1, Fisher Scientific,
Loughborough, UK) and 0.37g sodium EDTA (Ethylenediamine tetra-acetic acid) (27285,
Sigma-Aldrich, St Louis, USA) in 1L distilled water. The citrate buffer is made up of 2.41g
tri-sodium citrate dihydrate (S/3320/53, Fisher Scientific, Loughborough, UK) and 0.34g
citric acid (27109, Sigma-Aldrich, St Louis, USA) in 1L distilled water. The buffer was
adjusted to the required pH using 0.1M hydrochloric acid or 0.1M sodium hydroxide. The
buffer and pH used for each antibody is detailed in Table 2.5.

Prior to antigen retrieval 1L of buffer was heated in an open pressure cooker in a microwave
for 14 minutes. Slides were added to the buffer and the pressure cookers seal, lid and topper
were secured. The slides were heated for around 3 minutes until pressure reached and then
heated for a further 5 minutes. After heating sections were left to cool for 30 minutes in

buffer and then rinsed in running water.

Then, slides were placed in 3% hydrogen peroxide (H202) (23619.297 30% hydrogen
peroxide VWR Chemicals) for 30 minutes to quench endogenous peroxidases, thus reducing

background staining, then slides were rinsed in running water.

To prevent off-target non-specific binding sections were incubated in a blocking solution by
using either 5% horse serum (Vector Laboratories, USA) or 10% casein (Vector
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Laboratories, USA) for 1 hour at room temperature. Blocking solutions were diluted in
antibody diluent (S0809, Dako, Agilent Technologies, Stockport, UK). Antibodies specific
for HIFs and CAIX were diluted to respective concentrations in antibody diluent (S0809,
Dako, Agilent Technologies, UK). Blocking solution was tapped off, diluted antibodies were
added, and sections were incubated at 4°C overnight. Details of the used blocking solution,

and primary antibodies are listed in Table 2.5.

After incubation sections were washed twice in Tris-buffered saline (TBS) for 5 minutes and
incubated in InmPRESS™ Reagent Kit (MP-7500, Vector, Burlingame, CA, USA) which
detects both mouse and rabbit primary antibodies for 30 minutes at room temperature. The

slides were washed twice again with TBS for 5 minutes.

Antibodies were detected with 3-3’-diaminobenzidine substrate (DAB) as the chromogen
(Vector Laboratories) for 5 minutes at room temperature and subsequently rinsed in running

water for 10 minutes.

Slides were counterstained in Haematoxylin Gill III (Leica Microsystems, Milton Keynes,
UK cat. No. 3801540E) for 5 minutes, dipped in 1% acid alcohol (396 ml 70% ethanol and
4ml hydrochloric acid) for 3 seconds to remove excess Haematoxylin then blued in Scott’s
Tap Water Substitute (80mM Magnesium sulphate, 40mM sodium hydrocarbonate in
distilled water) for 45 seconds. After counterstaining, the slides were dehydrated in
increasing alcohol gradients (1 minute in 70%, 1 minute in 90%, and 100% twice for 1
minute) followed by Histoclear twice for 2 minutes. Finally, slides were then mounted with

coverslips using DPX mountant (06522, Sigma-Aldrich, St Louis, USA) and allowed to dry.

2.2.2.2 BCL2 immunostaining

FFPE sections were loaded into an Agilent pre-treatment module to be dewaxed and heated
to 97°C for 20 minutes in target retrieval solution (TRS) (K8004, Agilent) using EDTA
buffer (pH9). Sections were rinsed in flex wash buffer (K8007, Agilent) prior to being loaded
onto a Dako Autostainer. The sections underwent peroxidase blocking (S2023, Agilent) for
5 minutes and rinsed with flex buffer. The BCL2 antibody was applied to sections for 35
minutes. Antibody details are shown in Table 2.5. After incubation, sections were washed
with flex wash buffer and then incubated in mouse envision secondary antibody (K4001,
Agilent) for 30 minutes. Slides were rinsed with flex wash buffer before applying liquid
DAB (K3468, Agilent) for 10 minutes, then washed in water and counterstained with
Haematoxylin z (RBA-4201-00A, CellPath). To complete the [HC staining, sections were
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dehydrated in a series of graded alcohols and placed in xylene. The stained sections were
cover slipped in xylene using DPX mountant (SEA-1300-00A, CellPath). BCL2 staining

was performed by Beatson Institute of Cancer Research histological services.
2.2.2.3 CD68 and CD3 immunostaining

Slides were incubated at 97°C for 30 minutes with dewax and antigen retrieval buffer H
(Epredia) using PT module. CD3 and CD68 THC staining was performed by A.A using the
UltraVision Quanto (UVQ) kit (Epredia) according to manufacturer instructions. In brief,
endogenous peroxidase was blocked using 200ul of UVQ H20; block for 10 minutes then
rinsed in TBST, and non-specific binding blocked by 200ul of UVQ protein block for 5
minutes. After incubation with primary antibodies for 30 minutes, an amplifier treatment for
10 minutes, and HRP treatment for 10 minutes was performed. Details of antibodies, and
dilution factors can be found in Table 2.5. Subsequently, sections were stained for 5 minutes
with Quanto DAB chromogen, counterstained with Haematoxylin Gill IIT using the Myreva

Autostainer, dehydrated, and mounted using Pertex.

For each antibody, optimal dilution was optimised on practice tissue before being applied to
the cohort. The negative control slides were covered with antibody diluent only to assess the
degree of non-specific staining, and these were all negative. The TMAs included appropriate

positive control tissues.

2.2.3 Scanning and visualisation of slides

Stained TMAs were scanned by Hannah Morgan (Pathology Department Queen Elizabeth
University Hospital) using Hamamatsu NanoZoomer Digital Slide Scanner (Hamamatsu
Photonics K.K., Shizuoka, Japan) and visualised in NDP serve 3 image viewer platform

system. Slides were visualised at 20x magnification (total 400x magnification).

2.3 Pathological scoring of immunohistochemistry

Assessment of I[HC-stained TMA cores for all markers by the presence of brown coloured
reaction in the membrane/nucleus and/or cytoplasm was considered a positive reaction.
Cores with <20% of the core missing by visual assessment were scored. Different scoring
methods were required to be most appropriate to the biomarkers. For all antibodies,
expression of protein levels was assessed at each cellular compartment separately.
Expression of HIF-1a (1), HIF-1a (2), HIF-2a and CAIX was assessed in tumour cells to

evaluate hypoxia, BCL2 expression was used to evaluate apoptosis, CD3 expression
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identified lymphocytes, CD68 expression was used to detect macrophages, and D2-40 and

Factor VIII was used to identified tumour invasion and metastasis.

2.3.1 Manual weighted Histoscore

Tumour cell expression of HIF-1a (2), HIF-2a, and CAIX in the Glasgow breast cohort and
ER-positive cohort and membranous CAIX in TNBC cohort was assessed using the
weighted Histoscore method (287, 288). The weighted Histoscore was calculated as follows:
(% of unstained tumour cells x 0) + (% of weakly stained tumour cells x 1) + (% of
moderately stained tumour cells X 2) + (% of strongly stained tumour cells x 3) to give a
range from 0-300. Scoring was performed by a single observer (S.S) blinded to patient
clinical and survival data. 10% of cores were co-scored independently by a second scorer

(J.E) and the correlation coefficient calculated to ensure good agreement.

2.3.2 QuPath scoring

HIF-1a (1) levels in the Glasgow breast cohort and ER-positive cohort and cytoplasmic
CAIX, HIF-1a (1), BCL2, and CD3 in TNBC cohort were scored digitally using QuPath by
a single observer (S.S). In brief, after using the TMA Dearrayer function to create a TMA
grid with cores in their correct positions, stain vectors were estimated during pre-processing
by the visual stain editor available in QuPath, to increase staining quality. Then, cells were
detected using a watershed cell detection method, and annotations were made to allow
QuPath to recognise different tissue types which are tumour and stroma (Figure 2.5). Then,
a random trees classifier was trained using over 40 features such as perimeter, area, and
optical density. Three intensity thresholds were used to represent negative, weak, moderate,
and strong staining, and after the classifier was built, the auto-update feature was used to re-
validate the classifier’s accuracy in real-time. The classifier was then saved and applied to
all TMA slides that were subjected to QuPath analysis (289). Manual scoring was used to
score 10% of cores to ensure reliability and objectivity of QuPath scoring by a second

observer (S.A).
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Figure 2.5 Cytoplasmic scoring using QuPath digital platform.

Representative images show original IHC image of cytoplasmic HIF-1a (1) staining [A], and annotation for
tumours and stroma [B]. Green indicates regions classified as stroma, and brown indicates tumour epithelium.

2.3.3 Manual quantification method

QuPath method was inappropriate to score macrophages due to shape irregularity, therefore,
cytoplasmic CD68 were quantified manually in IHC-stained TMAs from TNBC cohort by
the single observer (S.S). CD68 cells were counted in each tumour/stroma core within the
tumour nests and the TME separately. The total number of CD68 cells was the sum of the
cells in the tumour nest and the TME. Scores were rechecked randomly by a second observer

(A.A) to ensure reproducibility.

Expression of each marker within the three cohorts was assessed in the three separate tumour
cores. Then, values from three cores were averaged for each patient. If one core was
uninformative (either lost or contained no tumour tissues), the overall score applied was that

of the remaining core.

2.3.4 Scoring of lymphatic endothelial marker D2-40 and vascular
endothelial marker Factor Vil

Two consecutives full TNBC IHC slides were stained by J.Q according to standard protocol
and used to assess lymphovascular invasion (LVI) for lymphatic marker, D2-40 and for
vascular marker, Factor VIII. Full TNBC Haematoxylin and Eosin (H&E) sections were also
used to assess and review the presence of LVI. D2-40 and Factor VIII-H&E-stained sections
were scanned at objective magnification 20x. Assessment of LVIp2.40 and BVIrym were

carried out on a computer monitor using the NDP serve 3 image viewer platform system.
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For the assessment of LVI, in serial IHC sections similar to that of H&E sections, LVIp2-49
and BVIrvin were identified at peritumoural, invasive front or intratumoural areas using
criteria previously described (290), as the presence of tumour cell emboli within a vessel
space, which was identified by associated fibrin clot and/or an endothelial cell lining. LVIpo.
40 was identified by tumour cells within D2-40-positively stained vessels whereas BVIgym
was counted only when tumour cells were identified in D2-40-negative, Factor VIII-positive

vessels (Figure 2.6). LVIp2.40 was generally more extensive than BVI,,; and lymphatic

tumour emboli were larger than blood vessel emboli. A total of 30% of stained sections for
LVI and BVI were independently scored by H.W blinded to patient outcome and the other

observer’s score (S.S).

Reliability analysis was performed with SPSS software to ensure consistency and objectivity
between the main scorer and the co-scorers giving an interclass correlation coefficient

(ICCC) for all markers. Values above 0.75 are indicative of good reliability (291).

Figure 2.6 Histologic and immunohistochemical features in representative cases of LVI and BVI in
TNBC sections stained with H&E, D2-40, and Factor VIII.

H&E conspicuous carcinoma emboli in large vascular spaces (arrow) [A, D]. Similar H&E sections stained
with D2-40 confirming that these are LVI (arrow) [B, E]. Similar H&E sections treated with Factor VIII, but
they are negative (arrow) [C, F]J.
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2.4 Statistical analysis of IHC tissue-based studies

To set threshold values for categorizing expression of each protein into two groups, “low”
and “high”, log-rank statistics were performed in R Studio (RStudio, Boston, MA, USA)
using survminer and maxstat packages based on OS (detailed in chapter 5). IBM SPSS
software version 28 (SPSS Inc., Chicago, IL, USA) was utilised for statistical analysis.
Kaplan-Meier’s plot and log-rank test were constructed RFS, DFS, and OS. Univariate Cox
regression survival analysis was used to calculate hazard ratio (HR) and 95% confidence
interval (95% CI). Multivariable Cox regression survival analysis was carried out using a
backward conditional elimination model. Inter-relationships between variables were
assessed using Chi-square testing. Statistical significance was set to P<0.05. Consistency
between the observers was analysed using an ICCC value by using reliability analysis. This
analysis was carried out in the ductal carcinoma only as different pathological subtypes are
known to behave differently, and ductal cancers are the most common pathological subtype.
All statistical analysis was performed by (S.S) and repeated by a second investigator (J.E)

in order to validate methods used and results obtained.
2.5 Gene expression profiling

2.5.1 Transcriptomic

Transcriptomics is the study of the transcriptome, the complete number of RNA transcripts
encoded by the genome. Comparison of the transcriptome of different populations can lead
to the identification of RNA transcripts, especially mRNA, which correlated with a specific
phenotype or function. We performed RNA sequencing for a small sub-cohort of the
Glasgow breast cohort (n = 50), with the aim of identifying specific sequences associated

with tumour hypoxia.

The RNA sequencing was performed by BioClavis (BioClavis Ltd, Glasgow, UK) using
their Templated Oligo assay with Sequencing readout (TempO-Seq). Volcano plots and MA
plots were constructed to visualise differentially expressed genes (DEGs). Significance was
set to adjusted P-value (padj.) <0.10 and fold change (FC) >1 or <-1. Principal component
analysis (PCA) was carried out to identify any clustering and heatmap was constructed to
visualise patterns of gene expression profiles between low and high CAIX groups. Over-
representation analyses were performed in R Studio to analyse pathway enrichment and

associations of DEGs.
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2.5.1.1 Patient selection

A cohort of 50 patients was selected from within the Glasgow breast cohort to undergo whole
transcriptome sequencing. These patients had tissue blocks which were easily accessible.
Only ER-negative patients were selected for reasons related to tumour hypoxia. Within these
specifications, 37 had linked cytoplasmic CAIX protein expression data available (16
samples had high expression and 21 samples had low expression) (Figure 2.7). 20 of these
37 had lymph node negative disease and were selected specifically to identify a gene

expression signature associated with tumour hypoxia.

The Glasgow breast cohort
TMA construction

(n=850)

Excluded: ER-positive and w
unknown ER status <
(n=574) J
v
Eligible ER-negative
patients
(n=276)

&
<«

data available

Excluded: non transcriptomicw
(n=226) J
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Tissue available for
TempO-Seq analysis
(n=50)

Excluded: tissue core missingj
or inadequate quality for
cytoplasmic CAIX scoring |
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A 4

Patients included in final
analysis
n=37)

Figure 2.7 Selection of ER-negative breast cancer for analysis.

Consort diagram showing the number of patients included in transcriptomic analysis for cytoplasmic CAIX
based on exclusion criteria of having ER-positive status, not having transcriptomic data, and missing or
damaged cores. There were 850 patients in the full cohort prior to exclusions. After exclusions there were 37
patients for transcriptomic analysis.
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2.5.1.2 Preparation of slides

One 2.5um full tissue section per patient was cut from the tissue blocks by Jennifer Hay
using a Finesse microtome. They were fixed to glass slides and passed on immediately to
Ditte Anderson (Scientist, BioClavis Ltd) untreated and unbaked for sequencing. This was

to ensure the tissue was as fresh as possible to reduce oxidation.

2.5.1.3 Whole transcriptomic profiling using TempO-Seq®

Whole sections were excised from FFPE slides of ER-negative breast cancer samples and
determined using TempO-Seq (n = 37) according to manufacturer’s instructions. Briefly,
FFPE tissue was deparaffinised prior to tissue digestion. The tissue lysate was combined
with detector oligos (DOs) which were annealed in immediate juxtaposition to each other on
the targeted RNA template and ligated (292). Amplification of ligated oligos was performed
using a unique primer set for each sample, introducing a sample-specific barcode and
[llumina adaptors (Figure 2.8). Barcoded samples were pooled into a single library and run
on an [llumina HiSeq 2500 High Output v4 flowcell. Sequencing reads were demultiplexed
using BCL2FASTQ software (Illumina, USA). FASTQ files were aligned to the Human
Whole Transcriptome v2.0 panel, which consist of 22,537 probes, using STAR (Spliced
transcripts alignment to reference) (293). Up to two mismatches were allowed in the 50-

nucleotide sequencing read.
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Figure 2.8 Processing FFPE samples for the TempO-Seq assay.

An interest area is manually scraped from mounted FFPE sections. The tissue is added directly into FFPE
lysis buffer, overlaid with mineral oil, and then heated at 95°C for 5 minutes. FFPE Protease is added, and
the sample is incubated for 30 minutes and manually homogenized. The processed lysate is then ready for input
directly into the annealing step of the TempO-Seq assay [A]. Schematic of the TempO-Seq detector oligo
annealing and ligation process [B]. Adapted from (292).

2.5.1.4 Data analysis

Initial analysis was carried out by BioClavis using the TempO-Seq data analysis program
(BioSpyder technologies, USA). BioClavis then provided the raw gene counts file which
were normalised for further analysis. Analysis was performed using R Studio Team (2020)
(RStudio: Integrated Development for R. RStudio, PBC, Boston, MA). DEGs analysis were
carried out using DESeq2 package (v1.30.0) in R Studio (294). Gene expression was
compared between tumours which exhibited either low or high expression of CAIX as
determined by IHC. Genes were deemed significantly differentially expressed with a
threshold of +/—1 log2 FC and padj <0.10. Volcano plots and MA were constructed using
ggplot in R Studio. PCA plot and heatmaps was drawn using DESeq2 and ComplexHeatmap,
respectively in R Studio to visualise patterns of gene expression for the top 20 most

significantly DEGs.
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The search tool for the retrieval of interacting genes (STRING) database 11.5 was utilised
to identify the DEGs regarding their Gene Ontology (GO) and relating pathway (295). The
DEGs were analysed and categorised into the three categories including cellular component,
biological process and molecular function. STRING database and GO were utilised to
identify biological pathways associated with DEGs in the high cytoplasmic CAIX

expression group.

Protein-protein interaction (PPI) network was constructed and visualised using the STRING
online database which integrates both known and predicted PPIs, can be applied to predict
functional interactions of proteins. Species limited to “Homo sapiens” and an interaction
score >0.4 (medium confidence), a false discovery rate (FDR) <0.05 and PPI enrichment P-
value <0.05 were applied to construct the PPI networks (296). Maximum number of

interactors to show the first shell was limited to no more than 10 interactions.

2.5.2 GeoMx digital spatial profiling

The GeoMx digital spatial profiling (DSP) platform enables robust detection of high-plex
protein and RNA expression from user-defined compartments within FFPE tissues. GeoMx
DSP was performed, and data was analysed in RStudio (RStudio, Boston, MA, USA). DSP
technique was used to study gene expression according to pan-cytokeratin (PanCK) mask in
TNBC samples. Data analysis including volcano plots and heatmap were constructed using
ggplot and ComplexHeatmap packages, respectively in R Studio to visualise DEGs.

Significance was set to P-value <0.05.
2.5.2.1 Tissue microarray and patient selection

GeoMx data analysis was conducted using archival FFPE microarray data from TNBC
samples that was obtained at the department of pathology at Queen Elizabeth University
Hospital. From 207 TNBC samples, 98 cores were selected from more than 1 core from each
patient and then the results were averaged leaving 52 patients were utilised for GeoMx DSP
analysis. Additionally, UV-light subdividing ROI into distinct cellular compartments called
areas of illumination (AOI, n = 155) that can be profiled and readout separately. The use of
the epithelial cell-specific marker pan-cytokeratin (PanCK) assists pathologic identification
of breast tumour tissue within a sample. Each PanCK-positive or PanCK-negative
compartment can be profiled separately, there were 73 pan-cytokeratin positive and 82 pan-

cytokeratin negative (Figure 2.9).
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Figure 2.9 Selection of TNBC cohort for analysis.

Consort diagram showing the number of patients included in GeoMx DSP analysis. There were 207 patients

in the full cohort prior to selection. After selections there were 52 patients (155 readouts) for GeoMx analysis,
73 pan-cytokeratin positive and 82 pan-cytokeratin negative.
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2.5.2.2 Preparation of slides

Sections from the TNBC TMA were cut at 2.5um and baked for 30 minutes at 60°C. The
Leica BOND Autostainer was employed to perform epitope retrieval (ER2, pH9, 100°C) for
10 minutes to expose RNA targets. Protein digestion using proteinase K (0.1pg/ml) for 15
minutes is then performed to remove protein bound to RNA and further expose transcripts.

The slides were then stored until required in 1x PBS (phosphate-buffered saline).

In situ hybridisation of RNA-directed DNA oligo probes (Immune Pathways Panel,
NanoString) was performed as per manufacturer’s protocol. HybriSlip hybridization covers
were applied prior to overnight incubation at 37°C for at least 16 hours (Thermo fisher). The
following day, slides were washed twice to remove unbound probe with a 1:1 ratio of 100%
deionized formamide (Ambion) and 4x SSC (saline-sodium citrate) (Sigma-Aldrich) at 37°C

for 25 minutes.

Immunofluorescence staining was performed using primary conjugated antibodies including
PanCK, CD45 and DNA marker (SYTO 13) for 1 hour as per manufacturers protocol. Slides
were then stored at 4°C for up to 6 hours in 2x SSC before being loaded on the GeoMx DSP

instrument for region selection and collection (Figure 2.10).
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Figure 2.10 TNBC sample preparation and staining.

The picture showed sample preparation and staining [A]. The tissue morphology was delineated by the
immunofluorescence detection of PanCK (epithelial cytokeratin, green), CD45+ (immune cells, magenta)

proteins and SYTO 13 (nuclei, blue) [B].
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2.5.2.3 Region of interest selection (ROI)

Once the incubation is complete, slides are loaded onto the DSP instrument, and scanned to
produce a digital image. Circular ROIs were then selected for further analysis based on
successful 3-plex immunofluorescence staining of PanCK, CD45 and SYTO 13 (Figure
2.11). PanCK-positive used to select tumour-rich regions that were enriched for PanCK, and
PanCK-negative to identify stroma-rich regions that were enriched for CD45 and lacked
PanCK staining. After ROIs were selected, the GeoMx platform employs an automatically
controlled UV laser to illuminate each ROI in turn, specifically cleaving DSP barcodes
within the ROI but not in surrounding tissue. A microcapillary collection system collected
the liberated barcodes from each region and plated them into an individual well on a
microtiter plate. This process was repeated in turn for each ROI before processing using

NanoString MAX/FLEX nCounter system.

Segmentation; on PanCK channel

PanCK + PanCK -
Tumour compartment Stromal compartment

Figure 2.11 Region of interest selection according to the PanCK mask in TNBC.

The picture showed the GeoMx suit where region of interested (ROI) has been selected. PanCK-positive for
tumour compartment, and PanCK-negative for stromal compartment.
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2.5.2.4 nCounter hybridization assay for photocleaved oligo counting

nCounter readout of GeoMx DSP-collected probes was performed according to
manufacturer’s protocol (NanoString, MAN-10089-08). In brief, samples were resuspended
in dH>O prior overnight incubation (16-24 hours) with hybridisation codes (Hyb Codes) at
65°C and heated lid (70°C). These hyb codes include reporter and capture probes to enable
formation of a tripartite hybridization complex with the DNA oligo probes in the panel.
Samples were then pooled by column into 12-well strip tube before processing on
NanoString’s MAX/FLEX system, using the high sensitivity protocol (NanoString, MAN-
10089-08). Data acquisition was performed by using the NanoString’s Digital Analyser
(FOV, 555). DSP platform overview is shown in Figure 2.12.

2.5.2.5 GeoMx data analysis

GeoMx DSP analysis suite was used to perform preliminary analysis and quality control
(QC) checks on transcriptomic data follow quantification by NanoString’s nCounter system.
Using the GeoMx data analysis suite, the sequenced data underwent technical QC to exclude
regions with suboptimal binding density (<0.1, >2.25) and/or high positive control
normalisation (>3). Most correlated normalisation method was used following assessment
using custom script. The counts also underwent normalisation with negative probes using
the geometric mean. Data analysis was performed to identify differences in gene expression
between high CAIX tumours versus low CAIX tumours. DEG was performed using the
GeoMx analysis suite, which utilises the GeoMxTools R package (tool: ‘mixedModelDE’
in R package ‘lmerTest’). Volcano plots were created using a plugin script, available at:
(https://github.com/NanoStringBiostats/DSPPlugins/tree/master/DSPPlugVolcanoPlot).

Heatmaps were created using negative probe-normalised counts as input to R package,
ComplexHeatmap (RStudio, Boston, MA, USA). The DEGs screened out with the criteria
of'log2 FC > + 0.25/0.3 within tumour and stromal compartment, respectively, and P-value

<0.05. The number of genes assessed in the RNA panel was 84 genes.
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Figure 2.12 Overview of GeoMx system and workflow

Formalin-fixed paraffin-embedded tissue slide preparation involves incubation with an antibody mixture which contains visualization markers and DSP probes. Load prepared slides
onto the GeoMx DSP instrument. Following imaging, regions of interest (ROIs) are selected based on visualization of the tissue. Sequential ultraviolet (UV) light exposure of each ROI
results in the release of indexing oligos from the DSP probes, allowing their quantification on NanoString's nCounter® system. Adapted from (297).
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Chapter 3 The relationship between
hypoxia markers and patient survival in
breast cancer: systematic review and
meta-analysis
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3.1 Introduction

Cellular responses to low oxygen tension are mainly mediated by the activation of hypoxia-
inducible factors (HIFs), which consist of a constitutively expressed subunit (HIF-$) and an
oxygen-regulated subunit, these mainly include HIF-la and HIF-2a (199). HIF-la is
overexpressed in a number of primary and metastatic human cancers and has been associated
with survival (298, 299). Clinical studies have also evaluated the association between HIF-
la expression and patient survival in breast cancer. However, results have been conflicting
with HIF-1a being both associate with good and poor prognosis. Schindl et al. (243) reported
that HIF-1a was an independent prognostic factor for OS in patients with lymph node
positive breast cancer. In contrast, Gruber et al. (300) reported that high HIF-1a expression
was associated with DFS but not OS, and Huang et al. (301) reported no association between

HIF-1a expression and breast cancer survival.

Hypoxia-associated enzyme CAIX is a direct transcriptional target of HIF-1a and is one of
the most commonly up-regulated genes in response to hypoxia. Since HIF-1a is rapidly
degraded in normoxic conditions and just as rapidly stabilized in hypoxic conditions and
CAIX expression less transient, CAIX expression is a robust biomarker of tumour hypoxia
(302, 303). CAIX facilitates the reversible hydration of carbon dioxide to bicarbonate and
protons (302), therefore, it plays a major role in maintaining the pH gradient between cells
and their extracellular space (222). CAIX is normally expressed in few tissues including the
gut epithelium and biliary tree (225) but appears to be upregulated in response to tumour
hypoxia in many tumour types including breast cancer (258, 304). The majority of studies
in the literature suggest that CAIX can serve as a biomarker and therapeutic target in
different tumour types (305). Published breast cancer data supports CAIX as a marker of
aggressive tumour behaviour, and high CAIX expression correlates with high tumours grade
(248, 264) and loss of ER and PR expression (264, 306). CAIX has also been reported to be
positively associated with necrosis (307), larger tumour size and basal-like tumours (264,
308). Indeed, overexpression of CAIX protein in TNBC is associated with a BRCA1 mutant
signature and loss of BRCA1 function (309). Several studies have reported that CAIX
overexpression in breast cancer is a poor prognostic marker for RFS and OS (259, 264, 308,
310). However, several other studies did not report a significant association of CAIX with
RFS or OS (311, 312). It seems likely that these contradictory findings at least partially may
be explained by its differential expression in various subtypes of breast cancer, power of the

studies and techniques employed to assess expression levels (264, 308). It is of interest that
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a meta-analysis of CAIX in renal cell carcinoma showed that high CAIX expression was
associated with an improved OS (313). In contrast, a meta-analysis in head and neck cancer
patients concluded high CAIX expression was associated with poorer OS and DFS (314). A
meta-analysis of the association between CAIX expression and outcome in breast cancer has

not been performed.

Therefore, due to conflicting results, it was necessary to perform a meta-analysis to establish

the main trend.
3.2 Materials and methods

3.2.1 Search strategy

The present review was performed according to guidelines for systematic reviews and meta-
analysis of tumour marker prognostic studies. Studies that examined the prognostic
significance of HIF-1a and CAIX in breast cancer were identified by searching the electronic
databases PubMed, Web of Science, and Google Scholar, using the following search terms:
“breast cancer” or “breast carcinomas” or “breast neoplasm”, “HIF-la” or “hypoxia-
inducible factor-1a”, “CAIX” or “carbonic anhydrase IX” “prognosis” or “survival” or
“outcome”, without language limitations. The bibliographies of the included studies were

also searched to identify additional studies.

3.2.2 Study selection

Studies were considered eligible if they fulfilled the following criteria: (1) were in breast
cancer, (2) determined HIF-1la and CAIX expression in breast cancer using IHC, (3)
examined the relationship between HIF-1a and CAIX expression and clinical outcome, (4)
provided sufficient data to estimate hazard ratios (HRs) for survival rates and their 95%
confidence intervals (CIs). The studies were excluded if they were: (1) not in English, (2)
animal studies, (3) cell culture-based studies, (4) had insufficient data for analysis or critical

information that could not be extracted.

3.2.3 Data extraction

Three investigators (S.S, D.M and J.E) screened eligible studies and extracted the following
information: name of first author, year of publication, country, sample size, detection

method, expression pattern, scoring method, threshold values, cellular localization, and
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clinical endpoints. From this search, the titles and abstracts of articles were initially
examined to determine the relevance of these publications. Then, the full texts of the
remaining articles were obtained and carefully reviewed. The reference lists of all relevant
articles were also examined manually to identify additional studies that may not have been
identified by the strategy outlined above. Discrepancies between the reviewers were resolved
by discussion. Finally, 30 articles for HIF-1a and 23 articles for CAIX were considered

eligible for inclusion in the meta-analysis.

3.3 Statistical analysis

The effects of HIF-1a and CAIX expression on outcome of breast cancer were described as
HRs with an estimate of 95% CIs. The multivariate estimate was used in preference to the
univariate analysis (if both were available for the studies) because inter-mixed factors were
included in the multivariate analyses. When it was not possible to extract HR directly from

the article, survival curves were used to extract data to estimate HR following the method of

Tierney et al. (315). The heterogeneity of the data from eligible studies was evaluated by r

statistic, which is a quantitative measure of inconsistency across studies (316) using a
random effects model. The I varies from 0% (no observed heterogeneity) to 100% (maximal

heterogeneity). I’ value of >50% is considered to represent substantial heterogeneity among
studies. Statistical significance was defined as P-value <0.05. All analyses were performed
using Review Manager (RevMan) version 5.4 (The Nordic Cochrane Centre, The Cochrane

Collaboration, Copenhagen, Denmark).

3.4 Results

3.4.1 The relationship between HIF-1a and patient survival in
breast cancer

3.4.1.1 Studies selection process

A flow diagram of the study selection process for HIF-1a is summarised in Figure 3.1. The
initial literature search returned 745 articles of potential interest. Duplicates (n = 145) were
removed. After reviewing the titles and abstracts of these articles, full text was obtained for
218 studies. Of these, 192 were excluded (122 did not examine the prognostic value HIF-
la, 5 were review articles or meta-analysis, 55 were animal studies, 9 studied cell lines, and

one was not available in English). Then, careful review of the full texts of these articles and
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manually inspecting their bibliographies and reference lists identified 4 additional studies.

Finally, a total of 30 independent studies from 16 countries were included in the review.
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Figure 3.1 PRISMA flow diagram detailing the process of selecting articles describing the association
between HIF-1a expression and patient’s prognosis.
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3.4.1.2 Study characteristics

A total of 30 studies involving 6,201 patients addressing HIF-1a expression in breast cancer
met the criteria for this review. Characteristics of all eligible studies are provided in Tables
3.1, 3.2, and 3.3. The majority of studies were carried out in early-stage breast cancer and
mainly in patients with ductal disease. Many studies (n = 19) included only a small number
of patients (range 31-200). The follow-up of these studies ranged from 30 to 166.8 months.
HIF-1a expression was assessed by IHC, and there were 12 different antibodies used. Three
different scoring methods had been applied to stratify patients into groups with low and high
tumour HIF-1a expression. The definition of positive HIF-1a staining varied among the

studies from 1% to 10% or a score of 1-6.

Of the clinical endpoints, RFS, DFS and OS were the only outcome measured. In 25 of 30
studies (n = 4,555 patients), the useful data for calculation of HR were obtained directly from
the original articles. These data were not provided in two studies containing 404 patients,
and they were calculated from available numerical data extrapolated from Kaplan-Meier

survival curve. In three studies (n = 1,242 patients), it was not possible to derive HR.

3.4.1.3 Quantitative data synthesis

The pooled HR and 95% CI was calculated according to survival data including DFS and
OS. With RFS end point, the relationship between HIF-1a and RFS was only evaluated in
three studies (Table 3.1), and this precluded meaningful meta-analysis. The detailed results
for DFS and OS were provided in Tables 3.2 and 3.3, and the forest plots were provided in
Figures 3.2 and 3.3, respectively.
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Table 3.1 Studies characteristics and the impact of HIF-1a on recurrence free survival

Author(s) Country Patients Median Cancer High HIF-1a Tumour Scoring Score range Definition Antibody for Tumour Multivariate HR (95% CI) | P-value HR
(n) follow up death expression type method and location of positive IHC/dilution stage variables estimation
(months) n (%) n (%)
Nie et al. China 220 30 NA 150 (68.2) Mixed BC Percentage Score 0-9 Score >1 NA &I Primary and MYV analysis 0.048 Reported
2018 (317) & intensity Location not residual LN 4.17 (1.01-17.17) in text
stated involvement,

residual tumour
size, Ki67 and
HIF-1o expression

Yan et al. Australia 125 64 31(24.8) 55 (49) BRCA Absence or Score 0-1 Score 1 NeoMarkers NA NA UV analysis 0.049 Survival
2009 (251) presence Nuclear 1:50 3.25(1.01-10.51) curve
Kronblad et Sweden 377 166.8 NA 91 (24) Mixed BC Percentage 0-100 >2% NB100-123H2 1T Her-2, LN status, MYV analysis 0.18 Reported
al. 2006 Nuclear 1:500 tumour size, NHG, 1.4 (0.9-2.3) in text
(247) Ki67 and HIF-1a

expression
Dales et al. France 745 162 191 (25.6) 543 (72.89) Mixed BC Percentage 0-100 >10% H206 NA Tumour grade, MYV analysis 0.023 NA
2005 (241) Location not 1:400 tumour size NA

stated and HIF-1a
expression

Table detailing papers which investigated the prognostic role of HIF-1a on recurrence free survival. NA: Not available.
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3.4.1.3.1 Analysis of HIF-1a expression and disease-free survival

Twenty studies (n = 3,878 patients) provided the data regarding the HIF-1a expression and
DFS in breast cancer, three of which provided incomplete data to estimate HR (Table 3.2).
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Table 3.2 Studies characteristics and the impact of HIF-1a on disease-free survival

Author(s) Country  Patients Median Cancer High HIF-1o. ' Tumour Scoring method Score range Definition Antibody for Tumour Multivariate HR (95% CI) P-value HR
(n) follow up death expression subtype and location of positive IHC/dilution stage variables estimation
(months) n (%) n (%)
Cui and China 87 NA NA 36 (41.4) TNBC Absence or Score 0-1 Score >1 ab51608 T-II&IIT Tumour size, UV analysis <0.001 Reported
Jiang 2019 presence 1:100 tumour grade, 2.03 (1.36-3.51) in text
(318) Cytoplasmic LN status, TNM stage,
and nuclear c-Myc expression and MV analysis <0.001
HIF-1a expression 2.22 (1.47-3.77)
Shi et al. China 60 60 33(55) 20 (33.3) Mixed BC Percentage 0-100 >5% NA T1-3 FBPI, T-stage, UV analysis <0.001 Reported
2017 (319) 1:500 NO-3 LN status, and NA in text
Nuclear HIF-1o expression
MV analysis 0.797
1.01 (0.41-2.40)
Jin et al. South 270 NA NA 39 (14.4) TNBC Percentage 1-100 >1% Novus I-1T LVI, LN metastasis, UV analysis 0.017 Reported
2016 (265) Korea biologicals HIF-10, CAIX and 1.26 (1.04-1.52) in text
Nuclear 1:50 combined HIF-1o and
CAIX expression MV analysis 0.005
2.62 (1.33-5.15)
Huang Taiwan 96 NA NA 29 (30) Mixed BC Percentage Score 1-4 Score >3 NA T1-T4 Age, 1772C>T UV analysis NA Reported
et al. 2014 and intensity genotype, MVD, T- NA in text
(301) Cytoplasmic stage, N-stage, VEGF
and nuclear and HIF-1a expression MV analysis 0.073
2.18 (0.93-11)
Choi, South 276 67 23 (8.3) 13 (4.7) Mixed BC Percentage 0-100 >10% EP1215Y T1-3 Age, T stage, Glut-1 UV analysis <0.001 Reported
Jung, and Korea 1:100 NO-3 and HIF-1a expression NA in text
Koo 2013 Nuclear
(235) MV analysis 0.002
5.21 (1.84-14.78)
Dong et al. China 378 NA NA 195 (51) ER, Percentage Score 0-8 Score 4 MABS5382 NA NA UV analysis 0.963 NA
2013 (320) Her-2" and intensity 1:100
Cytoplasmic NA
and nuclear
Marton et al.  Croatia 31 58.7 NA 7 (22.6) Neuroen Scored both Score 0-3 Score >1 NA T1-3 Her-2, VEGF-C, UV analysis 0.066 Reported
2012 (321) docrine intensity and 1:25 NO-3 PR, ER, age, tumour NA in text
BC percentage but Location grade
for analysis only not stated and HIF-1a expression MV analysis 0.019
used intensity 145.92 (2.22-919.5)
Peurala etal.  Finland 102 NA NA 30(29.41)  Mixed BC Percentage Score 0-4 Score >2 NA T1-4 NA UV analysis 0.126 Reported
2012 (322) and intensity 1:100 in text
Cytoplasmic 2.4 (0.75-7.5)
and nuclear
Koo and Jung South 224 89.6 13 (5.8) 2(1) Mixed BC Percentage 0 >1% EP1215Y NA Radiotherapy and UV analysis 0.003 Reported
2010 (323) Korea 1-30 1:100 HIF-1a expression 2.78 (1.42-5.46) in text
>30
MV analysis 0.018
Nuclear 7.6
Yamamoto Japan 171 60 15 (8.77) 63 (36.8)  Mixed BC Percentage 0-100 >5% Hla67 T-TI&ITT Tumour size, LN UV analysis < Reported
et al. 2008 1:1000 status, ER status and 1.7 (1.67-1.7) 0.0001 in text
(240) Nuclear HIF-1o expression
MV analysis

1.59 (1.05-2.43) | 0.017
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Trastour et France
Al 2007

(248)

Generali Italy
et al. 2006a

(246)

Schoppmann  Austria
et al 2006

(326)

Dales et al. France
2005 (241)

Vleugel et al. The
2005 (327)  Netherlands

Gruber et al.  Switzerla

2004 (300) nd
Bos et al. The
2003 (244)  Netherlands
Schindl et al.  Austria
2002 (243)

104

332

132

187

119

745

200

77

150

206

45.6

89.4

138

53

110

162

NA

36

106

87

NA

107 (32.2)

20(15.2)

22(11.7)

43 (36.1)

191 (25.6)

NA

NA

24%

73 (35.4)

47 (45)

NA

59 (45)

138 (80.7)

30(25.2)

543(72.89)

88 (44)

43 (56)

51(34)

48 (23.3)

Mixed BC
LN -ve

Mixed BC

Mixed BC

Mixed BC

Mixed BC

Mixed BC
LN-ve

Mixed BC

Mixed BC
LN +ve

Mixed BC
LN -ve
81

Mixed BC
LN +ve

Percentage
and intensity

Intensity

Percentage

Intensity

Percentage
and intensity

Percentage

Percentage

Percentage
and intensity

Percentage

Percentage
and intensity

0-7
Nuclear
0-2

Nuclear

0-100

Nuclear

0-2
Location not
stated
0-7

Nuclear

0-100

Location not
stated

0-100

Nuclear

0-4
Nuclear

0-100
Nuclear

0-7
Nuclear
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Score 3 Hla67
1:100
Score 2 ESEE 122
1:40
>1% Antiserum
2087
1:500
Score >1 ESEE 122
1:40
Score 3 Hla67
1:60
>10% H206
1:400
>1% NA
1:500
Score 1 Hla67
1:5000
>5% Hlo67
1:500
Score 3 Hla67
1:60

T1-2

NO MO

NA

NA

T2-4

NO-1
T1-2

NA

NA

T1-4

I-IT

-1

NA

Nuclear BNIP3,
tumour grade, tumour
size, LN status and
HIF-1a expression

Tumour size, LN
status, tumour grade,
CAIX and HIF-1a
expression

NA

Tumour grade and
HIF-1a expression

Tumour grade, tumour
size and HIF-1a
expression

NA

Age, T stage, ER
status, LN status and
HIF-1a expression

MALI tumour size and
HIF-1a expression

Tumour stage, tumour
grade, age, ER, Her-2
and HIF-1a expression

UV analysis

7.70 (3.19-
18.60)
UV analysis
NA

MV analysis
2.47 (1.14-5.38)
UV analysis
1.64 (1.28-2.1)
MV analysis
4.2 (2.1-8.5)
UV analysis
1.83 (1.10-3.04)

UV analysis
NA

MV analysis
NA

UV analysis
NA

MV analysis
NA

UV analysis

2.23 (1.18-4.21)
UV analysis
1.55 (1.02-2.35)
MV analysis
1.68 (0.62-4.47)
UV analysis
138 (1.11-1.72)
MV analysis
4.20 (1.46-12.08)

UV analysis
2.83 (1.54-5.19)

MV analysis
1.4 (1.14-1.72)

<0
.001

NA

0.02

0.0001

<0.001

0.02

0.029

0.035

NA

0.158

0.01

0.04

0.30

0.004

0.008

0.0008

0.001

Reported
in text

Reported
in text

Reported
in text

Survival
curve

NA

NA

Reported
in text

Reported
in text

Reported
in text

Reported
in text



In the remaining 17 studies, tumours with high HIF-1a expression had a significantly shorter
DFS (HR =2.37, 95% CI: 1.76-3.20, P<0.00001) (Figure 3.2). A random-effect model was
adopted due to the existence of significant heterogeneity (I2 = 83%, P<0.00001). Therefore,
subgroup analysis was performed to explore the potential sources of heterogeneity based on

survival analysis, study region, antibodies used, scoring methods, and threshold selection

criteria.
Hazard Ratio Hazard Ratio
Study or Subgroup  log[Hazard Ratio] SE Weight IV, Random, 95% CI Year IV, Random, 95% ClI
Schindl 2002 0.3365 0.1048 9.4% 1.40 (1.14, 1.72) 2002 -
Bos 2003 1.4337 0.5398 4.4% 4,19 [1.46, 12.08] 2003
Gruber 2004 0.5188 0.5086 4.7% 1.68 [0.62, 4.55] 2004 =
Vleugel 2005 0.802 0.3247 6.8% 2.23[1.18, 4.21] 2005 T
Generali 2006 0.6043 0.2598 7.6% 1.83 (1.10, 3.04) 2006 —
Chen 2007 2.0412 0.4496 5.3% 7.70 [3.19, 18.59] 2007 . S—
Tan 2007 0.9042 0.3945 5.9% 2.47 [1.14, 5.35] 2007 e
Trastour 2007 1.4351 0.3537 6.4% 4.20[2.10, 8.40] 2007 —
Yamamoto 2008 0.4637 0.2117 8.3% 1.59 [1.05, 2.41) 2008 L
Koo and Jung 2010 2.0281 0.8573 2.4% 7.60 [1.42, 40.79] 2010
Marton 2012 4.9831 2.1355 0.5% 145.93 [2.22, 9591.22] 2012 .
Peurala 2012 0.8755 0.5722 4.1% 2.40[0.78, 7.37] 2012 T
Choi 2013 1.6502 0.5322 4.5% 5.21[1.84, 14.78) 2013 T S
Huang 2014 0.7786 0.4346 5.5% 2.18(0.93,5.11] 2014 ; s e
Jin 2016 0.9616 0.3421 6.6% 2.62[1.34,5.11] 2016 =E
Shi 2017 0.0119 0.0464 9.7% 1.01[0.92, 1.11] 2017
Cui and Jiang 2019 0.7953 0.2417 7.9% 2.22 [1.38, 3.56] 2019 —
Total (95% CI) 100.0% 2.37 [1.76, 3.20] L 2
Heterogeneity: Tau® = 0.24; Chi* = 94.48, df = 16 (P < 0.00001); I’ = 83% b + + J
Test for overall effect: Z = 5.66 (P < 0.00001) 0.01 9.1 10 100
Improved outcome Poorer outcome

Figure 3.2 Forest plot for the relationship between HIF-1a expression and disease-free survival in
breast cancer patients.

The pooled HR for univariate analysis was (HR = 2.78, 95% CI: 1.53-5.08, P = 0.0008) with
non-significant heterogenicity (I2 = 62%, P =0.05). The HR for multivariable analysis was

(HR = 2.22, 95% CI: 1.60-3.08, P<0.00001) and heterogeneity was significant (I2 = 83%,
P<0.00001) (Table 3.4).

Stratified analysis by study region suggested a poor DFS for eight studies with Asian
subjects (HR =2.55, 95% CI: 1.51-4.30, P = 0.0004) and for eight studies from Europe (HR
= 2.28, 95% CI: 1.55-3.36, P<0.0001). A significant heterogenicity was observed among

two subgroups (I’ = 87%, P = 0.00001; I’ = 63%, P = 0.009, respectively) (Table 3.4).

There was variation in the antibody for IHC used in the studies, the most common being

H1a67 (n = 5) followed by EP1215Y (n = 2). Other antibodies (n = 8) were used in only
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very few studies and therefore meta-analysis was not carried out. In subgroup analysis a
significant association was observed in H1a67 antibody (HR = 2.29, 95% CI: 1.35-3.88, P
=0.002) and poor DFS in patients with breast cancer. A substantial degree of heterogeneity

was detected (I = 77%, P = 0.002) (Table 3.4).

Variation was observed in the scoring methods of HIF-1a used in the studies, with the most
common method being used depending on percentage of antibody-expressing tumour cells
regardless of staining intensity (n = 8). On the other hand, 5 studies combined staining
intensity and percentage of positive cells as their scoring method of choice. The least
common scoring method was based on staining intensity (n = 2). On meta-analysis, a
statistically significant effect of HIF-1a on DFS was observed when stratified by percentage
of staining cells (HR =2.58, 95% CI: 1.52-4.37, P = 0.0004), and by combination percentage
and intensity (HR = 2.36, 95% CI: 1.25-4.46, P = 0.008), with considerable heterogeneity

(I' = 86%, P < 0.00001; I’ = 73%, P = 0.005, respectively) (Table 3.4).

To further explore the relationship between HIF-1a expression and DFS of patients with
breast cancer, subgroup analysis of threshold methods was performed. HIF-1a threshold of
>1% was considered positive in 4 studies, and threshold of >5% was used in 3 studies. Also,
threshold of score >1 was reported in 4 studies and score >3 was shown in 3 studies.
Stratification by threshold methods showed a poorer DFS for threshold group of >1% (HR
= 3.00, 95% CI: 2.05-4.39, P<0.00001), and threshold of score >1 (HR = 2.06, 95% CI:
1.31-3.24, P = 0.002), and heterogeneity was not significant (I’ = 2%, P = 0.38; I = 32%, P
=0.22, respectively). In contrast, no association was found between HIF-1a expression and
DEFS in subgroup analysis of threshold of >5% (HR = 1.54, 95% CI: 0.87-2.72, P = 0.14),
and threshold of score >3 (HR = 2.69, 95% CI: 0.99-7.26, P = 0.05). A significant
heterogeneity was observed among two groups (I2 =82%, P =0.004; I'= 86%, P =0.0008,
respectively) (Table 3.4).

3.4.1.3.2 Analysis of HIF-1a expression and overall survival

Effect of HIF-1a expression on OS could be evaluated in 14 studies comprising 2,732
patients. The complete data to estimate the HR could not be retrieved from three papers and

were therefore not included in the analysis (Table 3.3).
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Table 3.3 Studies characteristics and the impact of HIF-1a on overall survival

Author(s)

Jogi et al.
2019 (328)

Li et al.
2016b (329)

Laurinavicius
et al. 2015
(330)

Huang et al.
2014 (301)

Rajkovic-
Molek et al.
2014 (331)

Choi, Jung,
and Koo 2013
(235)

Dong et al.
2013 (320)

Ni et al.
2013 (332)

Malfettone et
al. 2012 (333)

Country

Sweden

China

Lithuania

Taiwan

Croatia

South
Korea

China

China

Italy

Patients

(n)

688

156

107

96

208

276

378

75

187

Median
Follow up
(months)

NA

NA

84

NA

NA

67

NA

60

NA

Cancer
death
n (%)

NA

NA

18 (16.8)

NA

72 (36)

23(8.3)

NA

36 (48)

NA

High HIF-1a
expression
n (%)
111 (18)

83 (53)

NA

29 (30)

82 (41)

13 (4.7)

195 (51)

52(69.3)

58 (37)

Tumour Scoring
subtype method
Mixed Scored both
BC intensity and
percentage but
for analysis only
used percentage
Mixed Percentage
BC and intensity
HR+ Percentage
Mixed Percentage
BC and intensity
Mixed Percentage
BC
Mixed Percentage
BC
ER’, Percentage
Her-2" and intensity
Mixed Percentage
BC and intensity
Mixed Absent or
BC present

Score range and

location
1-100

Location
not stated

Score 0-12

Location
not stated

Factor 1-5
Location
not stated
Score 1-4
Cytoplasmic
and nuclear

0-100

Nuclear

0-100

Nuclear

Score 0-8
Cytoplasmic
and nuclear

Score 0-9

Location
not stated

0-1

Nuclear
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Definition
of positive

>1%

Score 6

Factor 1

Score >3

>10%

>10%

Score 4

Score >1

>1%

Antibody
for IHC
dilution

BD610959

1:50

ab82832
1:200

EP1215Y
NA

NA

NB100-131
1:1500

EP1215Y
1:100

MABS5382
1:100

NA
1:200

H206
1:100

Tumour
stage

1&I1T

I-II-111&
v

[-II&IIT
T1-4

I-1I-1IT

&IV

T1-3
NO-3

[-II&IIT

NA

Multivariate
variables

ER status, EGFR and
HIF-1o expression

Age, menopausal
status, tumour site,
tumour diameter, ER,
PR, Her-2 status,
nodal metastasis,
tumour grade, TNM
stage, LPA2 and
HIF-1a expression

NA

Age, 1772C>T
genotype, T-stage, N-
stage, microvessel
density, VEGF and
HIF-1a expression

Tumour size, grade,
stage, LN, ER, PR,
Her-2 status, Ki67,
molecular subtype
and HIF-1a
Age, T stage and
HIF-1o expression

NA

LN metastasis,
histological
differentiation, TNM
stage, VEGF-C
expression, LVD,
MVD and
HIF-1a expression

PVI, ER status,
MIB1, membranous
NHERF land
HIF-1o expression

HR (95% CI)

UV analysis
1.6 (1.2-2.2)

MYV analysis
1.6 (1.0-2.5)

UV analysis
2.07 (1.58-2.71)

MYV analysis
2.37(1.09-5.15)

UV analysis
0.23 (0.08-0.62)

UV analysis
NA

MYV analysis
1.61 (0.63-4.13)

UV analysis
1.63 (1.03-2.60)
UV analysis
1.95 (1.49-2.54)

MYV analysis
4.54 (1.46-14.11)

UV analysis
NA

UV analysis
1.88 (1.01-3.5)

MYV analysis
2.25(1.38-6.45)

UV analysis
NA

MYV analysis
1.40 (0.46-1.87)

P-value

0.001

<0.001

0.029

0.002

0.963

0.322

0.039

<0.001

0.009

0.714

0.045

0.037

0.011

0.178

HR
estimation

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

NA

Reported
in text

Reported
in text



Koo and Jung
2010 (323)

Yamamoto et
al. 2008 (240)

Schoppmann
et al. 2006
(326)

Dales et al.
2005 (241)

Giatromanolaki
et al. 2004 (245)

Gruber et al.
2004 (300)

Bos et al.
2003 (244)

Schindl et al.
2002 (243)

South
Korea

Japan

Austria

France

Greece

Switzerla

nd

The
Netherla
nds

Austria

224

171

119

180

77

150

206

89.6

60

110

162

NA

36

106

87

13 (5.8)

15 (8.8)

43 (36.2)

191(25.6)

NA

NA

24%

73 (35.4)

2(1)

63 (36.8)

30(25.2)

543 (72.89)

89 (49.44)

43 (56)

51(34)

48 (23.3)

Mixed
BC

Mixed
BC

Mixed
BC

Mixed
BC

Mixed
BC
Mixed

LN +ve

Mixed

LN -ve
(81

Mixed

LN +ve

Percentage

Percentage

Percentage
and intensity

Percentage

Percentage
and intensity

Percentage
and intensity

Percentage

Percentage
and intensity

0
1-30
>30

Nuclear
0-100

Nuclear

0-7

Nuclear

0-100

Location
not stated

Descriptive
Cytoplasmic
and nuclear

0-4

Nuclear

0-100

Nuclear

0-7

Nuclear

Table detailing papers which investigated the prognostic role of HIF-1a on overall survival.
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>1% EP1215Y
1:100
>5% Hla67
1:1000
Score 3 Hla67
1:60
>10% H206
1:400
Score 3 ESEE 122
1:20
Score 1 Hla67
1:5000
>5% Hla67
1:500
Score 3 H1la67
1:60

NA

[-II&IIT

NA

T1-3

T1-4

I-1

-1

Radiotherapy and
HIF-1o expression

LN status, ER status
and
HIF-1a expression

Tumour grade and
HIF-1o expression

Tumour grade, size
and
HIF-1o expression

NA

Age, T stage, ER
status, LN status and
HIF-1a expression

MALI, tumour size
and
HIF-1o expression

Age, histological
grade, tumour stage,
ER, Her-2 status and

HIF-1o expression

UV analysis
2.94 (1.98-4.37)

MYV analysis
13.7
UV analysis
1.39 (1.17-1.65)

MYV analysis
2.15 (1.15-5.76)
UV analysis
NA
MYV analysis
NA
UV analysis
1.15 (1.02-1.29)

MYV analysis
NA
UV analysis

NA

UV analysis
3(0.54-16.72)

MYV analysis
2.66 (0.83-8.51)
UV analysis
1.21 (1.05-1.39)
MYV analysis
6.37 (1.32-30.67)
UV analysis
1.89 (1.01-3.53)

MYV analysis
1.41 (1.12-1.77)

<0.0001

0.002

0.0002

0.016

0.028

0.025

0.019

0.030

0.0008

0.21

0.008

0.021

0.045

0.003

Reported
in text

Reported
in text

NA

NA

Survival

curve

Reported
in text

Reported
in text

Reported
in text



As indicated in Figure 3.3, high HIF-1a expression was associated with a poorer OS in breast

cancer (HR = 1.88, 95% CI: 1.41-2.50, P<0.0001), with substantial degree of heterogeneity

(I2 = 61%, P = 0.001). To further explore the sources of high heterogeneity, subgroup
analysis for OS data was conducted according to survival analysis, study region, antibodies

used, scoring methods and threshold.

Hazard Ratio Hazard Ratio

Study or Subgroup log[Hazard Ratio] SE Weight 1V, Random, 95% CI Year IV, Random, 95% CI
Schind| 2002 0.3436 0.1175 13.1% 1.41(1.12, 1.78] 2002 -
Bos 2003 1.8508 0.8023 2.7% 6.36(1.32,30.67] 2003
Giatromanolaki 2004 1.0473 0.3124 8.6% 2.85(1.54, 5.26] 2004 T
Gruber 2004 0.9783 0.5942 4.2% 2.66 [0.83, 8.52] 2004 S e
Yamamoto 2008 0.7655 0.3178 8.5% 2.15[1.15, 4.01] 2008 .
Koo and Jung 2010 2.6174 0.847 2.4% 13.70[2.60, 72.06] 2010
Malfettone 2012 0.3307 0.2456 10.2% 1.39[0.86, 2.25] 2012 e
Ni 2013 0.8105 0.3886 7.1% 2.25[1.05, 4.82] 2013 T "oen
Choi 2013 1.5125 0.579 4.4% 4.54(1.46, 14.12] 2013
Huang 2014 0.4759 0.481 5.6% 1.61(0.63, 4.13] 2014 e e
Rajkovic -Molek 2014 0.4925 0.2386 10.4% 1.64 (1.03, 2.61] 2014 =
Laurinavicius 2015 -1.4697 0.5388 4.8% 0.23 [0.08, 0.66] 2015 —
Li 2016 0.8625 0.395 7.0% 2.37[1.09, 5.14] 2016 ————
Jogi 2019 0.47 0.2166 10.9% 1.60 [1.05, 2.45] 2019 T
Total (95% CI) 100.0% 1.88 [1.41, 2.50] L 2

: : 2 ' . ) y
Heterogeneity: Tau® = 0.15; Chi’ = 33.67, df = 13 (P = 0.001); I’ = 61% o1 01 10 100
Test for overall effect: Z = 4.34 (P < 0.0001) Improved outcome Poorer outcome

Figure 3.3 Forest plot for the relationship between HIF-1a expression and overall survival in breast
cancer patients.

As shown in Table 3.4, the pooled HR for univariate analysis was (HR = 1.13,95% CI: 0.37-

3.41, P = 0.83) and heterogeneity was significant (I2 = 88%, P = 0.0003). The HR for
multivariate analysis was (HR = 1.96, 95% CI: 1.50-2.56, P<0.0001) and heterogeneity was

non-significant (I2 =42%, P =0.07).

Stratified analysis by study region suggested a poor OS for six studies with Asian subjects
(HR =2.48, 95% CI: 1.75-3.51, P<0.00001), and for eight studies from Europe (HR = 1.51,
95% CI: 1.29-1.78, P<0.00001). A significant heterogenicity was observed among Europe

subgroup (I’ = 67%, P = 0.004) but not in Asia subgroup (I’ = 20%, P = 0.28) (Table 3.4).

There were variations in the antibodies used for IHC in the studies, the most common being
H1a67 (n=4) followed by EP1215Y (n = 3). Other antibodies (n = 6) were used in only few

studies and therefore meta-analysis was not carried out. In subgroup analysis by antibody,
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significant effect of HIF-1a on OS was observed in Hla67 subgroup (HR = 1.95, 95% CI:
1.21-3.15, P = 0.006) but not in EP1215Y (HR = 2.30, 95% CI: 0.20-26.22, P = 0.50). A

significant heterogeneity was detected in the group of EP1215Y (I2 =91%, P <0.0001). In

contrast, non-significant heterogeneity was observed in H1a67 group (I2 =47%, P =0.13)
(Table 3.4).

A stratification based on scoring methods was performed. Six studies used a percentage as
scoring method, and seven studies used combined percentage and intensity. The least
common scoring method was based on absent or present of staining (n = 1). On meta-
analysis, a statistically significant effect of HIF-1a on OS was observed when stratified by

combined percentage and intensity (HR = 1.73, 95% CI: 1.39-2.15, P<0.00001) with non-

significant heterogeneity (I2 = 14%, P = 0.32). On the other hand, no association was

observed in the subgroup of percentage of staining cells (HR = 2.26, 95% CI: 0.96-5.31, P
= 0.13) with considerable heterogeneity (I2 = 84%, P<0.0001) (Table 3.4).

Twelve studies examined the relationship of various threshold methods and OS (n = 2,469).
Percentage of positive cells >1% method was used by 3 studies. The scores >3 were
calculated as the product of combination staining intensity and percentage of positive cells
(n = 3). In the subgroup analysis of threshold of score >3, HIF-1a overexpression showed

poor OS (HR = 1.78, 95% CI: 1.11-2.86, P = 0.02). A non-significant heterogeneity was

observed (I2 =55%, P =0.11). In contrast, no association was observed in the subgroup of

threshold of >1% (HR = 1.99, 95% CI: 1.00-3.96, P = 0.05) with considerable heterogeneity
(I’ = 70%, P = 0.03) (Table 3.4).
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Table 3.4 Results of subgroup meta-analysis of analysis methods, study region, different antibodies, scoring and threshold methods reported for HIF-1a

Stratified analysis Number of @ Number of Test for association Test for heterogeneity
studies patients
Pooled HR (95% CI) P-value 12(%) P-value
Disease-free survival 21 2653 2.37 (1.76-3.20) <0.00001 83% <0.00001
Analysis methods
Univariate 4 593 2.78 (1.53-5.08) 0.0008 62% 0.05
Multivariate 13 2112 2.22 (1.60-3.08) <0.00001 83% <0.00001
Study region
Asia 8 1288 2.55(1.51-4.30) 0.0004 87% 0.00001
Europe 8 1315 2.28 (1.55-3.36) <0.0001 63% 0.009
Antibody for IHC
Hla67 5 708 2.29 (1.35-3.88) 0.002 T7% 0.002
Scoring methods
Percentage 8 1483 2.58 (1.52-4.37) 0.0004 86% <0.00001
Percentage and intensity 5 585 2.36 (1.25-4.46) 0.008 73% 0.005
Threshold methods
Percentage > 1% 4 826 3.00 (2.05-4.39) <0.00001 2% 0.38
Percentage > 5% 3 381 1.54 (0.87-2.72) 0.14 82% 0.004
Score >1 4 382 2.06 (1.31-3.24) 0.002 32% 0.22
Score >3 3 406 2.69 (0.99-7.26) 0.05 86% 0.0008
Overall survival 14 2801 1.88 (1.41-2.50) <0.0001 61% 0.001
Analysis methods
Univariate 3 495 1.13 (0.37-3.41) 0.83 88% 0.0003
Multivariate 11 2306 1.96 (1.50-2.56) <0.0001 42% 0.07
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Study region
Asia
Europe

Antibody for IHC
Hla67
EP1215Y

Scoring methods
Percentage
Percentage and intensity

Threshold methods
Percentage > 1%
Score > 3

~N

W

998
1803

604
607

1136
1478

1099
482

2.48 (1.75-3.51)
1.51 (1.29-1.78)

1.95 (1.21-3.15)
2.30 (0.20-26.22)

2.26 (0.96-5.31)
1.73 (1.39-2.15)

1.99 (1.00-3.96)
1.78 (1.11-2.86)
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<0.00001
<0.00001

0.006
0.50

0.13
<0.00001

0.05
0.02

20%
67%

47%
91%

84%
14%

70%
55%

0.28
0.004

0.13
<0.0001

<0.0001
0.32

0.03
0.11



3.4.2 The relationship between CAIX and patient survival in breast
cancer

3.4.2.1 Studies selection process

The search yielded 1,294 articles in Google Scholar, 1,079 articles in PubMed and 84 articles
in Web of Science. After removal of 530 duplicates, 1,927 unique articles were left for
evaluation. Of these, 1,620 articles were excluded based on title and abstract, and 307
remaining articles were identified through full paper review. Subsequently, 284 studies were
excluded for the following reasons: 181 lacked survival outcomes, 60 were animal studies,
35 were cell line studies, 5 were non IHC based methods, two of them were review or meta-

analysis, and one was non-English studies.

The reference list of each study was examined and did not identify any further studies for
inclusion in this analysis. Finally, a total of 23 independent studies from 15 different
countries were considered eligible for inclusion in the meta-analysis. The study flow diagram

is shown in Figure 3.4.
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Records identified through database search in
Google Scholar (n = 1,294),

4 PubMed (n = 1,079)
_g and Web of Sciences (n = 84)
b1
—
g » Excluded after duplicates removed
= (n=530)
A 4
Records after duplicates removed
.g" (n=1,927)
=
)
& 7 ~
2 Excluded on basis of title and
q abstracts
| ke (n=1,620) r
A 4
/ Excluded \
= Full text articles reviewed for eligibility (n=284)
= (n=307) Not reporting the relevant outcomes
= (n=181)
80
o= Not human research (animal)
= (n=60)
il Cell line experiment
(n=135)
3 v Not IHC based evaluation
T m=5)
b Studles_mc uded Reviews or meta-analysis
T (n=23) (n=2)
o) Not written in English
= (n=1)
RFS(n=7) OS (n=16)
r___ | A4

DFS (n= 13)\

Overlapping studies between | | Overlapping studies between Overlapping studies between
RFS and DFS (n= 1) DFS and OS (n =8) RFS and OS (n = 4)

Figure 3.4 PRISMA flow diagram detailing the process of selecting articles describing the association
between CAIX expression and patient’s prognosis.
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3.4.2.2 Study characteristics

A total of 23 studies involving 8,390 participants addressing CAIX expression in breast
cancer met the criteria for this review and the characteristics of eligible studies are
summarised in Tables 3.6, 3.7, and 3.8. The majority of studies were carried out in early-
stage breast cancer and mainly in patients with ductal disease with minimum and maximum
sample sizes of 40 and 3,630, respectively. Most of the studies reported the length of the
follow-up period, and 13 of them exhibited a sufficiently long follow-up (defined as a

median follow-up time >60 months) for the outcomes to be determined.

IHC methodology varied between the studies. Four different antibodies were used. Also,
different localizations for protein expression and different quantification methods were
reported. Thresholds have been applied to stratify patients into groups with low and high

tumour CAIX expression and varied among the studies from 1-10% or a score of 1-52.5.

3.4.2.3 Quantitative data synthesis

The pooled HR and 95% CI was calculated according to survival data including RFS, DFS,
and OS. Studies with small number of patients <100 were excluded from the analysis (n =
3). The detailed results were provided in Tables 3.5, 3.6, and 3.7, and the forest plots were
provided in Figure 3.5, 3.6, and 3.7, respectively.

3.4.2.3.1 Analysis of CAIX expression and recurrence free survival

RFS was reported in 7 studies, of which one study provided incomplete data to estimate the
HR and was therefore not included in the analysis (Table 3.5). One study was also excluded

from the analysis because of small sample sizes.
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Table 3.5 Studies characteristics and the impact of CAIX on recurrence free survival

Author(s) Country
Beketic- Croatia
Oreskovic

et al. 2011 (310)

Lou et al. 2011 Canada
(308)

Lancashire et al. United

2010 (334) Kingdom
Crabb et al. Canada
2008 (335)

Trastour et al. France
2007 (248)

Brennan et al. Sweden
2006 (262)

Chia et al. 2001 United
(263) Kingdom

Table detailing papers which investigated the prognostic role of CALX on recurrence free survival.

Patients

(n)

40

3,630

244

313

132

400

103

Median
follow up
(months)

55.8

67

NA

138

166.8

74.4

Cancer
death
n (%)

24 (60)

NA

NA

NA

20 (15)

NA

32(31)

High CAIX
expression
n (%)

24 (60)

566 (16)

29 (18)

47 (15)

38 (29)

42(11)

49 (48)

Tumour
subtype

Mixed BC

Mixed BC

Mixed BC
(n=160)

Mixed BC

Mixed BC

Mixed BC
LN+ve
(n=104)
premenopausal

Mixed BC

Scoring
method

Percentage
and
intensity

Absent
or present

Absent
or present

Absent
or present

Percentage

Absent
or present

Percentage
and
intensity

Score range
and location
Scorel-3
Membranous

and
cytoplasmic

0-1

Location
not stated

0-1
Membranous
0-1
Location
not stated
0-100
Membranous
0-1
Membranous
Score 0-300

Membranous
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Definition Antibody
of positive for IHC/
dilution

Score >52.5 NA
1:100

Score >1 M75
1:50

Score >1 Abcam
15086
1:2,500

Score >1 M75
1:50

>1% MNT75
1:10,000

Score >1 M75
1:2000

Score >1 M75
1:50

Tumour
stage

NA

NA

NA

NA

NA

I

NA

Multivariate
variables

Necrosis, tumour
size, LN,
histological grade
and CAIX
expression

NA

NA

ER, PR, Her-2 status,
EGFR, Ki67, p53,
CK5/6 and CAIX

expression
Tumour size, LN
status, tumour
grade, HIF-1o and
CAIX expression

NA

LN status, grade,
size, ER, necrosis
and CAIX
expression

HR (95% CI)

MYV analysis

3.99 (1.38-11.59)

UV analysis

1.4

UV analysis

NA

MYV analysis
1.67 (1.06-2.64)
MYV analysis

2.7(1.2-6.1)

UV analysis

NA

MYV analysis

2.13

P-value

0.011

<10 -7

0.097

0.03

0.01

0.032

0.06

HR
estimation

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text



In the remaining 5 studies (n = 4,578), patients with high tumour CAIX expression had a
significantly worse RFS (HR = 1.42, 95% CI: 1.32-1.51, P<0.00001), with mild non-

significant heterogeneity (I2 = 4%, P = 0.38) (Figure 3.5A). 3,630 participants from 4,578
was came from the report of Lou and co-workers (308). Thus, further analysis was performed
with this study excluded and the result was proven to be stable, the exclusion of this report

did not significantly alter the results (HR = 1.62, 95% CI: 1.28-2.05, P<0.0001) and no
heterogeneity was shown (I2 = 0%, P =0.43) (Figure 3.5B).

Since few studies examined the association between tumour CAIX expression and RFS (n =
5), subgroup analysis was not carried out. The majority of studies were associated with poor

prognosis and similar antibodies were used.

A Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Chia 2001 0.7561 0.402 0.7% 2.13[0.97, 4.68] 2001 1
Brennan 2006 0.3436 0.1602 4.3% 1.41[1.03, 1.93] 2006
Trastour 2007 0.9953 0.4148  0.7% 2.71[1.20, 6.10] 2007
Crabb 2008 0.5128 0.2363 2.0% 1.67 [1.05, 2.65] 2008
Lou 2011 0.3365 0.0001 92.4% 1.40 [1.40, 1.40] 2011 .
Total (95% CI) 100.0% 1.42 [1.32, 1.51] ¢
Heterogeneity: Tau? = 0.00; Chi® = 4.17, df = 4 (P = 0.38); I* = 4% 0=2 o‘s 2 é

Test for overall effect: Z = 10.28 (P < 0.00001) Improved outcome Poorer outcome

B Hazard Ratio Hazard Ratio
Study or Subgroup  log[Hazard Ratio] SE Weight IV, Random, 95% Cl Year IV, Random, 95% ClI
Chia 2001 0.7561 0.402  9.0% 2.13[0.97, 4.68] 2001 |
Brennan 2006 0.3436 0.1602 56.6% 1.41[1.03, 1.93] 2006 il
Trastour 2007 0.9953 0.4148  8.4% 2.71[1.20, 6.10] 2007 ——
Crabb 2008 0.5128 0.2363 26.0% 1.67 [1.05, 2.65] 2008 ——
Total (95% CI) 100.0% 1.62 [1.28, 2.05] 3
20vpe > . o - = = S - - - 4
Heterogeneity: Tau? = 0.00; Chi* = 2.76, df = 3 (P = 0.43); I’ = 0% 0.02 01 10 50

Test for overall effect: Z = 3.98 (P < 0.0001) Improved outcome Poorer outcome

Figure 3.5 Forest plot for the relationship between CAIX expression and recurrence free survival in
breast cancer patients.

Including Lou’s study [A], after excluding Lou’s study [B].
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3.4.2.3.2 Analysis of CAIX expression and disease-free survival

Effect of CAIX expression on DFS in breast cancer could be evaluated in 13 studies (n =
2,356 patients). Due to a small observational number, one further study was excluded from
the analysis. The complete data to estimate the HR could not be retrieved from two studies
and were therefore not included in the analysis. HR for 3 studies was calculated from

available numerical data (Table 3.6).
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Table 3.6 Studies characteristics and the impact of CAIX on disease-free survival

Author(s)

Alves et al.
2019 (312)

Jin et al.
2016 (265)

Aomatsu et al.

2014 (336)

Noh, Kim,
and Koo 2014
(337)

Choi, Jung,
and Koo
2013

Currie et al.
2013 (338)

Betof et al.
2012 (339)

Kaya et al.
2012 (340)

Pinheiro et al.
2011 (306)

Tan et al.
2009 (264)

Trastour et al.

2007 (248)

Generali et al.

2006a (246)

Country

Brazil

South
Korea

Japan

South
Korea

South
Korea

New
Zealand

USA

Turkey

Portugal
and
Brazil
UK and
Australia

France

Italy

Patients

(n)

196

270

102

334

276

87

209

111

122

182

132

166

Median
follow up
(months)

73.9

NA

6.2

NA

67

NA

99.6

110

NA

131.9

138

53

Cancer
death
n (%)

NA

NA

NA

31(9.3)

23(8)

NA

32 (16.6)

NA

NA

99 (21.7)

20 (15)

22 (11.7)

High CAIX
expression
n (%)

13 (7)

59 (22)

47 (46)

96 (29)

90 (33)

43 (49)

182 (88)

62 (65)

22(18)

59 (14)

38(29)

41(24.7)

Tumour
subtype

Mixed BC

TNBC

Mixed BC

AR+/ER-BC

Mixed BC

Mixed BC

Mixed BC
based on CT

Groupl:HR +,
Her-2-ve
Group2:HR-,
Her-2+ve
Mixed BC

Mixed BC
Patients
treated with
CT (n=182)
Mixed BC

Mixed BC

Scoring
method

Percentage
and
intensity

Percentage

Intensity

Percentage
and
intensity

Intensity

Percentage
and
intensity

Percentage

and
intensity

Absent
or present

Percentage
and
intensity

Percentage

Percentage

Intensity

Score range
and location
Score 0-6

Membranous
1-100
Membranous

and
cytoplasmic

Score 0-3

Membranous

Score 0-6

Location
not stated

Score 0-3

Cytoplasmic
Score 0-8
Membranous
Score 0-300
Membranous

and
cytoplasmic

0-1
Membranous
Score 0-6
Membranous
0-100
Membranous
0-100

Membranous

Score 0-2

Location
not stated
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Definition
of positive

Score >2

>10%

Score >2

Score >2

Score >2

Score >3

Score >50

Score >1

Score >3

>10%

>1%

Score >1

Antibody
for IHC/

dilution

ab15086
1:200

Abcam
1:75

M75
1:1000

Abcam
1:100

NA
1:100

Novus
Biologic
als
1:1000
M75
NA

H-120
1:100

ab15086
1:2000

NA

MNT75
1:10,000

M75
1:50

Tumour
stage

T1-4
NO-3
MO

I-IT

IIA-TIB
or ITTIA

T1-3

T1-3
NO-3

NA

NA

T1-4
NO-3
MO

T1-3

NA

NA

T2-4
NO-1

Multivariate
variables

NA

LVI, LN metastasis,
HIF-1o, CAIX and
combined HIF-1a

and CAIX
expression
ER, PR,
molecular subtypes
(HR+/Her-2) and
CAIX expression

T stage,
LN status,
histologic grade and
CAIX expression

NA

NA

NA

Tumour size,
LN status, tumour
grade, HIF-1o and
CAIX expression

NA

HR
(95% CI)
UV analysis

NA
MYV analysis

2.65 (1.41-4.97)

MYV analysis

2.39 (1.04-5.49)

MYV analysis

2.23(0.67-7.43)

UV analysis

NA

UV analysis
NA
UV analysis

1.82

UV analysis
NA
UV analysis
NA
UV analysis
3.20 (1.79-5.70)
MYV analysis

2(1.0-4.2)

UV analysis

NA

P-value

0.005

0.002

0.041

0.191

0.271

0.47

0.014

0.344

0.045

<0.001

0.05

HR
estimation

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Survival
curve

Survival
curve

Reported
in text

Reported
in text

Reported
in text



Generali et al. Italy 169 NA 21 (12.5) 41 (24) Mixed BC Intensity Score 0-2 Score >1 M75 T2-4 LN status, MYV analysis 0.2 Reported

2006b (258) 1:50 NO-1 tumour size, BCL2, in text
Location Her-2, PR, ER, 1.6 (0.8-3.2)
not stated Ki67, p53 and

CAIX expression

Table detailing papers which investigated the prognostic role of CAIX on disease-free survival.
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Overall, high CAIX expression in 10 studies (n = 1,882) was associated with a worse DFS
(HR = 1.64, 95% CI: 1.34-2.00, P<0.00001). Mild heterogeneity was detected across these

studies (I2 =49%, P = 0.04) (Figure 3.6). Therefore, subgroup analysis was performed to
explore the potential sources of heterogeneity based on survival analysis, study region,

antibodies used, cellular localization, and scoring methods.

Hazard Ratio Hazard Ratio
Study or Subgroup  log[Hazard Ratio] SE Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Generali 2006a 0.47 03667 5.9%  1.60(0.78, 3.28] 2006 N i
Generali 2006b 0.2852 0.1226 18.7%  1.33[1.05, 1.69] 2006 -
Trastour 2007 0.6931 0.3537 6.2%  2.00(1.00, 4.00] 2007 e
Tan 2009 1.1632 03535  6.2%  3.20[1.60,6.40] 2009 s
Pinheiro 2011 0.174 0.0868 21.7%  1.19[1.00, 1.41] 2011 [
Betof 2012 0.5988 0.2437 10.3%  1.82[1.13,2.93] 2012 —
Aomatsu 2014 0.8713 0.4264  4.6%  2.39(1.04,5.51] 2014 s
Noh 2014 0.802 0.6135 2.5%  2.23[0.67,7.42] 2014 T
Jin 2016 0.9735 03214 7.1%  2.65[1.41,4.97] 2016 —_
Alves 2019 0.4121 0.1468 16.7% 1.51(1.13,2.01] 2019 b
Total (95% CI) 100.0%  1.64 [1.34, 2.00] &
Heterogeneity: Tau’ = 0.04; Chi? = 17.75, df = 9 (P = 0.04); I’ = 49% ot 01 0 100
Test for overall effect: Z = 4.89 (P < 0.00001) Improved outcome Poorer outcome

Figure 3.6 Forest plot for the relationship between CAIX expression and disease-free survival in breast
cancer patients.

The pooled HR for univariate analysis was (HR = 1.48, 95% CI: 1.19-1.85, P = 0.0005) with
significant heterogenicity (I2 =61%, P =0.04). The HR for multivariable analysis was (HR

=2.14, 95% CI: 1.53-3.01, P<0.0001), with no heterogenicity detected (I2 = 0%, P = 0.88)
(Table 3.8).

Stratified analysis by study region suggested a poor DFS for three studies with Asian
subjects (HR =2.50, 95% CI: 1.57-3.98, P =0.0001) and for five studies from Europe (HR
=1.50, 95% CI: 1.15-1.96, P = 0.003). Heterogenicity was observed only among subgroup

of Europe (I' = 57%, P = 0.05) (Table 3.8).

There were variations in the antibodies used for ITHC in the studies. Five studies (n = 778)
used M75 antibody, and four studies (n = 922) used ab50186. Other studies used anti-CAIX
antibodies obtained from different suppliers and were used in few studies (n = 2), therefore
meta-analysis was not carried out. In subgroup analysis by antibody, significant effect of

CAIX on DFS was observed in M75 subgroup (HR = 1.51, 95% CI: 1.25-1.83, P<0.0001),
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with no heterogeneity was observed (I2 = 0%, P = 0.48). A similar association was found in

ab50186 (HR =1.53, 95% CI: 1.12-2.10, P = 0.008) with moderate heterogeneity (I2 =61%,
P =0.05) (Table 3.8).

Diverse cellular localization was observed between studies. A membranous expression of
CAIX was described in five studies (n = 734) whereas cytoplasmic staining was only
reported in one study. Combination of the membranous and cytoplasmic staining was also
reported in two studies (n = 479) whereas the rest did not state the staining localization. In

subgroup analysis, membranous staining had a significant effect on DFS (HR = 1.69, 95%

CI: 1.22-2.34, P = 0.002). A significant heterogeneity was detected (I2 = 66%, P =0.02)
(Table 3.8).

Eleven studies examined the relationship of various scoring methods and DFS. Percentage
of positive cells method was used by three studies (n = 584), and intensity of staining was
showed in three studies (n = 437). While in the remaining four studies (n = 861), the scores
were calculated as the product of combination of percentage of positive cells and staining
intensity. Subgroup analysis of the different scoring revealed a similar significant association
between tumoural CAIX expression and DFS in subgroup analysis of percentage of staining
cells (HR =2.57, 95% CI: 1.75-3.79, P<0.00001), intensity of staining (HR = 1.41, 95% CI:
1.13-1.76, P = 0.002), and the combination of two methods (HR = 1.40, 95% CI: 1.13-1.74,

P = 0.002). Mild heterogeneity was only observed in subgroup analysis of combination of

percentage and staining intensity (I2 =37%, P =0.19) (Table 3.8).
3.4.2.3.3 Analysis of CAIX expression and overall survival

A total of 16 from the selected 23 studies examined the association between CAIX
expression and OS. Three studies with small number of patients were excluded from the
analysis. Three studies could not be included in this analysis due to incomplete reporting
(Table 3.7). HR was calculated from available numerical data extrapolated from Kaplan-

Meier survival curve and summary Table for 3 studies.
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Table 3.7 Studies characteristics and the impact of CAIX on overall survival

Author(s)
Alves et al.
2019 (312)

Ozretic et al.
2018 (311)

Noh, Kim, and
Koo 2014 (337)

Choi, Jung, and
Koo 2013 (235)

Currie et al.
2013 (338)

Betof et al. 2012
(339)

Kaya et al.
2012 (340)

Beketic-Oreskovic
et al. 2011 (310)

Jubb et al.
2010 (341)

Lancashire et al.

2010 (334)

Tan et al.
2009 (264)

Kyndi et al.
2008 (342)

Country

Brazil

Croatia

South
Korea

South
Korea

New
Zealand

USA

Turkey

Croatia

United
Kingdom

United
Kingdom

UK and
Australia

Denmark

Patients

(n)

176

64

276

87

209

111

40

151

244

182

945

Median
follow up
(months)

73.9

555

NA

67

NA

110

55.8

120

67

131.9

204

Cancer
death
n (%)

NA

10 (15.6)

31(9.3)

23(8.3)

NA

32(16.6)

NA

24 (60)

NA

NA

99 (21.7)

NA

High CAIX
expression
n (%)
13 (7.4)

49 (77)

96 (28.7)

90 (32.6)

43 (49)

182 (88)

62 (65)

24 (60)

49 (32)

29 (18.1)

59 (14)

151 (16)

Tumour
subtype

Mixed BC

TNBC

AR+/ER—
BC

Mixed BC

Mixed BC

Mixed BC
based on
CT

Groupl:HR+,
Her-2-ve
Group 2:HR-,
Her-2+ve
Mixed BC

Mixed BC

Mixed BC
(n=160)

Mixed BC
treated with
CT (182)

Mixed BC

Scoring
method

Percentage
and intensity

Percentage
and intensity

Percentage
and intensity

Intensity

Percentage
and intensity

Percentage
and intensity

Absent
or present

Percentage
and intensity

Percentage

Absent
or present

Percentage

Percentage

Score range
and location

Score 0-6

Membranous
NR

Membranous
Score 0-6

Location
not stated

Score 0-3

Cytoplasmic
Score 0-8

Membranous
Score 0-300

Membranous
and
cytoplasmic
0-1
Membranous
Score 1-3
Membranous

and
cytoplasmic

0-100
Membranous

and
cytoplasmic

0-1

Membranous

0-100

Membranous

0-100

Membranous
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Definition
of positive

Score >3

NA

Score >2

Score >2

Score >3

Score >50

Score >1

Score >52.5

>10%

Score >1

>10%

>10%

Antibody
For IHC
/dilution
ab15086
1:200

ab15086
1:100

NA
1:100

NA
1:100

NA
1:1000

M75
NR

H-120
1:100

NA
1:100

M75
NA

Abcam
15086
1:2,500

NA

M75
1:2,500

Tumour
stage

T1-4
NO-3
MO
NA

T1-3

T1-3
NO-3

NA

NA

T1-4
NO-3
MO

NA

NA

NA

NA

NA

Multivariate
variables

T stage, LN
status, histologic
grade and CAIX

expression

NA

Necrosis, tumour
size, LN status,
histological grade
and CAIX
expression

LN status, tumour
grade, tumour
size and CAIX

expression

LN status, tumour
size, grade, HR
and Her-2 status,
menopausal
status/systemic
treatment

HR (95% CI)

UV analysis

NA
UV analysis

NA
MYV analysis

15.89 (1.82-131.6)

UV analysis

NA
UV analysis

NA
UV analysis

3.77

UV analysis
NA
MYV analysis

4.14 (1.28-13.35)

UV analysis

0.88 (0.43-1.81)

UV analysis

NA
MYV analysis

3.20 (1.79-5.70)
UV analysis

1.30 (1.06-1.60)

P-value

0.143

0.493

0.010

0.195

0.010

0.109

0.018

0.73

0.085

<0.001

NA

HR
estimation

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Survival
curve

Reported
in text

Reported
in text

Reported
in text

Reported
in text

Reported
In text



Hussain et al. United

2007 (259) Kingdom
Brennan et al. Sweden
2006 (262)

Generali et al. Italy and
2006b (258) UK
Chia et al. 2001 United
(263) Kingdom

144

400

169

103

48

166.8

NR

74.4

28 (19.4)

NA

21 (11.5)

32(31)

37 (26)

42(11)

41(24)

49 (48)

Mixed BC Intensity
and pattern
Mixed BC Absent
1-3 +ve LN or present
Premenopausal
Mixed BC Intensity
Mixed BC Percentage

and intensity

Score 1-5

Membranous
0-1

Membranous
Score 0-2

Location
not stated
Score 0-300
Membranous

Table detailing papers which investigated the prognostic role of CAIX overall survival.
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Score > 2

>1%

Score >1

Score >50

M75
1:100

M75
1:2000

M75
1:50

M75
1:50

NR

T2-4
NO-1

NA

Vascular invasion
and CAIX
expression

NA

NA

LN status, grade,
size, ER, necrosis
and CAIX
expression

MYV analysis
2.43 (1.07-5.53)
UV analysis

NA
UV analysis

NA
MYV analysis

2.61(1.01-6.75)

0.035

0.022

0.001

0.05

Reported
in text

Reported
in text

Reported

in text

Reported
In text



Based on 10 studies (n = 2,813), high CAIX expression was statistically significantly
associated with a poorer OS (HR = 1.48, 95% CI: 1.22-1.80, P<0.0001) (Figure 3.7).

Moderate heterogeneity was detected across these studies (I2 =59%, P = 0.009), therefore,

further subgroup analysis was performed.

Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE Weight IV, Random, 95% CI Year IV, Random, 95% CI
Chia 2001 0.9594 0.4895 3.6% 2.61(1.00, 6.81] 2001
Brennan 2006 0.239 0.1044 19.7% 1.27 [1.03, 1.56] 2006 d
Generali 2006b 0.2231 0.0678 22.5% 1.25[1.09, 1.43] 2006 hd
Hussain 2007 0.8879 0.4211 4.6% 2.43[1.06, 5.55] 2007 —
Kyndi 2008 0.2641 0.105 19.7% 1.30[1.06, 1.60] 2008 hd
Tan 2009 1.1632 03535  6.1% 3.20[1.60, 6.40] 2009 N
Jubb 2010 -0.1278 0.3704 5.7% 0.88[0.43,1.82] 2010 —
Betof 2012 1.3271 0.5152 3.3%  3.77[1.37,10.35] 2012 TN A
Noh 2014 2.7657 1.0737 0.8% 15.89[1.94, 130.34] 2014 ——
Alves 2019 0.2624 0.1791 13.9% 1.30[0.92, 1.85] 2019 =
Total (95% CI) 100.0% 1.48 [1.22, 1.80] [ 3
Heterogeneity: Tau® = 0.04; Chi’ = 21.84, df = 9 (P = 0.009); I = 59% * + + +
Sl e ] L. 9. N
|me0VEd outcome Poorer outcome

Figure 3.7 Forest plot for the relationship between CAIX expression and overall survival in breast
cancer patients.

As shown in Table 3.8, the pooled HR for univariate analysis was (HR =1.27,95% CI: 1.16-
1.40, P<0.00001) and heterogeneity was non-significant (I2 = 10%, P = 0.35). The HR for
multivariate analysis was (HR = 3.03, 95% CI: 1.93-4.77, P<0.00001) and heterogeneity

was not reported.

IHC staining of CAIX was predominantly performed using the M75 antibody targeting
CAIX (n = 7, including 2,121 patients). The negative association between high CAIX

expression in breast cancer and worse OS revealed to be associated with M75 antibody (HR

=1.34, 95% CI: 1.14-1.57, P = 0.0004), with moderate heterogeneity (I2 =40%, P=0.13)
(Table 3.8).

In addition, subgroup analysis based on cellular location was performed. A membranous
expression of CAIX was described in five studies (n = 1,774). Although combination of the
membranous and cytoplasmic staining was also reported in two studies (n = 360),
cytoplasmic staining was only reported in one study (n = 276). Whereas two studies did not

state the staining localization. Interestingly, the results of the subgroup analysis demonstrate
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a significant prognostic value of CAIX in membranous location (HR = 1.62, 95% CI: 1.21-
2.17, P =0.001), with significant moderate heterogeneity (I2 =60%, P =0.04) (Table 3.8).

There was variation in the scoring methods. The most common method being used
depending on percentage of antibody-expressing tumour cells (n = 3, containing 1,278
patients) and combined staining intensity and percentage of positive cells (n = 4, containing
822 patients). On the other hand, the least common scoring method was based on staining
intensity (n = 2). On meta-analysis, statistically significant effect of CAIX on OS was
observed when stratified by combination percentage and intensity (HR = 2.70, 95% CI:

1.18-6.20, P = 0.02), with significant heterogeneity (I2 = 69%, P = 0.02). However, no
association was detected in other subgroups of percentage (HR = 1.51, 95% CI: 0.83-2.74,

P =0.17), with significant heterogeneity (I2 =73%, P =10.02) (Table 3.8).
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Table 3.8 Results of meta-analysis and subgroups of analysis methods, study region, different antibodies, cellular location, and scoring methods reported for CAIX

Stratified analysis Number of Number of Test for association Test for heterogeneity
studies patients
Pooled HR (95% CI) P-value I (%) P-value
Recurrence free survival 5 4,578 1.42 (1.32-1.51) <0.00001 4% 0.38
Disease-free survival 10 1,882 1.64 (1.34-2.00) <0.00001 49% 0.04

Analysis methods

Univariate 5 875 1.48 (1.19-1.85) 0.0005 61% 0.04

Multivariate 5 1,007 2.14 (1.53-3.01) <0.0001 0% 0.88
Study region

Asia 3 706 2.50 (1.57-3.98) 0.0001 0% 0.96

Europe 5 771 1.50 (1.15-1.96) 0.003 57% 0.05
Antibody for IHC

M75 antibody 5 778 1.51 (1.25-1.83) <0.0001 0% 0.48

Ab15086 antibody 4 922 1.53 (1.12-2.10) 0.008 61% 0.05
Cellular location

Membranous 5 734 1.69 (1.22-2.34) 0.002 66% 0.02
Scoring methods

Percentage 3 584 2.57 (1.75-3.79) <0.00001 0% 0.64

Intensity 3 437 1.41 (1.13-1.76) 0.002 0% 0.39

Percentage and intensity 4 861 1.40 (1.13-1.74) 0.002 37% 0.19
Overall survival 10 2,813 1.48 (1.22-1.80) <0.0001 59% 0.009
Analysis methods

Univariate 6 2,050 1.27 (1.16-1.40) <0.00001 10% 0.35

Multivariate 4 763 3.03 (1.93-4.77) <0.00001 0% 0.43
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Antibody for IHC
M75 antibody

Cellular location
Membranous

Scoring methods
Percentage
Percentage and intensity

W

2,121

1,774

1,278
822

1.34 (1.14-1.57)

1.62 (1.21-2.17)

1.51 (0.83-2.74)
2.70 (1.18-6.20)
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To reduce heterogeneity, we only included studies utilizing IHC. However, no consensus
was used with how the scoring was dichotomised into low and high expression. Patient
stratification into groups with low and high tumoural HIF-1a and CAIX expression was
performed using different thresholds. Even within the same methods of scoring there was no
consensus on what cellular locations should be scored. For HIF-1a expression, some studies
(n = 17) considering only nuclear staining and a few (n = 5) considering both cytoplasmic
and nuclear staining, and eight studies did not mention cellular compartment. Moreover, for
CAIX scoring, 13 studies considering only membranous staining, 4 studies considering both
cytoplasmic and membranous staining, only one study considering cytoplasmic staining

while five studies did not mention cellular location.

3.5 Discussion

The present systematic review and meta-analysis is the first to our knowledge to perform a
meta-analysis for the prognostic value of both HIF-1a and CAIX expression in breast cancer.
Overall, the results clearly show that high HIF-1la and CAIX expression is an adverse
prognostic marker in breast cancer independent of the antibody used, tumour localisation,
scoring methods and clinical endpoints evaluated. Therefore, HIF-1a and CAIX expression
confirms the hypothesis that hypoxia is an important determinant of clinical outcome in

patients with breast cancer.

HIF-1a, is one of the most important transcription factors in mediating cellular adaptation to
hypoxia and has been linked with poor prognosis in a variety of tumours. A previous meta-
analysis of 14 studies (including 2,933 patients) reported an association between HIF-1a
expression and survival outcomes in breast cancer (343). However, the prognostic value of
HIF-1a in breast cancer remains unclear due to the variety of methodological approaches
used. The present larger meta-analysis of 30 studies (including 6,201 patients) confirms the
prognostic significance of HIF-la and through meta-analysis clarifies consistent

methodology showing the independent prognostic value of HIF-1a.

The results of the present meta-analysis showed a consistent association between a high
expression level of HIF-1a and poorer DFS (HR = 2.37, 95% CI: 1.76-3.20, P<0.00001),
and OS (HR =1.88, 95% CI: 1.41-2.50, P<0.0001) in patients with breast cancer. Moreover,
in those studies in which multivariate analysis was carried out, HIF-1a overexpression was

consistently independently associated with unfavourable survival outcomes in breast cancer.
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Significant heterogeneity was found in analysis of the correlation between HIF-1la

expression and DFS (I" = 83%, P<0.00001) and OS (I'= 61%, P = 0.001). This appeared to
reflect the significant interaction between the type of IHC antibody, the scoring methods
used, threshold selection criteria and DFS and OS. Therefore, it would appear that
consideration of technical factors and breast cancer stage are important in the prognostic

value of HIF-1a of patients with breast cancer.

For instance, two main types of antibodies for IHC were used, Hla67 and EP1215Y. The
H1a67 antibody had significant prognostic value for DFS and OS. Stratified analysis by
threshold selection criteria showed that a poor DFS was noted for studies using staining
percentage of >1% and combination of staining intensity and percentage of score >1.
However, only combination of staining percentage and intensity of score >3 was
significantly associated with poor OS. Therefore, depending on the survival endpoint there
would appear to be differences in the optimal HIF-1a antibody and scoring methods to be
used. These factors should be taken into account in future studies of HIF-1a in patients with
breast cancer. In the future, a clear definition of HIF-1a overexpression should be based on
an international standardised practice. For example, the clinical practice guideline from
American Society of Clinical Oncology, College of American Pathologists, and Association
for Molecular Pathology provides recommendations on the analysis of epidermal growth
factor receptor in lung cancer (344). In particular, further work is required to standardise the

IHC protocol for HIF-1a expression.

Overexpression of HIF-1a occurs during the onset, development, and progression of human
cancers (345). In respect to breast cancer in prospective studies, Nalwoga et al. reported that
HIF-1a is highly expressed in patients with breast cancer and they showed significant
correlations between HIF-1a expression and features of aggressive tumours (346). Indeed,
Kronblad et al. (247) reported an association of HIF-1a level correlated positively to tumour
size, NHG, Ki67, Her-2 and cyclin E expression, and correlated negativity to lymph node,
cyclin D1, ER and PR. Malfettone et al. (333) showed a significant association between HIF-
la expression and grade II tumour, negative PR status and moderate NPI. Then, Cai et al.
(347) found that HIF-1a expression was significantly increased with tumour size and LN
metastasis. Recently, Peng et al. (348) concluded that HIF-1a was significantly increased
with increasing primary tumour stage. The data suggest that breast cancer patients with high
HIF-1a levels express more aggressive cancer characteristics and advanced stages. It is
recognised that a hypoxic microenvironment in the tumour represents one of the main

obstacles for effective tumour therapies (349). Therefore, inhibition of HIF-la shows
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promise as an anticancer therapy. For example, it may be hypothesised that breast cancer
subtypes have a differential susceptibility to hypoxia and the effect of treatment. To date,

this has not been examined in detail in patients with breast cancer.

On the other hand, the basis of the association between CAIX expression and poor clinical
outcome is not clear. However, given that the CAIX enzyme is important in neutralising
tumour cell acidification and contributing to extracellular acidification (232). CAIX is
involved in promoting tumorigenesis and leads to a more aggressive phenotype of cancer
cells (350). This can partially be explained by the association between CAIX expression and
the induction of metastatic or invasive phenotype by reducing cell adhesion (229), increasing
cell invasiveness (351), migration, stimulating angiogenesis, and activating proteases (352)
which could be caused by the reduction in extracellular pH (261). CAIX also contributes to
several specific biological process critical for tumour progression including cell survival,
maintenance of cancer stem cell function and chemo and radiotherapy resistance (237). In
addition to serving as a prognostic marker, CAIX may also potentially serve as a promising
marker for targeted therapy. In particular, CAIX appears to be highly expressed in breast
cancer and has relatively low expression in normal tissues (236, 353) and expression is
located on the extracellular surface of cell membranes, allowing for efficient targeting by
monoclonal antibodies or small molecule inhibitors. Therefore, CAIX constitutes an
attractive and promising candidate marker for systemic anticancer therapy. Indeed, carbonic
anhydrase inhibitors such as indisulam, which was investigated in phase II clinical trials, is
considered one of the most potent anticancer sulfonamides and has showed high antitumour
activity in various preclinical tumour models (354). The combination of CAIX inhibitors
with conventional chemotherapy may yield improved efficacy (355). Also, one of several
potent bis-sulfonamide CAIX inhibitors identified by screening 1 million compounds in a
DNA-encoded chemical library has exhibited high and specific accumulation in cancer

models (356).

Similar to HIF-la expression, CAIX has been proposed as a marker of an aggressive
malignant phenotype in a variety of common solid tumours. However, given that CAIX is
less suspectable to degradation, it is perhaps not surprising that there would appear to be a
more consistent association with poor clinical outcome compared with HIF-la. In the
present meta-analysis of approximately 8,390 patients, CAIX expression was significantly
associated and all endpoints, RFS (HR = 1.42, 95% CI: 1.32-1.51, P<0.00001), DFS (HR =
1.64, 95% CI: 1.34-2.00, P<0.00001), and OS (HR = 1.48, 95% CI: 1.22-1.80, P<0.0001)

whereas HIF-1a expression in approximately the same number of patients was only strongly
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associated with DFS and OS (357). Moreover, the degree of heterogeneity associated with
the HIF-1a expression meta-analysis was greater than that observed for the present CAIX
expression meta-analysis. Therefore, the present study would suggest that CAIX expression
is more consistently associated with clinical outcomes and may be considered the preferred

prognostic marker for tumour hypoxia.

However, in the present study, there was significant heterogeneity in the DFS and OS
according to survival analysis, subcellular localization and scoring methods. Therefore, it
would appear that careful consideration of technical factors is required when examining the
prognostic value of CAIX of patients with breast cancer. Moreover, comparative studies of
HIF-1a and CAIX protein expression in the same large mature breast cancer cohort, using
optimal methodological approaches, are required to be carried out to confirm this or if

whether a combination of these markers should be employed.

With regards to antibody used, two main types of antibodies for IHC were used, M75 and
ab50186. The M75 antibody had more consistent prognostic value for DFS and OS.
Although different antibody concentrations were reported, subgroup analysis could not be

made due to limited number of studies.

The prognostic value of CAIX expression has been reported in both cytoplasmic and
membranous locations, however, it is not clear which location has the greater prognostic
value. In addition, the relationship between the expression of CAIX in both locations is not

clear.

With reference to the scoring methods used, percentage of positive cells, intensity of
staining, and combination of percentage of positive cells and staining intensity were
consistently associated with DFS whereas only combined percentage and intensity was
consistently associated with OS. Therefore, the above potential sources of heterogeneity

require further investigation.

In spite of efforts to comprehensively evaluate the effect of HIF-1a and CAIX expression
on survival outcomes, limitations of the current meta-analysis should be acknowledged. The
majority of studies included had relatively small sample sizes which would limit the
detection of an association with clinical endpoints. Furthermore, the antibodies used, cellular
localisation, scoring methods varied considerably in the analysis. Therefore, although we are
able to conclude that high CAIX expression is an adverse prognostic factor and that

antibodies have consistent prognostic value using standard scoring methods in patients with
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breast cancer, it is not clear what is the optimal prognostic cellular localisation. Further work
using the validated antibodies and scoring methods derived from the present review is
required to tease out the importance of CAIX localisation expression. Furthermore, meta-

analysis may overestimate associations due to publication bias.

The present systematic review and meta-analysis results highlight the importance of a high
HIF-1a and CAIX expression being associated with poor survival in patients with breast
cancer independent of the antibody used, tumour localisation and clinical endpoints
evaluated. This information may be useful for future studies, leading to the incorporation of
HIF-1a and CAIX inhibitors in treatment regimens for patients with breast cancer. High-
quality studies with larger homogeneous samples are required to determine the prognostic
role of both markers in different breast cancer subtypes. This will be further investigated in

the following chapters.
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Chapter 4 Antibody specificity
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4.1 Introduction

Hypoxia has been implicated in the progression of breast cancer. However, studies with large
numbers of patients exploring the role of hypoxia markers are lacking. Antibodies are one
of the most commonly used tools in research, particularly in translational tissue-based
research. In order to produce reliable results, antibodies must be demonstrated to be specific
and immunostaining reproducible. Selection of appropriate antibodies and verification of
specificity are extremely important steps before use in patient tissue. This study aimed to
investigate the expression of hypoxic markers in breast cancer patient tissue and assess the
clinical significance of each marker. Before use in valuable patient tissue, each antibody was

validated to confirm it specifically targeted the protein of interest.

4.2 Antibody validation for each protein

To ensure antibodies utilised were specific for the target protein, specificity testing was

performed as outlined in Table 4.1.

Table 4.1 Antibody validation
Protein Antibody Validation method

HIF-1a (1) Novus Biologicals, e THC on wild type and MDA-MB-231 NRF2 knockdown cell lines
Abingdon e THC on TMA control cores

HIF-1a (2) Novus Biologicals, = e THC on MCF-7 cell pellets treated with CoCl
Abingdon e THC on wild type and MDA-MB-231 NRF2 knockdown cell lines
e THC on TMA control cores

HIF-2a Novus Biologicals, = e THC on MCF-7 cell pellets treated with CoCl
Abingdon e THC on wild type and MDA-MB-468 NRF2 knockdown cell lines
e THC on TMA control cores

CAIX Bioscience, ¢ Single band on Western blot detected at 57kDa in HeLa cell lysates
Slovakia e IHC on MCF-7 cell pellets treated with CoClz
e [HC on wild type and MDA-MB-231 NRF2 knockdown cell lines
e [HC on TMA control cores
The antibody with method of validation outlined for each protein of interest. For each antibody either Western
blotting to detect a single band in a positive control, staining of cell pellets treated with CoCl, staining of cell

pellets known to be positive/negative for protein of interest or staining TMA control cores or all were
performed.
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4.2.1 Validation of HIFs antibodies

To validate the HIF-1a (1) antibody for in situ use, lysates were prepared from MCF-7 and
MDA-MB-231 breast cancer cell lines treated with CoCls, but these lysates showed no result
with Western blot. Hence, normoxic and hypoxic HeLa cell protein lysates were purchased
and separated by Western blot (n = 3). HIF-1a (1) antibody was investigated using HeLa
cells lysates that were purchased. Unfortunately, several repeat experiments were done to
ensure reliable and reproducible results, but no conclusions can be drawn from this with no
bands detected at 132 kDa for HIF-1a (1) antibody. Therefore, it was decided that Western
blot experiments would be stopped, and specificity would continue using other experiments.
Wild MDA-MB-231 cell lines revealed higher expression of HIF-1a (1), and no expression
was observed in MDA-MB-231 NRF2 (nuclear factor erythroid 2-related factor 2)
knockdown cell lines, which is reported in the literature to stop induction of a hypoxic

response. No expression was observed in negative control (Figure 4.1A, B).

Figure 4.1 HIF-1a (1) expression detected by immunohistochemistry in wild and NRF2 knockdown cell
lines.

Staining levels for HIF-1a (1) in MDA-MB-231 cells. Strong HIF-1o. (1) staining in wild type MDA-MB-231
cells [A], and negative HIF-1a. (1) staining in MDA-MB-231 NRF2 knockdown cell lines [B]. The bottom right
boxes show no antibody negative control.
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Further, THC staining on different types of tissues was performed as additional controls,
these exhibited large differences in the cytoplasmic/nuclear HIF-1a (1) staining intensity.
No expression of HIF-1a (1) was observed in liver tissues. In contrast, light, moderate and
strong expression of HIF-la (1) was observed in colon, renal, and pancreatic tissue,

respectively. Examples of staining are shown in Figure 4.2 (A-D).
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Figure 4.2 HIF-1a (1) expression detected by immunohistochemistry in tissue microarray control
cores.

Staining levels for HIF-1o. (1) in different tissues. Negative HIF-1a (1) staining in liver tissue [A], low staining
in colon tissue [B], intermediate staining in kidney tissue [C], and strong staining in pancreatic tissue [D].
Cytoplasmic expression (thin arrow), and nuclear expression (thick arrow).

Furthermore, to validate the HIF-1a (2) antibody, normoxic and hypoxic HeLa cell protein
lysates were purchased and utilised in Western blotting (n = 3). However, no results were
obtained after several repeat experiments with no bands detected at 93 kDa for HIF-1a (2)
antibody.

In THC of cell pellets of MCF-7 breast cancer cells, the levels of HIF-1a (2) expression were
examined after treatment with 10uL CoCl; to mimic hypoxia. Cells were cultured in parallel
in untreated and treated conditions for 4 and 24 hours. Brown staining to the
nucleus/cytoplasm after short CoCl, treatment (4 hours) is seen in MCF-7 breast cancer cells
(Figure 4.3A). In contrast, negative staining is shown with prolonged treatment (24 hours)
under the same conditions (Figure 4.3B). Blue (negative) nuclei are observed in the untreated
control MCF-7 breast cancer cells (Figure 4.3C).
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CoCl, treatment 4 h CoCl, treatment 24 h Normoxia

Figure 4.3 Expression of hypoxic and normoxic HIF-1a (2) proteins in MCF-7 cell lines.

Representative images of positive HIF-1o. (2) immunoreactivity in MCF-7 cells were captured after CoCl>
treatment for 4 h [A], negative HIF-1a (2) expression was shown in MCF-7 cells after 24 h CoCl: treatment
[B], and normoxic control [C].

Further validation of HIF-1a (2) was performed by IHC staining of cell lines. No difference
in staining intensity of HIF-la (2) between MDA-MB-231 wild type and MDA-MB-231
NRF2 knockdown cells. Examples of staining with negative control are shown in Figure

4.4A, B.

Figure 4.4 HIF-1a (2) expression detected by immunohistochemistry in wild and NRF2 knockdown
cell lines.

Staining levels for HIF-1o. (2) in MDA-MB-231 cells. Strong HIF-10. (2) staining in wild type MDA-MB-231
cells [A], and weak HIF-1a (2) staining in MDA-MB-231 NRF?2 knockdown cell lines [B]. The bottom right
boxes show no antibody negative control.
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Furthermore, ITHC staining on different control TMAs was performed. Representative
images of negative, weak, moderate, and strong cytoplasmic/nuclear HIF-1a (2) staining are
shown in Figure 4.5. Sections from prostate remained negative (Figure 4.5A). A light HIF-
la (2) staining was seen in lung tissues, and moderate increase in an expression of HIF-1a
(2) was observed in colon tissues (Figure 4.5B, C). A strong positive reaction was showed

in the tonsil tissues (Figure 4.5D).

Figure 4.5 HIF-1a (2) expression detected by immunohistochemistry in tissue microarray control
cores.

Staining levels for HIF-1a (2) in different tissues. Negative HIF-1o. (2) staining in prostatic tissue [A], low
staining in lung tissue [B], intermediate staining in colon tissue [C], and strong staining in tonsil tissue [D].
Cytoplasmic expression (thin arrow), and nuclear expression (thick arrow).
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Moreover, normoxic and hypoxic HeLa cell protein lysates were purchased and used in
Western blotting (n = 3) to validate the HIF-2a antibody. Several repeat experiments yielded
no results, with no bands detected at 118 kDa for HIF-2a antibody.

The effect of treatment with 10uL. CoCl> on HIF-2a was also tested and was found to be
similar to that of HIF-la (2). CoCl-treated MCF-7 cells showed cytoplasmic/nuclear

expression of HIF-2a at 4 hours with no detectable expression at later times (24 hours) as

shown in Figure 4.6.
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Figure 4.6 Expression of hypoxic and normoxic HIF-2a proteins in MCF-7 cell lines.

Representative images of positive HIF-2a immunoreactivity in MCF-7 cells were captured after CoCl>
treatment for 4 h [A], negative HIF-20. expression was shown in MCF-7 cells after 24 h CoCl> treatment [B],
and normoxic control [C].
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Moreover, whereas wild MDA-MB-468 cell lines revealed relatively higher staining of HIF-
20 expression, weak expression was observed in MDA-MB-468 NRF2 knockdown cell lines

(Figure 4.7A, B). No staining was found in negative control.
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Figure 4.7 HIF-2a expression detected by immunohistochemistry in wild and NRF2 knockdown cell
lines.

Staining levels for HIF-2a in MDA-MB-468 cell lines. Strong HIF-2a staining in wild MDA-MB-468 cell lines
[A], and weak HIF-2a staining in MDA-MB-468 NRF2 knockdown cell lines [B]. The bottom right boxes show
no antibody negative control.
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Additionally, immunostaining intensity pattern was observed for HIF-2a expression on
different TMA control tissues. While lung tissues showed negative staining, tonsil tissues
were weakly stained. Moderate staining was seen in heart tissues and liver tissues exhibited

strong staining for HIF-2a (Figure 4.8 A-D).

Figure 4.8 HIF-2a expression detected by immunohistochemistry in tissue microarray control cores.

Staining levels for HIF-2o. in different tissues. Negative HIF-2a staining in lung tissue [A], low staining in
tonsil tissue [B], intermediate staining in heart tissue [C], and strong staining in liver tissue [D]. Cytoplasmic
expression (thin arrow), and nuclear expression (thick arrow).
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4.2.2 Validation of CAIX

The specificity of the anti-CAIX antibody was confirmed by Western blot analysis. HeLa
cell lysates were purchased and separated by Western blot (n = 3). The anti-CAIX antibody
recognized a single band at 57 kDa in HeLa cells with consistent bands at 57 kDa when
probed for Tubulin (Table 4.1; Figure 4.9). This result, showed bands at the correct size on
Western blot, supporting the specificity of this antibody.
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Figure 4.9 Western blots showing specificity of CAIX.

Western blot analysis of CAIX expression in hypoxic HeLa cells and normoxic control shows two bands of
appropriate size (57 kDa) for HeLa normoxic and hypoxic cell lysates (15uL loaded per well). Tubulin was
used as a loading control. The original Western blots before they were cropped are in the appendix.
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Further validation was performed by IHC staining MCF-7 cell pellets treated with CoCl.
Expression of CAIX was detected in treated MCF-7 cell lines for 4 and 24 hours when
compared to untreated normoxic cells (Figure 4.10). Again, a change in expression as

expected supporting the specificity of the CAIX antibody.

CoCl, treatment 4 h CoCl, treatment 24 h Normoxia

o

Figure 4.10 Expression of hypoxic and normoxic CAIX proteins in MCF-7 cell lines.

Representative images of positive CAIX immunoreactivity in MCF-7 cells were captured after CoCl> treatment
for 4 h [A], positive CALX expression was shown in MCF-7 cells after 24 h CoCl: treatment [B], and normoxic
control [C].
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In further investigations, IHC analysis of CAIX expression was also performed on MDA-
MB-231 cell lines. Wild type and NRF2 knockdown cells were stained. Observation of high
cytoplasmic/membranous CAIX expression in wild MDA-MB-231 cell lines and no
expression in NRF2 knockdown cells (Figure 4.11A, B). This evokes the assumption that
the MDA-MB-231 cell line expresses CAIX only under hypoxic conditions and provides an
additional layer of evidence of the specificity of the CAIX antibody. A negative control

antibody was used to rule out nonspecific staining.

Figure 4.11 CAIX expression detected by immunohistochemistry in wild and NRF2 knockdown cell
lines.

Staining levels for CAIX in MDA-MB-231 cell lines. Strong CAIX staining in wild MDA-MB-231 cell lines [A],
and negative CAIX staining in MDA-MB-231 NRF2 knockdown cell lines [B]. The bottom right boxes show no
antibody negative control.
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Additionally, IHC staining on different TMA control tissues exhibited large differences in
the staining intensity (Figure 4.12A-D). A negative staining of CAIX was shown in tonsil
tissues. In contrast, the lowest expression of CAIX was observed in pancreatic tissue,
moderate expression in liver tissue, and marked expression in the intestinal epithelium which

is an important source of CAIX expression.
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Figure 4.12 CAIX expression detected by immunohistochemistry in tissue microarray control cores.

Staining levels for CAIX in different tissues. Negative CAIX staining in tonsil tissue [A], low staining in
pancreatic tissue [B], intermediate staining in liver tissue [C], and strong staining in intestinal tissue [D].
Cytoplasmic expression (thin arrow), and membranous expression (thick arrow).

Contrary to other studies that have been reported that HIF-1a is detectable in Western blot
(358, 359), this study failed to obtain result from Western blot for HIFs antibody. This lack
of result was consistent with the fact that HIF-1a is unstable and is rapidly degraded under
normoxia conditions with a half-life of less than 5 minutes (360). Furthermore, HIF-1a (1)
had very good antibody specificity but HIF-1a (2) was normal lab antibody and is not
specific. Therefore, HIF-1a (2) was not explored beyond this point.

The results from this chapter indicate that although HIFs antibodies appeared specific in the
cell pellet and cell line experiments, it was only CAIX antibody that all levels of evidence
were acquired. Western blot experiments and cell pellet experiments provide good evidence
of the specificity of CAIX antibody, suggesting that CAIX is reliable biomarker of tumour
hypoxia.
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Chapter 5 Comparison of threshold
analysis for outcome in primary operable
invasive ductal breast cancer
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5.1 Introduction

Recent systematic review and meta-analyses studied an association between HIF-1a with
breast cancer patient’s survival and reported that even though several studies used the same
antibody and a survival endpoint, they reported different threshold levels (357), suggesting
variability in the selection of optimal clinical threshold. It is likely that discordance between
the methods used to classify staining into positive/high versus negative/low may largely be

responsible for these results.

There are number of approaches to determine clinically important thresholds in IHC, one is
ROC (Receiver operating characteristic) and other is the R suite (RStudio, Boston, MA,
USA) of statistical tools. Therefore, the aim of the present chapter was to compare these two
statistical approaches on the determination of a clinically significant threshold level for OS

in patients with primary operable invasive breast cancer.

5.2 Patients and methods

5.2.1 Patient TMA cohorts
5.2.1.1 Cohort 1: Glasgow breast TMA

850 patients presenting with invasive breast cancer at Royal Infirmary, Western Infirmary
and Stobhill Hospital, Glasgow dating from the years 1995 and 1998 were studied. Patients
were included in this study based on the selection of ductal histological subtype and having
HIF-1a (2) expression available (n = 575). Therefore, 275 patients were excluded from the
study as they did not have ductal carcinoma or HIF-la (2) expression was unavailable.
Although HIF-1a (2) was used for patients’ selection, it was not explored beyond this point

because it was not fully specific as showed in chapter 4.
Cohort 2: ER-positive TMA

456 patients presenting with invasive breast cancer at Western Infirmary, Victoria and
Stobhill Hospitals, Glasgow between 1980 and 1999. However, when this was verified using
current technologies, it was found although the majority of cases were ER-positive (n = 392),
20 were found to be ER-negative and 44 were of unknown ER status and were excluded

from the study. 107 patients were excluded from analysis as they did not have ductal
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carcinoma or HIF-1a (2) expression was unavailable remained 285 patients available for

investigation.

5.2.2 Immunohistochemistry

IHC was performed as described in chapter 2.

5.2.3 Slide scanning and scoring

Hypoxic markers expression, HIF-2a, and CAIX was assessed using the weighted
Histoscore method while HIF-1a (1) was scored digitally on QuPath. Slides were scanned

using NDP serve 3 image viewer platform system as previously described in chapter 2.

5.2.4 Statistical analysis

ROC curve and R analysis (RStudio, Boston, MA, USA) were used to define of clinically
important threshold values for HIF-1a (1), HIF-2a and CAIX expression for categorizing
expression data into two groups, “low” and “high”. We investigated different outcomes,
RFS, DFS, and OS, to obtain threshold values for hypoxic markers, but nice results were
obtained from using OS. Since OS is often the most relevant endpoint, Kaplan-Meier’s plot

and log-rank test were constructed based on OS.

5.3 Result

5.3.1 Comparison of different methods for threshold optimization
in Glasgow breast TMA

5.3.1.1 ROC curve analysis

Because there are no generally accepted prognostic thresholds for HIF-1a (1), HIF-2a and
CAIX, ROC curve was used to generate decision thresholds values, and classify patients as

low and high according to OS in breast cancer (Figure 5.1).
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Figure 5.1 Receiver operating characteristics curves of hypoxic markers describing the threshold in Glasgow breast cohort.

Cytoplasmic and nuclear HIF-1a (1) [A, B], cytoplasmic and nuclear HIF-2o. [C, D], and cytoplasmic and membranous CAILX [E, F].
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The ROC curve threshold levels of low and high cytoplasmic and membranous CAIX were
17. The median threshold was chosen when there were no obvious threshold values from
ROC curve to dichotomize cytoplasmic and nuclear [HIF-1a (1), and HIF-2a]. The median
threshold values for cytoplasmic and nuclear HIF-1a (1) were 96 and 117, and 127 and 148
for cytoplasmic and nuclear HIF-2a, respectively (Table 5.1).
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Table 5.1 Threshold values calculated by ROC curve analysis and median for overall survival in Glasgow breast cohort
Markers Cytoplasmic Nuclear Membranous

ROC threshold Median threshold ROC threshold Median threshold

ROC threshold

HIF-1a (1) - 96 - 117 -
HIF-20 - 127 - 148 -
CAIX 17 - - - 17

Table outlining threshold values based on ROC curve for each hypoxic marker.
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5.3.1.2 R analysis

Optimizing threshold values for the three hypoxic markers for each cellular location is shown
in Figure 5.2. Survminer and maxstat packages in R studio were utilised to classify patients

as low and high according to OS.
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Figure 5.2 Plots showing threshold optimization using R analysis in Glasgow breast cohort.

Cytoplasmic and nuclear HIF-1a. (1) [A, B], cytoplasmic and nuclear HIF-2o. [C, D], and cytoplasmic and membranous CAILX [E, F].

166




As shown in Table 5.2, R threshold values for cytoplasmic and nuclear HIF-1a (1) were 104
and 156, respectively. R threshold values for cytoplasmic and nuclear HIF-2a were 113, and

173, and for cytoplasmic and membranous CAIX were 18, and 30, respectively.

Table 5.2 Threshold values calculated by R analysis for overall survival in Glasgow breast cohort

Markers Cytoplasmic Nuclear Membranous
HIF-1a (1) 104 156 -
HIF-2a 113 173 -
CAIX 18 - 30

Table outlining threshold values based on R analysis for each hypoxic marker.
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5.3.1.3 Kaplan-Meier analysis

5.3.1.3.1 Cytoplasmic HIF-1a (1)

Kaplan-Meier’s plot with the optimal threshold point demonstrated that 225 patients had

high cytoplasmic HIF-1a (1) and 236 had low cytoplasmic HIF-1a (1) using median, while

107 patients were high for cytoplasmic HIF-1a (1) and 354 were low for cytoplasmic HIF-

la (1) using R. No significant difference was observed for mean survival between high and

low cytoplasmic HIF-1a (1) patients (129.5 months for high, versus 129.8 mean survival for

low) using median threshold value (P = 0.868; Figure 5.3A). However, a mean survival of

136 for high cytoplasmic HIF-1a (1) patients and 127.4 mean survival for low cytoplasmic

HIF-1a (1) observed when employing the R threshold value (P = 0.031; Figure 5.3B; Table

5.3).
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Figure 5.3 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of cytoplasmic
HIF-1a (1) expression in Glasgow breast cohort according to different threshold values.

OS according to median threshold value [A], and OS according to R threshold value [B].
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5.3.1.3.2 Nuclear HIF-1a (1)

Threshold levels were generated for both methods, median and R, were used for Kaplan-

Meier construction for OS. 206 patients had high nuclear HIF-1a (1) and 255 had low nuclear

HIF-1a (1) using median, while 54 patients were high for nuclear HIF-1a (1) and 407 were

low for nuclear HIF-1a (1) using R. No significant difference was observed for mean

survival between high and low nuclear HIF-1a (1) patients (127.7 months for high versus

131 mean survival for low) using median threshold value (P =0.717; Figure 5.4A). However,

a mean survival of 142 for high nuclear HIF-1a (1) patients and 128 mean survival for low

nuclear HIF-1a (1) with using R threshold level (P = 0.053; Figure 5.4B; Table 5.3).

100

80

60

Survival %

40

20
—— Low expression (n=255)
o| — High expression (n=206)

P=0.717

0 20 40 60 80
Overall survival (Months)

100

120

Survival %

100

80

60

40

20

—— Low expression (n=407)
— High expression (n=54) P=0.053

0 20 40 60 80 100 120
Overall survival (Months)

Figure 5.4 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of nuclear HIF-
1a (1) expression in Glasgow breast cohort according to different threshold values.

OS according to median threshold value [A], and OS according to R threshold value [B].
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5.3.1.3.3 Cytoplasmic HIF-2a

252 patients had high cytoplasmic HIF-2a and 257 had low cytoplasmic HIF-2a with using
median threshold point while 344 patients were high for cytoplasmic HIF-2a and 165 were
low for cytoplasmic HIF-2a using R. With a median threshold, a mean survival of 125.4
months for high cytoplasmic HIF-2a patients and 132.8 mean survival for low cytoplasmic
HIF-2a. Likewise, a mean survival of 126.9 for high cytoplasmic HIF-2a patients and 133.7
mean survival for low cytoplasmic HIF-2a with using R threshold. Kaplan-Meier curves
showed statistically insignificant P-values of 0.465, and 0.295 with an using of median and

R threshold, respectively (Figure 5.5A, B; Table 5.3).
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Figure 5.5 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of cytoplasmic
HIF-2a expression in Glasgow breast cohort according to different threshold values.

OS according to median threshold value [A], and OS according to R threshold value [B].
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5.3.1.3.4 Nuclear HIF-2a

Patients with high nuclear HIF-2a expression were 243, and 266 had low nuclear HIF-2a
using median threshold. In contrast, 196 patients had high nuclear HIF-2a and 313 had low
nuclear HIF-2a using R thresholds. Median threshold showed a mean survival of 130 months
for high nuclear HIF-2a patients and 128.4 mean survival for low nuclear HIF-2a. R showed
a mean survival of 133.6 for high nuclear HIF-2a patients and 126.4 mean survival for low
nuclear HIF-2a. Kaplan-Meier curves and the log-rank test data using median and R

thresholds showed P-value of 0.760, and 0.237, respectively (Figure 5.6A, B; Table 5.3).
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Figure 5.6 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of nuclear HIF-
2a expression in Glasgow breast cohort according to different threshold values.

OS according to median threshold value [A], and OS according to R threshold value [B].
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5.3.1.3.5 Cytoplasmic CAIX

With ROC curve threshold optimization, 94 patients had high cytoplasmic CAIX and 427

had low cytoplasmic CAIX. 90 patients had high cytoplasmic CAIX and 431 had low

cytoplasmic CAIX using R thresholds. ROC showed a mean survival of 111.2 months for

high cytoplasmic CAIX patients and 135.7 mean survival for low cytoplasmic CAIX. R

analysis showed a mean survival of 108.5 for high cytoplasmic CAIX patients and 136 mean

survivals for low cytoplasmic CAIX. Kaplan-Meier curves and log-rank test for both

methods, ROC and R, showed a significant association with worse OS (P =0.001, P <0.001,

respectively; Figure 5.7A, B; Table 5.3).
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Figure 5.7 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of cytoplasmic
CAIX expression in Glasgow breast cohort according to different threshold values.

OS according to ROC threshold value [A], and OS according to R threshold value [B].
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5.3.1.3.6 Membranous CAIX

106 patients had high membranous CAIX, and 415 patients had low membranous CAIX

using ROC. 82 patients had high membranous CAIX, and 439 patients had low membranous

CAIX using R thresholds. ROC analysis showed a mean survival of 115.3 for high

membranous CAIX patients and 135.3 mean survival for low membranous CAIX, with a P-

value of 0.006 (Figure 5.8A). R analysis showed a mean survival of 110.8 for high

membranous CAIX patients and 135.1 mean survival for low membranous CAIX, with a P-

value of 0.003 (Figure 5.8B, Table 5.3).

A
100
ae -~
— 60
g
e
A 40
20
—— Low expression (n=415)
o| = High expression (n=106) P=0.006
[} 20 40 60 80 100 120

Overall survival (Months)

Survival %

100

80

60

40

20

—— Low expression (n=439)
— High expression (n=82) P=0.003

0 20 40 60 80 100 120
Overall survival (Months)

Figure 5.8 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of membranous
CAIX expression in Glasgow breast cohort according to different threshold values.

OS according to ROC threshold value [A], and OS according to R threshold value [B].
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Table 5.3 Comparison of different threshold levels and P-values in Glasgow breast cohort

Makers Survival Obtained threshold R°C  P-value R°C  Obtained threshold ™¥*" P-value ™%*" Qbtained threshold ® P-value }
endpoint
Cytoplasmic HIF-10 (1) oS - - 96 0.868 104 0.031
Nuclear HIF-1a (1) (0N} - - 117 0.717 156 0.053
Cytoplasmic HIF-2a oS - - 127 0.465 113 0.295
Nuclear HIF-20. oS - - 148 0.760 173 0.237
Cytoplasmic CAIX oS 17 0.001 - = 18 <0.001
Membranous CAIX oS 17 0.006 - - 30 0.003

Table outlining summary of different threshold values based on median, ROC curve and R analysis for each hypoxic marker.
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5.3.2 Comparison of different methods for threshold optimization
in ER-positive cohort

5.3.2.1 ROC curve analysis

When used in the Glasgow breast cohort, the R approach was deemed to be similar to ROC
curve approach. To validate this observation, ROC curves and R methods were then
compared in an ER-positive cohort. Low and high protein expression were dichotomised
according to the threshold level generated by ROC using IBM SPSS, with OS as an endpoint
(Figure 5.9).
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Figure 5.9 Receiver operating characteristics curves of hypoxic markers describing the threshold in ER-positive cohort.

Cytoplasmic and nuclear HIF-1a (1) [A, B], cytoplasmic and nuclear HIF-2o. [C, D], and cytoplasmic and membranous CAILX [E, F].
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The ROC curve threshold levels of low and high marker expression for cytoplasmic and
nuclear HIF-1a (1) were 96 and 97 respectively, and for membranous CAIX was 1 (Table
5.4). However, because there was no obvious threshold value from ROC curve to
dichotomize cytoplasmic and nuclear HIF-2a and cytoplasmic CAIX into two groups, low

and high, the median values were chosen and were 220, 143, and 3, respectively (Table 5.4).
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Table 5.4 Threshold values calculated by ROC curve analysis and median for overall survival in ER-positive cohort

Markers Cytoplasmic Nuclear Membranous ROC threshold
ROC threshold Median threshold ROC threshold Median threshold
HIF-10 (1) 96 ] 97 _
HIF-2a - 220 - 143 .
CAIX ) 3 ) ; 1

Table outlining threshold values based on ROC curve analysis for each hypoxic marker.
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5.3.2.2 R analysis

Survminer and maxstat packages in R studio were utilised to determine an optimal threshold

for high and low expression of hypoxic markers according to OS (Figure 5.10).
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Figure 5.10 Plots showing threshold optimization using R analysis in ER-positive cohort.

Cytoplasmic and nuclear HIF-1a (1) [A, B], cytoplasmic and nuclear HIF-2o. [C, D], and cytoplasmic and membranous CAILX [E, F].
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Based on R, the thresholds using OS as an endpoint were 99 and 102 for cytoplasmic and
nuclear HIF-1a (1), 212 and 163 for cytoplasmic and nuclear HIF-2a, and 18 and 10 for
cytoplasmic and membranous CAIX, respectively (Table 5.5).

Table 5.5 Threshold values calculated by R analysis for overall survival in ER-positive cohort

Markers Cytoplasmic Nuclear Membranous
HIF-1a (1) 99 102 -
HIF-2a 212 163 -
CAIX 18 - 10

Table outlining threshold values based on R analysis for each hypoxic marker.
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5.3.2.3 Kaplan-Meier analysis
5.3.2.3.1 Cytoplasmic HIF-1a (1)

Threshold values generated for both methods, ROC and R, were used for Kaplan-Meier
construction for OS. 114 patients had high cytoplasmic HIF-1a (1) and 103 patients had low
cytoplasmic HIF-1a (1) expression using ROC threshold. Also, using R threshold showed
108 patients with high cytoplasmic HIF-1a (1) and 109 patients had low cytoplasmic HIF-
la (1). ROC and R analysis showed the same mean survival of 107 months for high
cytoplasmic HIF-1a (1) patients and 171 mean survival for low cytoplasmic HIF-1a (1), with
a P-value of 0.002 (Figure 5.11A, B; Table 5.6).
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Figure 5.11 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of cytoplasmic
HIF-1a (1) expression in ER-positive cohort according to different threshold values.

OS according to ROC threshold value [A], and OS according to R threshold value [B].
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5.3.2.3.2 Nuclear HIF-1a (1)

142 patients had high nuclear HIF-1a (1) and 75 patients had low nuclear HIF-1a (1)

expression using ROC threshold. Also, using R threshold showed 138 patients with high

nuclear HIF-1a (1) and 79 patients had low nuclear HIF-1a (1). ROC showed a mean

survival of 109.2 months for high nuclear HIF-1a (1) patients and 172.4 mean survival for

low nuclear HIF-1a (1). Similarly, using R thresholds showed a mean survival of 107.6 for

high nuclear HIF-1a (1) patients and 175.9 mean survival for low nuclear HIF-1a (1).

Kaplan-Meier curves showed a significant P-value with both ROC and R threshold values
(P =0.008, 0.003, respectively) (Figure 5.12A, B; Table 5.6).
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Figure 5.12 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of nuclear
HIF-1a (1) expression in ER-positive cohort according to different threshold values.

OS according to ROC threshold value [A], and OS according to R threshold value [B].
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5.3.2.3.3 Cytoplasmic HIF-2a

119 patients had high cytoplasmic HIF-2a and 162 had low cytoplasmic HIF-2a with using
median threshold point while 178 patients were high for cytoplasmic HIF-2a and 103 were
low for cytoplasmic HIF-2a using R. With a median threshold, a mean survival of 131.3
months for high cytoplasmic HIF-2a patients and 132.4 mean survival for low cytoplasmic
HIF-2a. Furthermore, a mean survival of 137.7 months for high cytoplasmic HIF-2a patients
and 123.5 mean survival for low cytoplasmic HIF-2a with using R threshold. Kaplan-Meier
analysis using optimal threshold value generated from R method and median value showed
non-significant P-value in predicting OS for cytoplasmic HIF-2a (P = 0.855, and P = 0.270,
respectively) (Figure 5.13A, B; Table 5.6).
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Figure 5.13 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of cytoplasmic
HIF-2a expression in ER-positive cohort according to different threshold values.

OS according to median threshold value [A], and OS according to R threshold value [B].
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5.3.2.3.4 Nuclear HIF-2a

Patients had high nuclear HIF-2a expression were 131, and 150 had low nuclear HIF-2a

using median. In contrast, 39 patients had high nuclear HIF-2a and 242 had low nuclear

HIF-20 using R. A mean survival of 138.8 months for high nuclear HIF-2a patients and 130

months for low nuclear HIF-2a was seen using median threshold values. Also, the mean

survival for high and low nuclear HIF-2a using R was observed to be 155.8 and 128.7

months, respectively. Kaplan-Meier curves and the log-rank test data using median and R

threshold value showed non-significant P-values (P = 0.879, P =0.310, respectively) (Figure

5.14A, B; Table 5.6).
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Figure 5.14 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of nuclear
HIF-2a expression in ER-positive cohort according to different threshold values.

OS according to median threshold value [A], and OS according to R threshold value [B].
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5.3.2.3.5 Cytoplasmic CAIX

With median threshold value optimisation, 126 patients had high cytoplasmic CAIX and 128

had low cytoplasmic CAIX while 71 patients had high cytoplasmic CAIX and 183 had low

cytoplasmic CAIX using R. A median threshold value showed a mean survival of 139.8 for

high cytoplasmic CAIX patients and 126.5 mean survival for low cytoplasmic CAIX.

However, R analysis showed a mean survival of 121 months for high cytoplasmic CAIX

patients and 137.9 mean survival for low cytoplasmic CAIX. Kaplan-Meier analysis using

optimal threshold value generated from median and R methods was non-significant (P =

0.705, and P = 0.118, respectively) (Figure 5.15A, B; Table 5.6).
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Figure 5.15 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of cytoplasmic
CAIX expression in ER-positive cohort according to different threshold values.

OS according to median threshold value [A], and OS according to R threshold value [B].
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5.3.2.3.6 Membranous CAIX

47 patients had high membranous CAIX and 207 had low membranous CAIX using ROC
curve. Similarly, 32 patients were high for membranous CAIX and 222 were low for
membranous CAIX using R. ROC showed a mean survival of 129.9 months for high
membranous CAIX patients and 134 mean survival for low membranous CAIX. However,
a mean survival of 146.7 for high membranous CAIX patients and 130 mean survival for
low membranous CAIX with using R thresholds. Kaplan-Meier curves and the log-rank test
data showed that patients with a high membranous CAIX-expressing tumour had
insignificantly poorer OS with ROC curve threshold and R threshold (P = 0.872, and P =
0.573, respectively) (Figure 5.16A, B; Table 5.6).
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Figure 5.16 Comparison of Kaplan-Meier survival curves (log-rank) for overall survival of
membranous CAIX expression in ER-positive cohort according to different threshold values.

OS according to ROC threshold value [A], and OS according to R threshold value [B].
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Table 5.6 Comparison of different threshold levels and P-values in ER-positive cohort

Makers Survival Obtained threshold *°¢ P-value *°C Obtained threshold ™" P-value ™"  Obtained threshold ® P-value ®
endpoint

Cytoplasmic HIF-1a (1) OS 96 0.002 - - 99 0.002
Nuclear HIF-1a (1) OS 97 0.008 - - 102 0.003
Cytoplasmic HIF-2a (ON} - - 220 0.855 212 0.270
Nuclear HIF-2a OS - - 143 0.879 163 0.310
Cytoplasmic CAIX OS - - 3 0.705 18 0.118
Membranous CAIX (ON} 1 0.872 - - 10 0.573

Table outlining summary of different threshold values based on median, ROC curve and R analysis for each hypoxic marker.
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5.4 Discussion

Data from previous systematic review chapter has highlighted that although several studies
used the same antibody and a survival endpoint, different threshold levels have been applied
to dichotomize patients into low and high groups based on protein expression. In the present
chapter, using the same IHC approach and the same clinical endpoint, thresholds derived
from two statistical approaches were similar for some antibodies and varied for others in
patients with primary operable breast cancer. For example, in mixed breast cancer subtype,
thresholds were similar for cytoplasmic CAIX. Additionally, there were similarities in
threshold for nuclear and cytoplasmic HIF-1a (1) in ER-positive breast cancer subtype. In
contrast, for some antibodies the thresholds were different between two statistical
approaches such as membranous CAIX in both cohorts. The basis of such differences is not
clear, however, where there is not a clear threshold, subjective approaches such as the ROC
method may be more variable in determining a clinically important threshold. Mixed breast
cancer subtype within Glasgow breast cohort may be contributing to poor trade-off between

sensitivity and specificity.

For cytoplasmic/ nuclear HIF-1a (1) and HIF-2a in Glasgow breast cohort, and cytoplasmic/
nuclear HIF-2a, and cytoplasmic CAIX in ER-positive cohort, the values from ROC curves
were unable to be used to determine optimal threshold. Therefore, the median histoscore was
used as the optimal threshold. However, maybe using quartiles would have shown better

effects than median.

Furthermore, although the same antibody and same statistical approach were used, there
were different threshold levels between different locations such as nuclear and cytoplasmic
expression of HIFs. For example, in mixed breast cancer subtype, cytoplasmic HIF-1a (1)
expression was more prominent than in the nucleus. This observation was consistent with a
previous report that IHC expression of HIF-1a was observed mainly in the cytoplasm with
some cases exhibiting weak nucleus staining (361). The basis of this observation is of interest
since active HIF-1a is thought to readily translocate from the cytoplasm to the nucleus where
it upregulates the expression of several hypoxia response genes, including erythropoiesis,
angiogenesis, and glucose metabolism (362, 363). Therefore, accumulation of cytoplasmic
HIF-1a is not expected (191). Some authors have considered that since HIF-1a is only active
when located in the nucleus and that cytoplasmic staining is of little importance (247). It
should be noted that the HIF protein is synthesized and degraded in the cytoplasm and

therefore, expression in this cellular location should not be ignored. Moreover, it has been
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reported that there is an HIF-la variant that is stable even in normoxia and does not
translocate to the nucleus under hypoxic conditions (364). Therefore, it is relevant to

examine nuclear and cytoplasmic HIF-1a separately.

HIF-1a (1) expression in the present study had different results on both cohorts, while it
associated with poorer OS in ER-positive breast cancer subtype, it also correlated with
improved OS in mixed breast cancer subtype. An association with strong expression of HIF-
la and adverse prognosis in breast cancer has been reported (328, 329), there are also
contrary reports, including association of low HIF-1a expression and poor prognosis in
breast cancer (327). An explanation is that breast cancer subtypes may be differentially
affected by HIF-1a. One study has shown that HIF-1a preferentially stimulates cancer stem

differentiation in ER-positive but not ER-negative breast cancer cells (365).

IHC is an indispensable research tool frequently used to study tumour progression and
prognosis in breast cancer. However, the clinical utility of its findings is largely dependent
on the methods used to evaluate immunoreactivity. A common problem faced by researchers
and pathologists using IHC is the determination of the extent of tumour positivity for a given
marker that has biological and clinical significance. The choice of scoring method, and
particularly the selection of a threshold for tumour marker positivity is rarely addressed. The
lack of a standardised scoring system has led to a varied range of methods among published
studies (357). For example, a number of studies have used percentage expression rather than
actual expression score for evaluating HIF-1a and CAIX IHC in breast cancer (265, 319,
323, 341, 366) while other studies have used scores of a combination of percentage and
intensity of staining (301, 311, 312, 320, 322). Finally, in other studies threshold levels were
based on the absence or presence of staining (308, 318, 334, 335, 340) or on the median
staining index (346). Therefore, a number of approaches have been used to quantitate IHC

staining, and few have been validated in relation to survival in patients with breast cancer.

In clinical practice, stratification of patients is often useful for risk assessment or customized
treatment plans. The role of IHC biomarkers in such risk assessment and treatment plans is
primarily to dichotomize patients into those with low versus high expression levels. The
methods used to identify a threshold value are rarely detailed in the literature, and optimal
threshold values are often chosen using a subjective approach, sometimes selected
strategically to minimize the P-value and thus improve the statistical significance (367, 368).
The present comparison of approaches to determine the thresholds in two IHC methods

shows the utility of subjective and objective (non-bias) approaches (ROC and R methods,
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respectively). Both these methods gave comparable results and therefore would suggest that
the R method being the more objective, and it is the preferred approach for the ITHC methods
examined in the present chapter (R software, The R V.4.0.3, 2020).

The present chapter given that it is a reliable objective approach to determine IHC hypoxia
product expression thresholds related to survival, the use of R analysis is recommended in
future studies. Therefore, the next IHC chapters of this thesis will go on using threshold

based on R analysis.
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Chapter 6 The role of hypoxic markers in
predicting survival in patients with
primary operable ductal breast cancer
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6.1 Introduction

Tumour hypoxia is one of TME factors that has been linked to aggressive phenotypes in
several cancer types, including breast cancer (212, 369). Numerous studies have
demonstrated that intratumoural hypoxia leading to tumour progression and metastasis
mediated by a family of HIFs (370, 371). Hypoxic conditions lead to HIF-1a stabilization.
Once stabilized, HIF-1a translocate to the nucleus where it upregulates the expression of
several hypoxia response genes, including erythropoiesis, angiogenesis, glucose
metabolism, and pH regulation (363, 372). HIF-1a is a master transcription factor produced
by most solid tumours when are diminished of oxygen supply (206), and it plays an essential
role in oxygen homeostasis that mediates cellular response to hypoxia (373). There are
strong suggestions that HIF-1a may play a vital role in the pathogenesis of breast cancer,
and its overexpression is significantly associated with an adverse clinical outcome in breast
cancer patients (357). Therefore, HIF-1o may have important therapeutic potential, and its
inhibitors, such as echinomycin, have been clinically attempted (374). However, HIF-1a
expression is transient and therefore difficult to assess through routine techniques such as

[HC.

Overexpression of HIF-2a is strongly correlated with poorer OS (375), RFS and CSS (256)

of patients with breast cancer.

CAIX, gene that is up-regulated by HIF-1a (257). It is a pH regulation enzyme that enhances
metastasis by stimulating the acidification in the TME. It regulates pH by reversible
hydration of carbonic dioxide to carbonic acid (CO»+ H,0O = HCOs3™ + H"). The extracellular
HCOs™ generated by CAIX is transferred into the cytosol where it maintains a slightly
alkaline intracellular pH, while protons remain at the cell surface lowering extracellular pH
(232), thereby potentiating extracellular matrix breakdown and cell invasion (376).
Therefore, CAIX might increase metastatic potential by allowing aggressive cancer cells to
survive the hostile environment imposed by hypoxia, and may further function to potentiate
extracellular acidosis, facilitating growth and invasion of surviving tumour cells (377).
Indeed, CAIX is very stable protein of about 38 hours half-life so easier to measure through
techniques such as IHC, it is perhaps not surprising that there would appear to be a more
consistent association with poor clinical outcome compared with HIF-1a. CAIX is a marker
for hypoxic regions of breast cancers (353), an indicator of poor patient prognosis, associated
with ER-negative (260, 263), and ER-positive tumour tissue (249), and contributes to the

growth advantage of cancer cells (308, 378, 379).
193



Traditionally, pathological determination of the tumour size, tumour grade, lymph node
involvement, ER, PR and Her-2 status have driven prognostic predictions for patients with
breast cancer. However, hypoxic markers are not recognized as a prognostic factor for breast
cancer. Therefore, the aim of the current chapter was to investigate the association between
hypoxic markers expressions (HIF-la (1), HIF-2a, and CAIX) with respect to various
clinical and pathological features and survival in 850 paraffin-embedded archival tissue

block specimens from breast cancer patients.

6.2 Material and methods

6.2.1 Patient cohort

For this study, Glasgow breast cohort was used with characteristics as described in chapter
2. In all, 850 female patients with invasive breast cancer operated on at Royal Infirmary,
Western Infirmary, and Stobhill Hospital, Glasgow, in the period from 1995 to 1998 were
included in this study. Selection criteria of specimens having ductal histological subtype (n
= 736) and HIF-1a (2) expression available for analysis (n = 575) were applied, resulting in

the exclusion of 275 patients.

The follow up for the selected patients ranged from 1-181 months with a median follow up
time was 149 months (range 67.94-165 months). There were 309 patients alive at the last
follow up, and median follow up was 164 months (range 153-171 months).
Clinicopathological data including patient’s age, tumour size, grade, lymph node status, PR

status, Her-2 status, and Ki67 was available.

6.2.2 TMA slide staining and scanning

Previously constructed TMAs were employed, that had three 0.6 mm cores per tumour
block/patient to combat tumour heterogeneity. IHC was performed and resulting stained
slides scanned using Hamamatsu slide scanner and visualised using NDP serve 3 image

viewer platform system as described in chapter 2.

6.2.3 Scoring of hypoxic markers

Tumour cell expression of HIF-1a (2), HIF-2a, and CAIX was assessed using the weighted
Histoscore method while HIF-1a (1) was scored digitally on QuPath digital pathology
software v0.2.3 (QuPath, Edinburgh, UK) by a single observer (S.S) blinded to the clinical
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data as previously described in chapter 2. To ensure reproducibility of scoring, 10% of cores
for each marker was co-scored manually by a second observer (J.E) blinded to the previous
observer score as well as patient clinical and survival data. Reliability analysis was
performed with SPSS software to ensure consistency and objectivity between the main
scorer and the co-scorers giving an ICCC for all markers. Values above 0.75 are indicative

of good reliability.

Manual interpretation of IHC can be subjective if accessors are not adequately trained and
may produce conflicting results among studies, automated digital image analysis of THC
could serve as an alternative method in presenting reproducible, objective, and quantitative
measurements for labs without pathologists available to train. In the current study we work
closely with pathologists to train and ensure scoring is accurate, but we also employed
QuPath for one marker to ensure we could also have reproducibility using digital pathology

platforms.

6.2.4 Statistical analysis

To set threshold values for categorizing the expression of each protein into low and high
groups, survminer and maxstat packages in R studio were used based on OS as described in
chapter 5. Analysis of associations with clinicopathological characteristics and with survival

outcomes was carried out as described in chapter 2.

6.3 Result

6.3.1 Clinicopathological characteristics of invasive ductal
carcinoma

Of the total number of cases (n = 850), patients with invasive ductal breast cancer and having
HIF-1a (2) expression available (n = 575) were selected for analysis. Table 6.1 shows
clinicopathological characteristics of selected patients. The majority of patients (70%) were
over 50 years of age, had small tumours <20mm (56%), grade II (41%) or grade III (43%),
and negative lymph node (56%). A total of 575, 373 (65%) had ER-positive tumours and
315 (55%) patients had PR-negative tumours. 464 (81%) patients had Her-2 negative
tumours. 334 (75%) patients received adjuvant tamoxifen, 245 (43%) received adjuvant
chemotherapy, and 288 (50%) received adjuvant radiotherapy while only 151 (26%) patients
received both adjuvant chemotherapy radiotherapy. 131 (23%) patients experienced
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recurrences. Of these patients, 34 (6%) had local recurrence, 91 (16%) had distant recurrence

and 6 patients had both.

Table 6.1 The clinicopathological characteristics of patients with primary operable invasive ductal

carcinoma (n = 575)

Clinicopathological characteristics

Age (<50/>50 years)

Size (<20/21-50/>50 mm)
Grade (I/1/11T)

Lymph node (negative/positive)
ER status (negative/positive)
PR status (negative/positive)

Her-2 status (negative/positive)

Ki67 (proliferative index) (low/high)

Molecular subtype (lum A/lum B/TNBC/Her-2)

Adjuvant endocrine therapy (no/yes/ATAC trial)

Adjuvant chemotherapy (no/yes)

Adjuvant radiotherapy (no/yes)

Combined adjuvant chemotherapy and radiotherapy (no/yes)

Alive/cancer death/non-cancer death

No recurrence/local/distant/both

Patients, n (%)
175(30)/400(70)

324(56)/224(39)/26(5)
92(16)/233(41)/250(43)
321(56)/248(44)
202(35)/373(65)
315(55)/260(45)
464(81)/106(19)
379(69)/174(31)
238(43)/130(23)/130(23)/62(11)
100(22)/334(75)/14(3)
328(57)/245(43)

285(50)/288(50)
422(74)/151(26)
309(55)/129(23)/125(22)

428(77)/34(6)/91(16)/6(1)

Table showing the number of patients with clinical characteristics and survival outcomes in patients from the

Glasgow breast cohort including age, tumour size, grade, lymph node, ER, PR, Her-2 status, Ki67, molecular
subtype, adjuvant endocrine therapy, adjuvant chemotherapy and adjuvant radiotherapy.
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6.3.2 Expression of HIF-1a (1)
6.3.2.1 Immunohistochemistry of HIF-1a (1)

Expression of HIF-1a (1) was assessed in 470 patients from 575 patients. Positive staining
of HIF-1a (1) was observed mainly in epithelial tumour cells, and occasionally in infiltrating
lymphocytes and fibroblasts. HIF-1a (1) was clearly expressed in the nuclei and cytoplasm
of tumour cells. Representative images of cytoplasmic and nuclear HIF-1a (1) staining
which was performed using QuPath digital image analysis software, are shown in Figure
6.1A. Cytoplasmic HIF-1a (1) scores ranged from 0 to 167.75 with a mean score of 92.32,
and nuclear scores ranging from 0 to 205.55 with a mean score of 106.51. A histogram was
plotted to visualise the range of scores and data were relatively normally distributed (Figure
6.1B). An ICCC of 0.842 and 0.898 for cytoplasmic and nuclear HIF-1a (1), respectively
was obtained between QuPath and manual scores and data were visualised in the form of a
scatter plot and a Bland Altman plot (Figure 6.1C). Threshold values for high and low
expression were determined using R Studio packages as described in chapter 5. The optimal
threshold determined was 104 and 156 for cytoplasmic and nuclear HIF-1a (1) expression,
respectively. Based on R threshold levels, low cytoplasmic HIF-1a (1) expression was
detected in 361 (77%) samples, while 109 (23%) samples had high cytoplasmic expression.
416 (89%) patients showed low nuclear HIF-1a (1) expression, and 54 (11%) showed high

nuclear expression (Table 6.2).
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Figure 6.1 Representative immunohistochemical images and scoring distribution for HIF-1a (1).

Representative images of weak and strong cytoplasmic and nuclear staining of HIF-1o. (1) within tumour cells
with positive cell detection image using QuPath digital platform [A]. Representative images of histogram
showing the range of scores obtained for cytoplasmic and nuclear tumour HIF-lo. (1) expression and
distribution pattern of data [B]. Left: Scatter plot showing correlation between tumour weighted Histoscores,
and right: Bland Altman plot showing difference between QuPath and manual scores for HIF-1o (1) in tumour
cytoplasm and nucleus [C].
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Table 6.2 Hypoxic markers expression in Glasgow breast cohort patients (n = 575)

Markers Cytoplasmic Membrane/Nuclear Missing cases
n (%) n (%) n (%)
HIF-1a (1)
Low 361 (77) 416 (89) 105 (18)
High 109 (23) 54 (11)
HIF-2a
Low 169 (33) 319 (62) 56 (10)
High 350 (67) 200 (38)
CAIX
Low 442 (83) 450 (84) 42 (7)
High 91 (17) 83 (16)

Table showing the number of patients and the percentage for each hypoxic marker selected for analysis in
Glasgow breast cohort.

6.3.2.2 Association of HIF-1a (1) with clinical outcome in Glasgow breast
cohort

To determine whether HIF-1a (1) expression was associated with clinical outcome, Kaplan-
Meier survival curves for cytoplasmic and nuclear expression of HIF-1a (1) were plotted.
The log-rank test was performed for comparisons between the survival curves. Patients with
low immunostaining for cytoplasmic HIF-1a (1) had significantly poorer OS (P =0.031) as
compared with those who had a high expression but low levels of nuclear HIF-1a (1) showed
a marginal association with decreased OS (P = 0.053) (Figure 6.2E, F). However, neither
cytoplasmic nor nuclear HIF-1a (1) was associated with RFS (P =0.652, P = 0.885), or DFS
(P =10.126, P = 0.227), respectively (Figure 6.2A-D). Based on text life table analysis, the
10-year OS was 47% for low cytoplasmic HIF-1a (1) expression versus 66% for high protein
expression (P =0.104) (Table 6.3).
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Figure 6.2 Expression of HIF-1a (1) and clinical outcome in Glasgow breast cohort.

Kaplan-Meier curves showing associations between cytoplasmic and nuclear HIF-1o. (1) with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].
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6.3.2.3 Association of HIF-1a (1) and clinical outcome in different breast
cancer subtypes

Expression of cytoplasmic HIF-1a (1) was assessed by Kaplan-Meier method and compared
by log-rank test in different breast cancer subtypes. High cytoplasmic HIF-1a (1) levels
showed an association with poorer OS in luminal A disease (P = 0.009), however, no
association was found in luminal B disease (P = 0.890), TNBC (P =0.773) and Her-2 disease
(P =0.386) (Figure 6.3).
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Figure 6.3 Expression of cytoplasmic HIF-1a (1) and overall survival in different breast cancer
subtypes.

Kaplan-Meier curves showing associations between cytoplasmic HIF-1o. (1) and overall survival in luminal A
disease [A], luminal B disease [B], triple negative [C], and Her-2 enriched [D].
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6.3.3 Expression of HIF-1a (2)
6.3.3.1 Immunohistochemistry of HIF-1a (2)

Expression of HIF-1a (2) was assessed in 575 patients. Immunoreactivity of HIF-1a (2)
proteins was distributed in both nuclei and cytoplasm of tumour cells (Figure 6.4A).
Histograms showing relatively normally distributed pattern of cytoplasmic HIF-1a (2)
scores, the mean score was 159.71 and scores ranged from 0 to 245. A histogram plot was
constructed to visualise the distribution pattern of nuclear HIF-1a (2) scores which was
positively skewed, the mean score was 52.80 with a range of 0 to 220 (Figure 6.4B). An
ICCC values of 0.885 and 0.942 for cytoplasmic and nuclear HIF-1a (2), respectively was
obtained between both observer scores and data were visualised in the form of a scatter plot

and a Bland Altman plot (Figure 6.4C).
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Figure 6.4 Representative immunohistochemical images and scoring distribution for HIF-1a (2).

Representative images of weak and strong cytoplasmic and nuclear staining of HIF-10. (2) [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and nuclear tumour HIF-1a (2)
expression and distribution pattern of data [B]. Left: Scatter plot showing correlation between tumour
weighted Histoscores, and right: Bland Altman plot showing difference between manual scores for HIF-1o. (2)
in tumour cytoplasm and nucleus [C].
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6.3.4 Expression of HIF-2a
6.3.4.1 Immunohistochemistry of HIF-2a

Expression of HIF-2a in tumour cell was scored in in 519 patients from 575 patients. Nuclear
and cytoplasmic staining was detected in tumour cells with HIF-2a expression.
Representative profiles of immunostainings of cytoplasmic and nuclear HIF-20 with
examples of weak and strong staining can be seen in Figure 6.5A. Histograms showing the
distribution of histoscores for cytoplasmic HIF-2a ranged from 0 to 235 with a mean score
of 142.54 for nuclear ranged from 0 to 295 with a mean score of 153.15 and data were
relatively normally distributed as shown in histogram plot (Figure 6.5B). An ICCC values
of 0.884 and 0.867 for cytoplasmic and nuclear, respectively was obtained between both
observers scores and data were visualised in the form of a scatter plot and a Bland Altman
plot (Figure 6.5C). R Studio was used to determine an optimal threshold. The optimal
threshold determined was 113 and 173 for cytoplasmic and nuclear HIF-2a expression,
respectively. Immunoreactive low cytoplasmic HIF-2a was observed in 169 (33%), and high
cytoplasmic HIF-2a in 350 (67%). Whereas low nuclear expression was seen in 319 (62%),

high nuclear expression was detected in 200 (38%) (Table 6.2).
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Figure 6.5 Representative immunohistochemical images and scoring distribution for HIF-2a.

Representative images of weak and strong cytoplasmic and nuclear staining of HIF-2o. [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and nuclear tumour HIF-2o
expression and distribution pattern of data [B]. Left: Scatter plot showing correlation between tumour
weighted Histoscores, and right: Bland Altman plot showing difference between manual scores for HIF-2o. in

tumour cytoplasm and nucleus [C].

205




6.3.4.2 Association of HIF-2a with clinical outcome in invasive ductal
carcinoma

Clinical outcomes for cytoplasmic and nuclear HIF-2a expression were estimated using
Kaplan-Meier analysis and compared between groups with the log-rank test as shown in
Figure 6.6A-F. The log-rank test was used to compare low and high protein expression.
Patients with a high cytoplasmic HIF-2a expression were observed to have worse RFS as
compared with those who had a low expression (P = 0.022). However, no association was
detected with DFS and OS (P = 0.174, 0.295, respectively). In contrast, overexpression of
nuclear HIF-2a was not associated with RFS (P = 0.320), DFS (P = 0.433), or OS (P =
0.237). Based on text life table analysis, the 10-year RFS was reduced from 81% for low to
70% for high cytoplasmic HIF-2a expression (P = 0.037) (Table 6.3).
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Figure 6.6 Expression of HIF-2a and clinical outcome in Glasgow breast cohort.

Kaplan-Meier curves showing associations between cytoplasmic and nuclear HIF-2o0 with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].
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6.3.4.3 Association of HIF-2a and clinical outcome in different breast cancer
subtypes

Association between expression of cytoplasmic HIF-2a and clinical outcome was assessed
in four breast cancer subtypes (Figure 6.7). Cytoplasmic expression of HIF-2a was
associated with RFS in Her-2 disease (P = 0.038). Furthermore, a trend toward significance
was observed between decreased RFS in tumours with high expression of cytoplasmic HIF-
2a in TNBC (P = 0.055). No association was observed between cytoplasmic HIF-2a
expression and RFS in luminal A (P = 0.376), and luminal B (P = 0.199).
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Figure 6.7 Expression of cytoplasmic HIF-2a and recurrence free survival in different breast cancer
subtypes.

Kaplan-Meier curves showing associations between cytoplasmic HIF-2a. and recurrence free survival in
luminal A disease [A], luminal B disease [B], triple negative [C], and Her-2 enriched [D].
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6.3.5 Expression of CAIX
6.3.5.1 Immunohistochemistry of CAIX

The expression of CAIX was analyse in 533 (93%) patients. Cytoplasmic and membranous
staining was detected in tumour cells with CAIX expression. Representative profiles of
immunostainings can be seen in Figure 6.8A. Weighted Histoscores for cytoplasmic
expression ranged from 0 to 245 with a mean score of 12.16, and for membranous scores
ranged from 0 to 290 with a mean score of 15.26. A histogram was plotted to visualise the
range of scores and data showed a positively skewed pattern (Figure 6.8B). There was good
correlation between observers with ICCC score of 0.986 for cytoplasmic and 0.987 for
membranous expression. Validation was visualised by plotting a scatterplot, and a Bland
Altman plot (Figure 6.8C). R studio was utilised to determine an optimal threshold for
cytoplasmic CAIX (18) and membranous CAIX expression (30). Based on R threshold, low
cytoplasmic CAIX expression of malignant cell was observed in 442 (83%) and high
cytoplasmic protein was 91 (17%). Low membranous CAIX expression was detected in 450

(84%), and only 83 patients (16%) with high protein expression (Table 6.2).
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Figure 6.8 Representative immunohistochemical images and scoring distribution for CAIX.

Representative images of weak and strong cytoplasmic and membranous staining of CAIX [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and membranous tumour CAIX
expression and distribution pattern of data [B]. Left: Scatter plot showing correlation between tumour
weighted Histoscores, and right: Bland Altman plot showing difference between manual scores for CAIX in
tumour cytoplasm and membrane [C].
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6.3.5.2 Association of CAIX with clinical outcome in an invasive ductal
carcinoma

Kaplan-Meier survival curves for cytoplasmic and membranous expression of CAIX were
plotted as shown in Figure 6.9. The log-rank test was used to compare low and high
expression. Regardless of cellular localisation, high CAIX expression was consistently
associated with poorer outcome in term of RFS, DFS and OS. High cytoplasmic expression
of CAIX was significantly associated with worse RFS (P<0.001), DFS (P<0.001), and OS
(P<0.001). Similarly, high membranous CAIX expression was associated with decrease RFS

(P<0.001), DFS (P = 0.004), and OS (P = 0.003) (Figure 6.9A-F).

As shown in Table 6.3 based on text life table analysis, the 10-year RFS of patients with
high cytoplasmic CAIX expression was 58% versus 78% of patients with low cytoplasmic
CAIX expression (P<0.001), and the 10-year RFS of patients with membranous CAIX
expression was reduced from 77% (low) to 61% (high) (P<0.001). The 10-year DFS was
reduced from 53% with low cytoplasmic expression to 31% with high cytoplasmic
expression (P<0.001), and the 10-year DFS was decreased from 51% with low membranous
expression to 35% with high expression (P = 0.003). The 10-year OS of patients with high
cytoplasmic CAIX expression was 37% versus 56% of patients with low cytoplasmic CAIX
expression (P<0.001), and 10-year OS of patients with high membranous CAIX expression

was 39% versus 55% of patients with low membranous CAIX expression (P = 0.002).
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Figure 6.9 Expression of CAIX and clinical outcome in Glasgow breast cohort.

Kaplan-Meier curves showing associations between cytoplasmic and membranous CAIX with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].
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Table 6.3 Association between hypoxic markers expression and survival in Glasgow breast cancer patients (n = 575)

Recurrence free survival Disease-free survival Overall survival
(RFS) (DFS) (0S)
Cytoplasmic Membrane/Nuclear Cytoplasmic Membrane/Nuclear Cytoplasmic Membrane/Nuclear
Markers n (%) 10yr-RFS | P-value n (%) 10yr-RFS | P-value  n(%)  10yr-DFS  P-value n (%) | 10yr-DFS | P-value = n (%) 10yr-OS | P-value  n(%)  10yr-OS  P-value

(SE) (SE) (SE) (SE) (SE) (SE)

HIF-1a (1) 0.652 0.885 0.126 0.227 0.031 0.053
Low 352(77) 72(3) 406(89) 73(3) 350(77) 45(3) 402(88) 47(3) 354(77) 47(3) 407(88) 50(3)
High 106(23) 76(5) 52(11) 72(7) 106(23) 58(5) 54(12) 53(8) 107(23) 66(5) 54(12) 66(7)

HIF-1a (2) 0.279 0.637 0.302 0.397 0.370 0.350
Low 312(56) 73(3) 182(33) 76(3) 307(55) 47(3) 179(32) 44(4) 313(56) 51(3) 183(33) 47(4)
High 244(44) 76(3) 374(67) 73(3) 249(45) 48(4) 377(68) 49(3) 250(44) 52(4) 380(67) 53(3)

HIF-20 0.022 0.320 0.174 0.433 0.295 0.237
Low 164(33) 81(3) 308(61) 75(3) 162(32) 52(4) 310(62) 45(3) 165(32) 55(4) 313(61) 48(3)
High 339(67) 70(3) 195(39) 70(4) 341(68) 45(3) 193(38) 50(4) 344(68) 49(3) 196(39) 54(4)

CAIX <0.001 <0.001 <0.001 0.004 <0.001 0.003
Low 425(83) 78(2) 432(84) 77(2) 426(83) 53(3) 434(84) 51(3) 431(83) 56(3) 439(84) 55(3)
High 89(17) 58(6) 82(16) 61(6) 89(17) 31(6) 81(16) 35(6) 90(17) 37(6) 82(16) 39(6)

Table showing the number of patients and associations with survival for each hypoxic marker in Glasgow breast cohort.
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In term of RFS, cytoplasmic CAIX has prognostic value. When entered into multivariate
analysis, cytoplasmic CAIX retained an independent prognostic marker (HR = 2.24, 95%
CI: 1.19-4.22, P = 0.012) when combined with tumour size, grade, lymph node status, ER
status, PR status, Her-2 status, Ki67, molecular subtype, lymphatic vessel invasion, blood
vessel invasion, tumour necrosis, CD8+, CDI138+, tumour stroma percentage, tumour

budding, adjuvant endocrine therapy, and adjuvant chemotherapy in Glasgow breast cohort
(Table 6.4).
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Table 6.4 Univariate and multivariate analysis for recurrence free survival of CAIX and
clinicopathological characteristics in Glasgow breast cohort (n = 575)

Clinicopathological Univariate analysis Multivariate analysis
characteristics
HR (95% CI)  P-value HR (95% CI) P-value

Age (<50/>50 years) 0.96 (0.66-1.39) = 0.810 - -
Tumour size (<20/21-50/>50 mm) 1.84 (1.39-2.44) <0.001 0.82(0.49-1.34) 0.417
Grade (I/II/111) 1.91(1.44-2.54) <0.001 0.88 (0.55-1.42) 0.604
Lymph node (negative/positive) 3.33(2.28-4.86) @ <0.001 2.21 (1.22-4.00) 0.009
ER status (negative/positive) 0.50 (0.36-0.72)  <0.001 6.79 (1.61-28.74) = 0.009
PR status (negative/positive) 0.52 (0.36-0.76) = 0.001 0.52 (0.25-1.10) 0.087
Her-2 status (negative/positive) 1.95 (1.32-2.88) = 0.001 0.47 (0.19-1.14) 0.096
Ki67 index (low/high) 1.55(1.08-2.23)  0.018  0.91 (0.38-2.16) 0.827
Molecular subtype 1.49 (1.27-1.75) = <0.001 = 3.02 (1.43-6.36) 0.004
(lum A/lum B/TNBC/Her-2)
Lymphatic vessel invasion (no/yes) 3.07 (1.96-4.80) @ <0.001 1.73 (0.97-3.06) 0.062
Blood vessel invasion (no/yes) 2.64 (1.54-4.52) <0.001 1.71(0.89-3.31) 0.109
Tumour necrosis (low/high) 3.11 (2.06-4.69)  <0.001 2.25(1.16-4.37) 0.017
Klintrup-Mékinen grade (0/1/2/3) 0.99 (0.79-1.24)  0.911 - -
CD68+ (low/moderate/high) 0.94 (0.70-1.26)  0.685 - -
CD8+ (low/moderate/high) 0.73 (0.55-0.97) = 0.030  0.86 (0.62-1.19) 0.376
CD138+ (low/moderate/high) 1.35(1.05-1.73) = 0.019 1.22 (0.88-1.68) 0.240
Tumour stroma percentage (low/high) 1.88 (1.32-2.68) = 0.001 3.20 (1.86-5.52) | <0.001
Tumour budding (low/high) 1.49 (1.04-2.14) = 0.029 1.29 (0.73-2.31) 0.381
Adjuvant endocrine therapy 0.62 (0.41-0.94)  0.025 1.34 (0.64-2.81) 0.443
(no/yes/ATAC trial)
Adjuvant chemotherapy (no/yes) 1.90 (1.34-2.71) | <0.001 1.17 (0.56-2.45) 0.675
Adjuvant radiotherapy (no/yes) 1.17 (0.83-1.67) = 0.373 - -
Cytoplasmic CAIX (low/high) 2.30(1.54-3.45) <0.001 2.24 (1.19-4.22) 0.012

Multivariate Cox regression model was adjusted for age, tumour size, grade, ymph node, ER, PR, Her-2 status,
Ki67, molecular subtype, lymphatic vessel invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen
grade, CD68+, CD8+, CD138+, tumour stroma percentage, tumour budding, adjuvant endocrine therapy,
adjuvant chemotherapy and adjuvant radiotherapy.
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Similar to RFS, when entered into multivariate analysis, cytoplasmic CAIX was an
independent prognostic marker for DFS (HR = 1.74, 95% CI: 1.08-2.82, P = 0.023) when
combined with patient’s age, tumour size, grade, lymph node status, ER status, PR status,
Her-2 status, Ki67, molecular subtype, lymphatic vessel invasion, blood vessel invasion,
tumour necrosis, CD8+, CD138+, tumour stroma percentage, and tumour budding (Table

6.5).
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Table 6.5 Univariate and multivariate analysis for disease-free survival of cytoplasmic CAIX and
clinicopathological characteristics in Glasgow breast cohort (n = 575)

Clinicopathological Univariate analysis Multivariate analysis
characteristics HR (95% CI) P-value HR (95% CI) P-value

Age (<50/>50 years) 1.58 (1.18-2.10) = 0.002 1.65 (1.05-2.58) = 0.029
Tumour size (<20/21-50/>50 mm) 1.70 (1.39-2.07) <0.001 1.11(0.79-1.57) = 0.535
Grade (I/1I/11I) 1.23 (1.04-1.47) = 0.018 = 0.95(0.69-1.30) = 0.745
Lymph node (negative/positive) 2.31(1.79-2.96) <0.001 1.99 (1.34-2.97) 0.001
ER status (negative/positive) 0.78 (0.61-0.99) = 0.046  2.23 (0.97-5.11) 0.059
PR status (negative/positive) 0.78 (0.61-0.99) = 0.046 0.95 (0.58-1.56) 0.835
Her-2 status (negative/positive) 1.50 (1.12-2.01) = 0.006 0.67 (0.36-1.24) 0.202
Ki67 proliferative index (low/high) 1.39 (1.08-1.81) = 0.011 1.12 (0.62-2.03) = 0.716
Molecular subtype 1.21 (1.08-1.35) = 0.001 1.83 (1.28-2.62) = 0.001
(lum A/lum B/TNBC/Her-2)
Lymphatic vessel invasion (no/yes) 2.39 (1.75-3.26) <0.001 1.99(1.35-2.93) <0.001
Blood vessel invasion (no/yes) 2.29 (1.55-3.40)  <0.001 @ 1.30(0.79-2.13) 0.298
Tumour necrosis (low/high) 1.60 (1.25-2.06) <0.001 1.39 (0.91-2.12) 0.131
Klintrup-Mékinen grade (0/1/2/3) 0.88 (0.75-1.04) = 0.132 - -
CD68+ (low/moderate/high) 0.92 (0.75-1.13)  0.436 - -
CD8+ (low/moderate/high) 0.76 (0.62-0.93) = 0.007 = 0.73 (0.56-0.94)  0.014
CD138+ (low/moderate/high) 1.25(1.05-1.49)  0.014 1.26 (1.01-1.57) = 0.040
Tumour stroma percentage (low/high) 1.78 (1.39-2.29) = <0.001 2.02 (1.36-2.99) @ <0.001
Tumour budding (low/high) 1.53 (1.19-1.97)  0.001 1.28 (0.86-1.89) = 0.224
Adjuvant endocrine therapy 0.99 (0.73-1.33)  0.923 - -
(no/yes/ATAC trial)
Adjuvant chemotherapy (no/yes) 0.99 (0.78-1.27)  0.964 - -
Adjuvant radiotherapy (no/yes) 0.85(0.66-1.08) = 0.182 - -
Cytoplasmic CAIX (low/high) 1.78 (1.32-2.41) <0.001 1.74 (1.08-2.82) = 0.023

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, ER, PR, Her-2 status,
Ki67, molecular subtype, lymphatic vessel invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen
grade, CD68+, CD8+, CD138+, tumour stroma percentage, tumour budding, adjuvant endocrine therapy,
adjuvant chemotherapy and adjuvant radiotherapy.
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Comparable with RFS and DFS, when entered into multivariate analysis, cytoplasmic CAIX
was not significant independently associated with reduce OS (P = 0.064) when combined
with patient’s age, tumour size, grade, lymph node status, Her-2 status, Ki67, molecular
subtype, lymphatic vessel invasion, blood vessel invasion, tumour necrosis, CD8+, CD138+,

tumour stroma percentage, and tumour budding (Table 6.6).

218



Table 6.6 Univariate and multivariate analysis for overall survival of cytoplasmic CAIX and

clinicopathological characteristics in Glasgow breast cohort (n = 575)

Clinicopathological Univariate analysis Multivariate analysis
characteristics HR (95% CI) P-value HR (95% CI) P-value

Age (<50/>50 years) 1.65 (1.22-2.23) 0.001 1.98 (1.24-3.15) 0.004
Tumour size (<20/21-50/>50 mm) 1.75(1.43-2.15)  <0.001 1.12(0.78-1.61) 0.541
Grade (I/1I/11I) 1.22 (1.02-1.46) 0.031 1.12 (0.78-1.60) 0.545
Lymph node (negative/positive) 2.28 (1.76-2.95)  <0.001 1.81 (1.18-2.77) 0.006
ER status (negative/positive) 0.79 (0.62-1.04) 0.089 - -
PR status (negative/positive) 0.85 (0.66-1.09) 0.196 - -
Her-2 status (negative/positive) 1.37 (1.01-1.86) 0.046 - -
Ki67 proliferative index (low/high) 1.35 (1.04-1.76) 0.027 1.52 (1.00-2.30) 0.050
Molecular subtype 1.17 (1.04-1.32) 0.009 1.21 (0.99-1.49) 0.068
(lum A/lum B/TNBC/Her-2)
Lymphatic vessel invasion (no/yes) 2.39(1.73-3.30)  <0.001 2.09 (1.38-3.19) 0.001
Blood vessel invasion (no/yes) 2.57 (1.72-3.85) = <0.001 1.47 (0.88-2.45) 0.143
Tumour necrosis (low/high) 1.60 (1.23-2.08) = <0.001 1.50(0.96-2.35) 0.073
Klintrup-Mékinen grade (0/1/2/3) 0.88 (0.75-1.05) 0.150 - -
CD68+ (low/moderate/high) 0.92 (0.74-1.14) 0.455 - -
CD8+ (low/moderate/high) 0.71 (0.57-0.88) 0.001 0.66 (0.50-0.86) 0.003
CD138+ (low/moderate/high) 1.27 (1.05-1.53) 0.013 1.31 (1.04-1.66) 0.023
Tumour stroma percentage (low/high) 1.79 (1.38-2.31)  <0.001 1.83(1.22-2.76) 0.004
Tumour budding (low/high) 1.58 (1.22-2.05)  <0.001 1.24 (0.82-1.89) 0.312
Adjuvant endocrine therapy 1.07 (0.78-1.46) 0.696 - -
(no/yes/ATAC trial)
Adjuvant chemotherapy (no/yes) 0.95 (0.74-1.23) 0.693 - -
Adjuvant radiotherapy (no/yes) 0.82 (0.64-1.06) 0.122 - -
Cytoplasmic CAIX (low/high) 1.76 (1.29-2.41)  <0.001 1.59(0.97-2.60) 0.064

Multivariate Cox regression model was adjusted for age, tumour size, grade, [ymph node, ER, PR, Her-2 status,
Ki67, molecular subtype, lymphatic vessel invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen
grade, CD68+, CD8+, CD138+, tumour stroma percentage, tumour budding, adjuvant endocrine therapy,
adjuvant chemotherapy and adjuvant radiotherapy.

219



6.3.5.3 Associations between cytoplasmic CAIX expression and
clinicopathological characteristics

The relationship between the clinicopathological parameters and cytoplasmic CAIX protein
was tested using Chi-square test as shown in Table 6.7. Significant associations were found
between CAIX positivity in tumour cells and clinicopathological features such as tumour
size (P = 0.012), high tumour grade (P<0.001), ER-negativity (P<0.001), PR-negativity
(P<0.001), Her-2-negativity (P = 0.003), low Ki67 (P = 0.001), molecular subtypes
(P<0.001), high tumour necrosis (P<0.001), Klintrup-Mékinen grade (P = 0.001), adjuvant
endocrine therapy treated cases (P = 0.004), and adjuvant chemotherapy treated cases (P =
0.016). No other associations were observed, but high levels of CAIX had an association of
borderline significance with lymph node positivity (P = 0.096) and low tumour budding (P
=0.06).
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Table 6.7 Association between cytoplasmic CAIX expression and clinicopathological parameters in

Glasgow breast cohort (n = 575)

Clinicopathological Cytoplasmic CAIX
characteristics

Low expression High expression P-value

n =442 (83%) n=91(17%)
Age (<50/>50 years) 135(30)/307(70) 27(30)/64(70) 0.869
Tumour size (<20/21-50/>50 mm) 262(59)/162(37)/18(4) 40(44)/46(51)/5(5) 0.012
Grade (I/II/IIT) 81(18)/189(43)/172(39) 5(5)/26(29)/60(66) <0.001
Lymph node (negative/positive) 252(58)/185(42) 44(48)/47(52) 0.105
ER status (negative/positive) 120(27)/322(73) 60(66)/31(34) <0.001
PR status (negative/positive) 219(49)/223(51) 66(73)/25(27) <0.001
Her-2 status (negative/positive) 368(84)/70(16) 63(70)/27(30) 0.003
Ki67 proliferative index (low/high) 304(71)/122(29) 44(52)/41(48) 0.001
Molecular subtype 208(49)/108(25)/79(18)/34(8) = 15(17)/17(19)/37(42)/20(22) = <0.001
(lum A/lum B/TNBC/Her-2)
Lymphatic vessel invasion (no/yes) 191(68)/89(32) 31(65)/17(35) 0.621
Blood vessel invasion (no/yes) 249(89)/31(11) 39(81)/9(19) 0.154
Tumour necrosis (low/high) 231(53)/205(47) 17(19)/74(81) <0.001
Klintrup-Méikinen grade (0/1/2/3) 52(12)/247(57)/95(22)/40(9) 2(2)/41(45)/42(46)/6(7) 0.001
CD68+ (low/moderate/high) 58(23)/95(39)/92(38) 17(39)/12(27)/15(34) 0.153
CD8+ (low/moderate/high) 73(29)/87(36)/85(35) 16(36)/11(24)/18(40) 0.973
CD138+ (low/moderate/high) 125(51)/36(15)/84(34) 18(41)/5(11)/21(48) 0.117
Tumour stroma percentage 312(71)/127(29) 58(64)/33(36) 0.166
(low/high)
Tumour budding (low/high) 295(67)/144(33) 70(77)/21(23) 0.069
Adjuvant endocrine therapy 63(18)/277(79)/12(3) 19(35)/34(63)/1(1) 0.004
(no/yes/ATAC trial)
Adjuvant chemotherapy (no/yes) 264(60)/176(40) 42(46)/49(54) 0.016
Adjuvant radiotherapy (no/yes) 217(49)/223(51) 47(52)/44(48) 0.686

Chi-squared table of associations for cytoplasmic CALX expression and clinical prognostic factors including
age, tumour size, grade, lymph node, ER, PR, Her-2 status, Ki67, molecular subtype, lymphatic vessel invasion,
blood vessel invasion, tumour necrosis, Klintrup-Mdkinen grade, CD68+, CD8+, CD138+, tumour stroma
percentage, tumour budding, adjuvant endocrine therapy, adjuvant chemotherapy and adjuvant radiotherapy.
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6.3.5.4 Expression of cytoplasmic CAIX and clinical outcome in different
breast cancer subtypes

Expression of cytoplasmic CAIX was also assessed by Kaplan-Meier method and compared
by log-rank test in different breast cancer subtypes (Figure 6.10). In terms of RFS, subgroup
analysis based on molecular subtypes indicated that high cytoplasmic CAIX levels showed
an association with poorer RFS in luminal B disease (P = 0.025), and a trend towards worse
RFS was observed in patients with Her-2 disease (P = 0.075). In contrast, no association was
found between expression of cytoplasmic CAIX and RFS in luminal A disease (P = 0.488),
and TNBC (P = 0.137) (Figure 6.10A-D).
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Figure 6.10 Expression of cytoplasmic CAIX and recurrence free survival in different breast cancer
subtypes.

Kaplan-Meier curves showing associations between cytoplasmic CALX and recurrence free survival in luminal
A disease [A], luminal B disease [B], triple negative [C], and Her-2 enriched [D].
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Multivariate analysis suggested that cytoplasmic expression of CAIX was not an
independent prognostic marker for RFS (P = 0.196) when combined with lymph node status,
lymphatic vessel invasion, tumour necrosis, CD8+ and adjuvant endocrine therapy in

luminal B disease (Table 6.8).
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Table 6.8 Univariate and multivariate analysis for recurrence free survival of cytoplasmic CAIX and
clinicopathological characteristics in luminal B tumours

Clinicopathological Luminal B
characteristics Univariate analysis Multivariate analysis
HR (95% CI) P-value HR (95% CI) P-value

Age (<50/>50 years) 0.96 (0.42-2.16) = 0.919 - -
Tumour size (<20/21-50/>50 mm) 0.96 (0.55-1.68) = 0.892 - -
Grade (I/11/11I) 1.42 (0.81-2.48) = 0.220 - -
Lymph node (negative/positive) 3.19 (1.56-6.53) = 0.001 @ 6.27(1.79-21.88)  0.004
ER status (negative/positive) 0.64 (0.09-4.65) 0.656 - -
PR status (negative/positive) 0.74 (0.38-1.44)  0.377 - -
Her-2 status (negative/positive) 1.21(0.60-2.43) 0.593 - -
Ki67 proliferative index (low/high) 1.03 (0.40-2.66) = 0.948 - -
Lymphatic vessel invasion (no/yes) 2.83 (1.12-7.16)  0.029 1.85(0.69-4.93)  0.220
Blood vessel invasion (no/yes) 1.79 (0.59-5.38) = 0.299 - -
Tumour necrosis (low/high) 3.31(1.50-7.29) = 0.003 1.09 (0.32-3.74) 0.884
Klintrup-Mékinen grade (0/1/2/3) 0.89 (0.59-1.35) = 0.599 - -
CD68+ (low/moderate/high) 1.51 (0.73-3.11) = 0.269 - -
CD8+ (low/moderate/high) 0.39 (0.20-0.75) = 0.005 @ 0.46 (0.24-0.85) = 0.013
CD138+ (low/moderate/high) 1.63 (0.97-2.75) = 0.064 - -
Tumour stroma percentage (low/high) 1.62 (0.79-3.29)  0.189 - -
Tumour budding (low/high) 0.96 (0.47-1.97) 0.916 - -
Adjuvant endocrine therapy 0.32(0.11-0.96)  0.042 1.13 (0.14-9.02) = 0.909
(no/yes/ATAC trial)
Adjuvant chemotherapy (no/yes) 1.66 (0.86-3.23) = 0.133 - -
Adjuvant radiotherapy (no/yes) 0.78 (0.40-1.51) = 0.455 - -
Cytoplasmic CAIX (low/high) 2.41(1.09-5.32)  0.030 2.53(0.62-10.32)  0.196

Multivariate Cox regression model was adjusted for age, tumour size, grade, [ymph node, ER, PR, Her-2 status,
Ki67, Iymphatic vessel invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen grade, CD68+,
CD8+, CDI138+, tumour stroma percentage, tumour budding, adjuvant endocrine therapy, adjuvant
chemotherapy and adjuvant radiotherapy.
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Additionally, poorer DFS was observed in patients with high cytoplasmic CAIX expression
in luminal B (P = 0.035), and Her-2 disease (P = 0.016) using Kaplan-Meier analysis and

compared between groups with the log-rank test as shown in Figure 6.11 (B, D). However,

this association was not found in luminal A (P = 0.590), and TNBC (P = 0.485) (Figure

6.11A, C).
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Figure 6.11 Expression of cytoplasmic CAIX and disease-free survival in different breast cancer

subtypes.

Kaplan-Meier curves showing associations between cytoplasmic CAIX and disease-free survival in luminal A
disease [A], luminal B disease [B], triple negative [C], and Her-2 enriched [D].
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Multivariate analysis proposed that cytoplasmic CAIX expression was an independent
prognostic marker for DFS (HR = 3.59, 95% CI: 1.23-10.53, P = 0.020) when combined
with lymph node status, lymphatic vessel invasion, tumour necrosis, and CD8+ in luminal

B disease (Table 6.9).
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Table 6.9 Univariate and multivariate analysis for disease-free survival of cytoplasmic CAIX and
clinicopathological characteristics in luminal B tumours

Clinicopathological Luminal B
characteristics Univariate analysis Multivariate analysis
HR (95% CI) P-value HR (95% CI)  P-value

Age (<50/>50 years) 1.55 (89-2.68) 0.117 - -
Tumour size (<20/21-50/>50 mm) 1.10 (0.75-1.62) = 0.628 - -
Grade (I/11/11I) 0.98 (0.67-1.41)  0.896 - -
Lymph node (negative/positive) 2.36 (1.44-3.87) = 0.001 | 3.48(1.63-7.42) 0.001
ER status (negative/positive) 0.65 (0.16-2.64)  0.545 - -
PR status (negative/positive) 0.93 (0.57-1.49) @ 0.757 - -
Her-2 status (negative/positive) 1.03 (0.62-1.70)  0.920 - -
Ki67 proliferative index (low/high) 1.17 (0.58-2.35)  0.668 - -
Lymphatic vessel invasion (no/yes) 2.28(1.21-4.27)  0.011  2.01 (0.97-4.19) 0.062
Blood vessel invasion (no/yes) 1.65 (0.76-3.58) = 0.205 - -
Tumour necrosis (low/high) 1.85(1.13-3.03) 0.014 1.16 (0.51-2.65) 0.727
Klintrup-Mékinen grade (0/1/2/3) 0.85(0.63-1.13) = 0.256 - -
CD68+ (low/moderate/high) 1.06 (0.67-1.68) = 0.808 - -
CD8+ (low/moderate/high) 0.49 (0.32-0.75) = 0.001  0.59(0.38-0.91) 0.017
CD138+ (low/moderate/high) 1.14 (0.80-1.61)  0.472 - -
Tumour stroma percentage (low/high) 1.63 (0.98-2.70) = 0.060 - -
Tumour budding (low/high) 1.38 (0.85-2.23)  0.191 - -
Adjuvant endocrine therapy (no/yes/ 0.57(0.26-1.27)  0.171 - -
ATAC trial)
Adjuvant chemotherapy (no/yes) 0.99 (0.61-1.62) = 0.990 - -
Adjuvant radiotherapy (no/yes) 0.66 (0.41-1.06)  0.084 - -

Cytoplasmic CAIX (low/high)

1.94 (1.03-3.63)

0.039 3.59(1.23-10.53) 0.020

Multivariate Cox regression model was adjusted for age, tumour size, grade, [ymph node, ER, PR, Her-2 status,

Ki67, Iymphatic vessel invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen grade, CD68+,

CD8+, CDI138+, tumour stroma percentage, tumour budding, adjuvant endocrine therapy, adjuvant
chemotherapy and adjuvant radiotherapy.
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In Her-2 disease, when multivariate analysis was performed, cytoplasmic CAIX was not

independent prognostic marker for DFS (P = 0.069) when combined with lymphatic vessel

invasion, and tumour budding (Table 6.10).

Table 6.10 Univariate and multivariate analysis for disease-free survival of cytoplasmic CAIX and
clinicopathological characteristics in Her-2 tumour

Clinicopathological

characteristics

Age (<50/>50 years)

Tumour size (<20/21-50/>50 mm)
Grade (I/II/11T)

Lymph node (negative/positive)
Ki67 proliferative index (low/high)
Lymphatic vessel invasion (no/yes)
Blood vessel invasion (no/yes)
Tumour necrosis (low/high)

Klintrup-Makinen grade (0/1/2/3)
CD68+ (low/moderate/high)

CD8+ (low/moderate/high)

CD138+ (low/moderate/high)
Tumour stroma percentage (low/high)

Tumour budding (low/high)
Adjuvant endocrine therapy
(no/yes/ATAC trial)

Adjuvant chemotherapy (no/yes)
Adjuvant radiotherapy (no/yes)

Cytoplasmic CAIX (low/high)

Univariate analysis

HR (95% CI)
0.76 (0.37-1.57)
1.08 (0.62-1.89)
1.43 (0.63-3.28)
1.69 (0.86-3.33)
0.91 (0.45-1.83)
2.87 (1.27-6.49)
1.27 (0.29-5.46)
0.97 (0.38-2.51)

0.83 (0.52-1.32)
0.89 (0.55-1.42)
0.69 (0.42-1.16)
1.16 (0.75-1.80)
1.87 (0.97-3.61)

2.71 (1.35-5.42)
0.72 (0.31-1.64)
1.53 (0.74-3.19)
1.20 (0.62-2.33)

2.32 (1.41-4.71)

P-value

Her-2 disease

Multivariate analysis
HR (95% CI) | P-value
0.457 - -
0.783 - -
0.395 - -
0.130 - -
0.785 - -
0.011 3.01 (1.17-7.73)  0.022
0.745 - -

0.957 - -

0.424 - -
0.612 - -
0.163 - -
0.494 - -
0.062 - -

0.005 1.25(0.39-3.91) 0.702
0.428 - -
0.255 - -
0.590 - -

0.020 2.57(0.93-7.08) 0.069

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, Ki67, lymphatic
vessel invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen grade, CD68+, CD8+, CD138+,

tumour stroma percentage, tumour budding, adjuvant endocrine therapy, adjuvant chemotherapy and adjuvant

radiotherapy.
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In terms of OS, Kaplan-Meier survival curves for cytoplasmic expression of CAIX were
plotted and compared between groups with the log-rank test. High cytoplasmic CAIX
expression was associated with worse OS in Her-2 disease (P = 0.001), but no association
was found between expression of cytoplasmic CAIX and this outcome in any of the other

three breast cancer subtypes, luminal A (P = 0.745), luminal B (P = 0.286), and TNBC (P =
0.516) (Figure 6.12A-D).
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Figure 6.12 Expression of cytoplasmic CAIX and overall survival in different breast cancer subtypes.

Kaplan-Meier curves showing associations between cytoplasmic CAIX and overall survival in luminal A
disease [A], luminal B disease [B], triple negative [C], and Her-2 enriched [D].
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When multivariate analysis was performed, cytoplasmic CAIX remained as a factor

contributing significantly to OS (HR =4.19, 95% CI: 1.37-12.80, P =0.012) when combined

with lymphatic vessel invasion, tumour stroma percentage, and tumour budding in Her-2

disease (Table 6.11).

Table 6.11 Univariate and multivariate analysis for overall survival of cytoplasmic CAIX and
clinicopathological characteristic in Her-2 tumour

Clinicopathological

characteristics

Age (<50/>50 years)

Tumour size (<20/21-50/>50 mm)
Grade (I/II/11T)

Lymph node (negative/positive)
Ki67 proliferative index (low/high)

Lymphatic vessel invasion (no/yes)
Blood vessel invasion (no/yes)

Tumour necrosis (low/high)

Klintrup-Makinen grade (0/1/2/3)
CD68+ (low/moderate/high)

CD8+ (low/moderate/high)

CD138+ (low/moderate/high)

Tumour stroma percentage (low/high)
Tumour budding (low/high)
Adjuvant endocrine therapy
(no/yes/ATAC trial)

Adjuvant chemotherapy (no/yes)

Adjuvant radiotherapy (no/yes)

Cytoplasmic CAIX (low/high)

Her-2 disease

Univariate analysis

HR (95% CI)
1.03 (0.46-2.31)
0.98 (0.52-1.83)
1.32 (0.54-3.22)
1.79 (0.86-3.73)
1.04 (0.49-2.21)

3.05 (1.22-7.62)
1.76 (0.41-7.69)
0.81 (0.31-2.13)
0.79 (0.47-1.34)
0.86 (0.50-1.49)
0.66 (0.37-1.19)
1.36 (0.82-2.26)

2.13 (1.03-4.39)
3.22 (1.53-6.77)
0.91 (0.36-2.25)
1.20 (0.55-2.65)
0.90 (0.44-1.85)

3.51 (1.60-7.69)

P-value

0.949

0.948

0.549

0.118

0.913

0.017

0.450

0.673

0.389

0.600

0.173

0.236

0.041

0.002

0.831

0.643

0.778

0.002

Multivariate analysis

HR (95% CI) | P-value
2.25(0.62-8.19) = 0.220
4.74 (1.49-15.13)  0.009
1.46 (0.38-5.61)  0.583
4.19 (1.37-12.80)  0.012

Multivariate Cox regression model was adjusted for age, tumour size, grade, ymph node, ER, PR, Her-2 status,
Ki67, molecular subtype, lymphatic vessel invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen
grade, CD68+, CD8+, CD138+, tumour stroma percentage, tumour budding, adjuvant endocrine therapy,

adjuvant chemotherapy and adjuvant radiotherapy.
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6.3.6 Association between hypoxia regulated proteins in patients
with mixed breast cancer

The association between hypoxia-related protein biomarkers was tested using Chi-square
test. The expression of cytoplasmic HIF-1a (1) showed a positive correlation with nuclear
HIF-1a (1), cytoplasmic and nuclear HIF-2a (P<0.001). Also, nuclear HIF-1a (1) was
associated with cytoplasmic and nuclear HIF-2a (P<0.001, P = 0.001, respectively).
Cytoplasmic HIF-2a was associated with nuclear HIF-2a expression (P<0.001), and
cytoplasmic CAIX was significantly associated with membranous CAIX (P<0.001) (Table
6.12).
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Table 6.12 Association between hypoxic markers in Glasgow breast cohort

Hypoxic markers Nuclear HIF-1a (1) Cytoplasmic HIF-2a Nuclear HIF-2a
Cytoplasmic HIF-1a (1) <0.001 <0.001 <0.001
Nuclear HIF-1a (1) - <0.001 0.001
Cytoplasmic HIF-2a - - <0.001
Cytoplasmic CAIX - - -

Cytoplasmic CAIX

0.628

0.892

0.951

Membranous CAIX

0.879

0.677

0.406

<0.001

Chi-squared table of associations between hypoxic markers including cytoplasmic/nuclear HIF-1a (1), cytoplasmic/nuclear HIF-2a, and cytoplasmic/membranous CAILX.
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6.4 Discussion

In the present chapter, of 575 patients with invasive ductal breast cancer, both HIF-1a and
HIF-2a expression, irrespective of cellular location, were not consistently associated with
survival. These results are in contrast to a recent meta-analysis that concluded high HIF-1a
expression was consistently associated with poor DFS and OS in breast cancer patients
(357). However, in the present analysis CAIX expression was consistently associated with
survival and was in agreement with the results of a recent systematic review of CAIX
expression in patients with breast cancer (380). Therefore, in this chapter, CAIX was a
superior predictor of survival in patients with invasive ductal breast cancer and may be a
useful independent indicator of clinical outcome in these patients. The basis of the relatively
poor performance of HIF-1a and HIF-2a expression compared with CAIX in the present
analysis is not clear, however, it might be due to the sample size and different breast cancer
subtypes. High cytoplasmic HIF-1a (1) expression was associated with poor OS in luminal
A disease, high cytoplasmic HIF-2a expression was associated with poor RFS in Her-2
disease while high cytoplasmic CAIX levels was associated with poor RFS in luminal B

disease, poor DFS in luminal B, and Her-2 disease, poor OS in Her-2 disease.

In accordance with previous studies, a similar pattern of cytoplasmic and nuclear expression
of HIF-la (1) on malignant cells has recognised (301, 320, 322). However, HIF-1a
immunoreactivity was detected only in the nucleus (235, 265, 319). In this chapter,
cytoplasmic HIF-1a (1) was overexpressed in 109 of 470 (23%). Similarly, Dales et al.
showed HIF-la expression in about 25% of invasive breast cancers (241). While
cytoplasmic HIF-2a was expressed in 350 of 519 (67%) cases in this study, Giatromanolaki
et al. reported only 35.9% of cytoplasmic HIF-2a was expressed in breast specimens (381).
Previous work on CAIX has identified a similar pattern of cytoplasmic and membranous
expression on malignant cells (306, 339, 366), however, Tan et al. have showed only
membranous protein expression (264), and Choi showed only cytoplasmic CAIX expression
(235). Cytoplasmic CAIX in this work was found in 17% whereas Choi and co-workers
reported that CAIX was expressed in 33% of the cases (235). Membranous expression was
observed in 16% which is in line with other studies showed CAIX expression in 18% (306),
15% (366), and 14% of the cases (264). The large variation of protein positive tumours in
the different studies might be explained due to the difference in experimental methods,

scoring methods or threshold used.
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In this chapter, high cytoplasmic CAIX expression was found to be an independent
prognostic predictor of poor RFS in the entire cohort. This result is in agreement with other
studies (248, 310, 335). Also, using DFS as an endpoint, cytoplasmic CAIX expression was
shown to be independent predictors of DFS in the entire cohort. This finding is consistent

with previous reports (265, 336).

With reference to CAIX, more data has been published in breast cancer, which identifies
CAIX as a marker of aggressive tumour behaviour which was consistent with this study.
This protein was positively correlated with larger tumour size (262, 306), high grade tumours
(235, 248, 260, 263, 264, 306), high tumour necrosis (263, 310), loss of ER (248, 260, 263,
264) and loss of PR (260), suggesting CAIX expression was closely associated with
indicators of aggressive phenotype. Therefore, the present results of this chapter showed that
CAIX could potentially be used as a factor in predicting poor response to treatment in

patients with ductal breast cancer.

The mechanism by which CAIX expression influences survival in these patients is not clear.
The relationship between tumour CAIX and histological grade is consistent with the
hypothesis that high grade tumours have a higher proliferation rate. Such high proliferation
rates result in neo-angiogenesis lagging behind tumour growth (382) with subsequent
inadequate oxygen supply and nutrients activating the hypoxia pathway (345, 383).

Similarly, larger tumours may also express hypoxia markers more frequently.

The association between the expression of CAIX and ER and PR negativity may be
explained by several mechanisms. Since it has been reported that hypoxia decreases the
expression of hormone receptors (384), it is possible that the loss of hormone receptors is
caused by hypoxia induced CAIX expression. Another explanation is related to the fact that
aggressive breast cancer with high proliferative activity is known to have hormone receptor
loss, which tends to produce hypoxic areas where the expression of CAIX is elevated (248).
This inverse association could also explain the endocrine therapy resistance in tumours
expressing high levels of CAIX. Most tumours in this group that had been treated with
endocrine and chemotherapy were CAIX high staining intensity, and this could be, in part,
result in therapy resistance. Indeed, this would suggest that the predictive value of CAIX
may be helpful in deciding clinical treatment. For example, CAIX can predict doxorubicin
resistance in early-stage breast cancer independent of Her-2 and TOP2A amplification (339).
It may also predict chemosensitivity to neoadjuvant taxane and anthracycline treatment in

breast cancer patients (336). Further work is required to detail this clinical role.
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A significant interaction between CAIX expression and Ki67 was reported in the present
chapter. This is consistent with prior reports on breast carcinoma (262). These findings
suggest at least the presence of proliferating tumour cells in the tumour areas with high
expression of CAIX. This further supports the concept that proliferating cancer cells under

hypoxic conditions may develop more aggressive phenotype.

In this chapter, CAIX expression predicted survival in luminal B and Her-2-enriched
patients. However, surprisingly, the link between TNBC patients and CAIX expression was
not found as anticipated. The Kaplan-Meier plot was separating in the recurrence plots but
due to only having just over 100 cases may have been insufficiently powered and therefore
further work in a larger cohort should be carried out. For example, a study of more than 3000
breast cancer patients showed that a high CAIX level was significantly associated with poor
survival in patients with luminal B, and TNBC, but not luminal A and Her-2 enriched (385).
An THC-based TMA study of invasive breast carcinoma (n = 276) reported that CAIX
expression was associated with TNBC (235). Irrespective, the present results indicate a need
for further work to understand the prognostic value of cytoplasmic CAIX in subgroups of

breast cancer.

While membranous CAIX expression in our patients was significantly associated with
nuclear expression of HIF-1a (2), there was no significant association between cytoplasmic
HIF-1a (2) and cytoplasmic CAIX. This absence of an association is consistent with other
studies (307, 386, 387) and may reflect that rather than being regulated by hypoxia, HIF-1a
expression may be modified by other factors. These factors include alterations in tumour
suppressor genes and oncogenes (218, 388, 389). HIF-1a may also lose its transcriptional
ability such that CAIX induction does not happen despite high expression of HIF-1a (390).
Moreover, CAIX expression may be correlated with HIF-1a expression in tumours where
HIF-1a expression is perinecrotic, but not in tumours in which HIF-1a expression is diffuse
throughout the tumour (327, 386). Also, it may be that the difference in tissue half-lives of
HIF-1a (degraded in minutes) and CAIX (degraded in 2-3 days) (391) accounts for the
present results. Expression of CAIX may also be increased in the absence of HIF-1a by the
PI3K pathway (392) and the MAPK pathway (393). Increased expression of CAIX in the
absence of hypoxia may also occur with hypomethylation of the CAIX gene promoter (394).
However, there was a consistent association between cytoplasmic and nuclear HIF-1a (1),
cytoplasmic and nuclear HIF-2a, and between cytoplasmic and membranous CAIX

indicating reliable methodology.
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CAIX is functionally involved in diverse aspects of cancer progression and development.
Choi and colleagues (235) have reported that cytoplasmic CAIX exhibited an acid-resistant
tumour phenotype which depend on pH regulation to prevent intracellular acidosis, allowing
breast cancer cells to undergo metabolic adaptation to hypoxia. Acidic microenvironment
can be toxic to normal cells, but tumour cells adapt and survive (395-397). In fact, studies
indicate that while the proliferation rate of normal cells is maximal at pH 7.3, cancer cell

proliferation is highest at pH 6.8 (395).

CAIX is under consideration, by both academic and pharmaceutical entities, as a potential
target for intervention in breast carcinoma (398). A preclinical study showed that the natural
compound carnosine efficiently inhibits the ability of CAIX to regulate pH and shows
anticancer properties in a mouse model (399). Other CAIX specific inhibitors have been
previously developed, such as imidazole-substituted benzene sulfonamides, and their
application in tumour cells has been described by Mboge et al. (379). Therefore, assessment
of CAIX in tumours before or during therapy may represent a more powerful prognostic and
predictive biomarker as well as important targets for breast cancer especially in advanced

stages with limited treatment options, which warrants further investigation.

In conclusion, the main findings of this chapter were that high cytoplasmic HIF-1a (1)
expression was associated with poor survival in luminal A disease, and high cytoplasmic
HIF-2a expression was associated with poor survival in Her-2 disease. Also, demonstrated
that patients with high cytoplasmic CAIX was an independent prognosticator in the entire
cohort and in the patient subpopulation of luminal B disease and Her-2 disease. Because the
association of these biomarker expression with survival varies between subtypes, each
subtype should be analysed individually and validated in a larger cohort that consists of an
adequate number of patients per each. The following chapter of this thesis will go on to
assess staining of hypoxic markers in ER-positive breast cancer to validate their prognostic

role in different cohorts.
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Chapter 7 Validation of cellular hypoxic
markers in predicting survival in patients
with ER-positive breast cancer
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7.1 Introduction

Oestrogen receptor (ER)-positive breast cancer represents approximately 70% of all breast
cancers (400). Endocrine therapy is critical to the success of controlling hormone positive
breast cancers including tumours bearing the ER for early-stage and metastatic breast disease
(401, 402). However, approximately 30% of patients either present with initial resistance
called intrinsic (de novo resistance) or with resistance that arises during treatment (acquired

resistance) (403).

TME influences the behaviour of cancer cells including characteristics of aggressiveness,
such as angiogenesis, invasiveness, metastasis, and therapy resistance (404). A number of
factors have been implicated in hormone resistance mechanism including altered ER-binding
and cross-talk with other pathways, for example, the PI3K-AKT-mTOR pathway (403).
Hypoxia, a condition commonly occurring in solid tumours, is a major driver of invasiveness
and metastasis in breast cancer, and it is associated with chemotherapy and radiotherapy

resistance (405, 406).

HIFs have been demonstrated to be involved in the resistance mechanism (407, 408).
Significantly, the response to tamoxifen is decreased in hypoxic breast cancer cells compared
with cells grown under normoxic environments (247, 384). Clinically, HIF-1a expression is
associated tamoxifen resistance in breast cancer (328). The possibility of using HIFs and
CAIX as prognostic and predictive markers in breast cancer has already been discussed by
several authors (240, 256, 262, 339). The prognostic role of these proteins was dependent

on cellular distribution and luminal subtypes.

It was previously demonstrated that expression of HIF-1a (1), HIF-2a and CAIX were
associated with poor clinical outcome. The prognostic role of these proteins was dependent
on cellular distribution and luminal subtypes. Therefore, these findings require validation in
an expanded cohort including ER-positive breast cancer. This will provide the potential

prognostic significance of these proteins in particular subtypes.

7.2 Material and methods

7.2.1 Patient cohort

For this study, ER-positive cohort was used with characteristics as described in chapter 2.

The cohort included 456 patients presenting with invasive breast cancer between 1980 and
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1999 within the Glasgow Royal Infirmary. Patients with unknown ER status (n = 44) and
ER-negative status (n = 20) were excluded, leaving 392 patients. Selection criteria of
specimens having ductal histological subtype (n = 314) and HIF-1a (2) expression available
for analysis (n = 285) was applied resulting in exclusion of 107 patients. The
clinicopathological data available on the database included patient’s age, histological tumour
type, tumour size, tumour grade, involved lymph node status, PR status, Her-2 status, and
Ki67. The strength of this cohort is that the patients were treated with adjuvant tamoxifen

and time on tamoxifen was available.

The follow up for the selected patients ranged from 1.32-282 months with a median follow
up time was 87.84 months (range 60.66-118.14 months). There were 149 patients alive at
the last follow up, and median follow up was 96.24 months (range 70.62-117.72 months).
Clinicopathological data including patient’s age, tumour size, grade, lymph node status, PR

status, Her-2 status, and Ki67 was available.

7.2.2 TMA slide staining and scanning

Previously constructed TMAs were employed, that had three 0.6 mm cores per tumour
block/patient to combat tumour heterogeneity. IHC was performed and resulting stained
slides scanned using Hamamatsu slide scanner and visualised using NDP serve 3 image

viewer platform system as described in chapter 2.

7.2.3 Scoring of hypoxic markers

Each TMA core of HIF-1a (2), HIF-2a, and CAIX expression was scored using the weighted
Histoscore method whereas HIF-1a (1) was scored digitally on QuPath as described in
chapter 2. To ensure reproducibility of scoring, 10% of cores for each marker was co-scored
manually by a second observer (J.E) blinded to the previous observer score as well as patient
clinical and survival data. Reliability analysis was performed with SPSS software to ensure
consistency and objectivity between the main scorer and the co-scorers giving an ICCC for

all markers. Values above 0.75 are indicative of good reliability.

7.2.4 Statistical analysis

The thresholds from the previous Glasgow breast cohort were applied for analysis of ER-
positive cohort. Analysis of associations with clinicopathological characteristics and with
survival outcomes was carried out as described in chapter 2.
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7.3 Results

7.3.1 Clinicopathological characteristics of ER-positive breast
cancer

A total of 285 patients who presented with ER-positive early-stage invasive ductal
carcinoma were included in the study. Table 7.1 shows clinicopathological characteristics of
patients. The majority of patients (82%) were aged above 50 years, had tumours size <20
(48%), and had grade II carcinoma (51%). There were 137 patients with axillary lymph node
involvement (52%). A total of 168 patients (61%) had PR-positive tumours and 263 patients
(93%) had Her-2 negative tumours. In all, 169 (71%) patients had luminal A disease and 69
(29%) had luminal B disease. All patients were treated with adjuvant tamoxifen. 71 (25%)
patients received adjuvant chemotherapy and 86 (30%) patients received adjuvant
radiotherapy while only 29 (10%) patients received both chemotherapy and radiotherapy.
Two hundred two patients (71%) had no recurrences, and 82 patients (29%) experienced
recurrences. Of these patients, 7 (3%) had bilateral recurrence, 76 cancer-associated deaths

and 60 non-cancer deaths.
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Table 7.1 The clinicopathological characteristics of patients with ER-positive cohort (n = 285)

Clinicopathological characteristics

Age (<50/>50 years)

Size (<20/21-50/>50 mm)

Grade (I/II/IIT)

Lymph node (negative/positive)
NPI (<3.5/3.5-5.5/>5.5)

PR status (negative/positive)

Her-2 status (negative/positive)
Ki67 (proliferative index) (low/high)
Molecular subtype (lum A/lum B)
Adjuvant endocrine therapy (no/yes)
Adjuvant chemotherapy (no/yes)

Adjuvant radiotherapy (no/yes)

Combined adjuvant chemotherapy and radiotherapy (no/yes)

Alive with no recurrence/recurrence/bilateral

No recurrence on tamoxifen/recurrence/bilateral

Alive/cancer death/non-cancer death

Patients, n (%)
50(18)/234(82)
131(48)/128(47)/14(5)
60(22)/141(51)/75(27)
126(48)/137(52)
83(34)/116(47)/47(19)
109(39)/168(61)
263(93)/19(7)
180(76)/58(24)
169(71)/69(29)
0(0)/285(100)
213(75)/71(25)
199(70)/86(30)
256(90)/29(10)
202(71)/75(26)/7(3)
223(79)/55(19)/6(2)

149(52)/76(27)/60(21)

Table showing the number of patients with clinical characteristics in patients from the ER-positive cohort
including age, tumour size, grade, lymph node, NPI, PR status, Her-2 status, Ki67, molecular subtype, adjuvant
endocrine therapy, adjuvant chemotherapy, and adjuvant radiotherapy.
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7.3.2 Expression of HIF-1a (1)
7.3.2.1 Immunohistochemistry of HIF-1a (1)

In 68 (24%) patients, there was a tissue core missing, therefore, HIF-1a (1) expression was
analysed in 217 (76%) of the patients from the ER-positive cohort (n = 285). HIF-1a (1) was
expressed in the nuclei and cytoplasm of tumour cells (Figure 7.1A). Histograms showing
the distribution of histoscores for cytoplasmic HIF-1a (1) ranged from 0 to 180 with a mean
score of 103.59, for nuclear HIF-1a (1) ranged from 0 to 183 with a mean score of 101.73
and data were relatively normally distributed (Figure 7.1B). A correlation coefficient of
0.843 and 0.850 for cytoplasmic and nuclear HIF-1a (1), respectively was obtained between
QuPath and manual scores. Threshold from the previous cohort was applied for HIF-1a (1)
expression. The optimum threshold scores for high and low cytoplasmic and nuclear HIF-
la (1) expression groups were 104 and 156, respectively. Based on R threshold levels, low
cytoplasmic HIF-1a (1) expression was detected in 113 (52%) samples, while 104 (48%)
samples had high cytoplasmic expression. 87 (40%) patients showed low nuclear HIF-1a

(1), and 130 (60%) showed high nuclear expression.
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Figure 7.1 Representative immunohistochemical images and scoring distribution for HIF-1a (1).

Representative images of weak and strong cytoplasmic and nuclear staining of HIF-1a. (1) [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and nuclear tumour HIF-1o (1)
expression and distribution pattern of data [B].
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7.3.2.2 Association of HIF-1a (1) with clinical outcome in ER-positive patients

Kaplan-Meier survival estimates for HIF-1a (1) are presented in Figure 7.2. The P-value
reported on the Figures is from the log-rank test. When patients were split into two groups
based on low and high HIF-1a (1), there was statistically significant poorer DFS (P =0.032),
and OS (P = 0.002) with high level of cytoplasmic HIF-1a (1) (Figure 7.2C, E). However,
high cytoplasmic HIF-1a (1) expression did not attain statistical significance in predicting
decreased RFS in ER-positive breast cancer (P = 0.552) (Figure 7.2A). Similarly, high
nuclear HIF-1a (1) expression was associated with worse survival outcomes in term of DFS
(P = 0.009), and OS (P = 0.002) (Figure 7.2D, F). There was no significant association
between high nuclear HIF-1a (1) expression and RFS (P = 0.541) (Figure 7.2B). Based on
text life table analysis, the 10-year DFS of patients with high cytoplasmic HIF-la (1)
expression was 7% versus 31% with low HIF-1a (1) expression (P = 0.887), and the 10-year
OS of patients with high cytoplasmic HIF-1a (1) expression was 9% versus 35% with low
HIF-1a (1) expression (P = 0.244). Also, the 10-year DFS of patients with high nuclear HIF-
la (1) expression was 13% versus 26% with low HIF-1a (1) expression (P = 0.220), and the
10-year OS of patients with high nuclear HIF-1a (1) expression was 15% versus 31% with
low HIF-1a (1) expression (P = 0.052) as summarized in Table 7.2.
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Figure 7.2 Expression of HIF-1a (1) and clinical outcome in the entire ER-positive breast cancer.

Kaplan-Meier curves showing associations between cytoplasmic and nuclear HIF-1a. (1) with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].
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Table 7.2 Association between hypoxic markers and survival in ER-positive breast cancer patients (n = 285)
Disease-free survival

Markers

HIF-1a (1)
Low
High
HIF-1a (2)
Low
High
HIF-20
Low
High
CAIX
Low

High

Cytoplasmic

n (%)

113(52)

103(48)

23(8)
261(92)

44(16)
236(84)

182(72)
71(28)

Recurrence free survival

10yr-RFS | P-value

(SE)

51(10)
59(7)

53(16)
52(8)

47(10)
52(8)

56(10)
36(11)

0.552

0.495

0.239

0.014

(RFYS)
Membrane/Nuclear
n (%) 10yr-RFS  P-value
(SE)
0.541
87(40) 50(14)
129(60) 59(6)
0.825
32(11) 53(13)
252(89) 50(8)
0.469
36(13) 49(12)
244(87) 52(8)
0.379
238(94) 54(8)
15(6) 17(21)

n (%)

113(52)

103(48)

23(8)
261(92)

44(16)
236(84)

182(72)
71(28)

(DFS)
Cytoplasmic Membrane/Nuclear
10yr-DFS | P-value n (%) 10yr-DFS | P-value
(SE) (SE)
0.032 0.009
31(9) 87(40) 26(10)
7(4) 129(60) 13(5)
0.023 0.132
23(14) 32(11) 35(12)
13(4) 252(89) 11(4)
0.554 0.923
11(8) 36(13) 909)
15(4) 244(87) 15(4)
0.008 0.612
13(5) 238(94) 15(4)
13(7) 15(6) 0(0)

Table showing the number of patients and associations with survival for each hypoxic marker in ER-positive cohort.
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n (%)

113(52)

104(48)

23(8)
262(92)

45(16)
236(84)

183(72)
71(28)

Cytoplasmic

10yr-OS
(SE)

35(9)
9(4)

35(16)
15(4)

16(9)
18(4)

17(5)
16(7)

Overall survival

(0S)
Membrane/Nuclear
P-value | n (%) 10yr-OS = P-value
(SE)
0.002 0.002
87(40) 31(10)
130(60) 15(5)
0.005 0.078
3211) | 32(11)
253(89) 14(4)
0.949 0.561
37(13) 9(8)
24487)  19(4)
0.118 0.344
239(94) 18(4)
15(6) 0(0)



Univariate analysis with the use of the Cox proportional hazard model showed the same
statistical tendency as that obtained with the use of the log-rank test. In term of DFS, both
cytoplasmic and nuclear HIF-1a (1) had prognostic value. However, when entered into
multivariate analysis and comparing them directly against DFS, nuclear but not cytoplasmic
HIF-1a (1) retained an independent prognostic value (HR = 1.85, 95% CI: 1.10-3.11, P =

0.019) when combined with tumour size, lymph node status, NPI, Ki67, and molecular

subtype in the entire cohort (Table 7.3).

Table 7.3 Univariate and multivariate analysis for disease-free survival of HIF-1a (1) and
clinicopathological characteristics in the entire ER-positive cohort (n=285)

Clinicopathological Univariate analysis Multivariate analysis
characteristics HR (95% CI) | P-value  HR(95%CI)  P-value

Age (<50/>50) 1.57 (0.93-2.65) 0.089 - -
Size (<20/21-50/>50 mm) 1.65 (1.24-2.21) 0.001 2.11 (1.36-3.28)  0.001
Grade (I/1I/11I) 1.25 (0.99-1.59) 0.066 - -
Lymph node (negative/positive) 1.69 (1.19-2.40) 0.004 1.16 (0.64-2.12)  0.622
NPI (<3.5/3.5-5.5/>5.5) 1.63 (1.27-2.09) = <0.001  1.25(0.84-1.86) @ 0.273
PR (negative/positive) 0.78 (0.56-1.09) 0.152 - -
Her-2 (negative/positive) 0.86 (0.42-1.76) 0.682 - -
Ki67 (proliferative index) (low/high) 1.83 (1.24-2.70) 0.002 1.14 (0.26-4.93)  0.860
Molecular subtype (lum A/lum B) 1.69 (1.16-2.46) 0.007 1.99 (1.23-3.24) = 0.005
Adjuvant chemotherapy (no/yes) 0.99 (0.65-1.51) 0.964 - -
Adjuvant radiotherapy (no/yes) 0.78 (0.54-1.13) 0.189 - -
Cytoplasmic HIF-1a (1) (low/high) 1.54 (1.04-2.29) 0.032 0.89 (0.43-1.87)  0.774
Nuclear HIF-1a (1) (low/high) 1.75 (1.14-2.68) 0.006 1.85(1.10-3.11) = 0.019

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-

2 status, Ki67, molecular subtype, adjuvant chemotherapy, and adjuvant radiotherapy.
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Similar to DFS, when entered into multivariate analysis, nuclear HIF-1a (1) was superior to
cytoplasmic HIF-1a (1) in predicting OS in the entire cohort (HR = 1.85, 95% CI: 1.08-
3.19, P = 0.026) when combined with patient’s age, tumour size, lymph node status, NPI,

Ki67, and molecular subtype (Table 7.4).

Table 7.4 Univariate and multivariate analysis for overall survival of HIF-1a (1) and
clinicopathological characteristics in the entire ER-positive cohort (n = 285)

Clinicopathological Univariate analysis Multivariate analysis
characteristics
HR (95% CI)  P-value HR (95% CI) P-value

Age (<50/>50) 3.02 (1.54-5.95)  0.001 = 3.69(1.14-11.97) 0.030
Size (<20/21-50/>50 mm) 1.71 (1.27-2.32) = 0.001 1.96 (1.22-3.14) 0.005
Grade (I/1I/11I) 1.26 (0.98-1.61) = 0.073 - -
Lymph node (negative/positive) 1.64 (1.14-2.38) = 0.008 1.39 (0.83-2.34) 0.212
NPI (<3.5/3.5-5.5/>5.5) 1.56 (1.20-2.04) = 0.001 1.15 (0.69-1.89) 0.591
PR (negative/positive) 0.83 (0.59-1.17) = 0.290 - -
Her-2 (negative/positive) 1.05(0.51-2.15) = 0.891 - -
Ki67 (proliferative index) (low/high) = 1.65 (1.10-2.48) = 0.016 0.79 (0.18-3.47) 0.756
Molecular subtype (lum A/lum B) 1.57 (1.06-2.32) = 0.026 2.08 (1.25-3.45) 0.005
Adjuvant chemotherapy (no/yes) 0.93 (0.59-1.46)  0.737 - -
Adjuvant radiotherapy (no/yes) 0.75 (0.50-1.12) = 0.157 - -
Cytoplasmic HIF-1a (1) (low/high) 1.92 (1.26-2.93)  0.002 1.27 (0.60-2.69) 0.530
Nuclear HIF-1a (1) (low/high) 2.06 (1.29-3.28)  0.002 1.85(1.08-3.19) 0.026

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-

2 status, Ki67, molecular subtype, adjuvant chemotherapy, and adjuvant radiotherapy.
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7.3.2.3 Associations between nuclear HIF-1a (1) expression and
clinicopathological characteristics of ER-positive patients

Chi-squared analysis was performed in order to determine whether expression of nuclear
HIF-1a (1) was associated with any clinicopathological characteristics of the patients in the
ER-positive cohort. As shown in Table 7.5, high expression of nuclear HIF-1a (1) was
associated with increasing patient’s age (P = 0.004), tumour size (P = 0.017), and positive

PR status (P = 0.033).

Table 7.5 Association between nuclear HIF-1a (1) expression and clinicopathological characteristics in
the entire ER-positive cohort (n = 285)

Clinicopathological Nuclear HIF-1a (1)
characteristics
Low High P-value
n=69 (26%) n =199 (74%)
Age (<50/>50 years) 25(29)/61(71) 17(13)/113(87) 0.004
Tumour size (<20/21-50/>50 mm) 29(37)/43(54)/7(9) 64(50)/61(48)/3(2) 0.017
Grade (I/1I/11I) 13(15)/45(52)/28(33) = 31(25)/58(46)/36(29) 0.177
Lymph node (negative/positive) 33(40)/49(60) 61(51)/58(49) 0.123
NPI (<3.5/3.5-5.5/>5.5) 19(25)/38(51)/18(24) | 40(35)/54(48)/19(17) 0.101
PR status (negative/positive) 40(46)/46(54) 40(32)/85(68) 0.033
Her-2 status (negative/positive) 81(93)/6(7) 119(92)/10(8) 0.813
Ki67 (proliferative index) (low/high) 58(76)/18(24) 88(75)/30(25) 0.784
Molecular subtype (lum A/lum B) 55(72)/21(28) 83(70)/35(30) 0.760
Adjuvant chemotherapy (no/yes) 60(69)/27(31) 103(79)/27(21) 0.088
Adjuvant radiotherapy (no/yes) 59(68)28(32) 93(72)/37(28) 0.558

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-
2 status, Ki67, molecular subtype, adjuvant chemotherapy, and adjuvant radiotherapy.
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7.3.2.4 Expression of nuclear HIF-1a (1) and clinical outcome in different
luminal subtypes

In order to determine whether nuclear expression of HIF-1a (1) was associated with clinical
outcome in specific ER-positive subtype, the cohort was subdivided into luminal A and
luminal B tumours. The Kaplan-Meier survival curves for nuclear HIF-1a (1) expression
were plotted, and log-rank test was performed to compare between groups. High nuclear
HIF-1a (1) was significantly associated with poorer DFS (P = 0.013), and OS (P = 0.003) in
luminal A (Figure 7.3A, C). In contrast, no association was found with luminal B disease for

DFS, and OS (P = 0.587, 0.210, respectively) (Figure 7.3B, D).
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Figure 7.3 Expression of nuclear HIF-1a (1) and survival in ER-positive breast cancer subtypes.

Kaplan-Meier curves showing associations between nuclear HIF-1a (1) expression and patients’ survival in
luminal A disease [A, C], and in luminal B disease [B, D].

249



Multivariate analysis suggested that nuclear expression of HIF-1a (1) was an independent

unfavourable prognostic marker for DFS (HR = 1.98, 95% CI: 1.02-3.83, P = 0.042) when

combined with NPI in luminal A tumour (Table 7.6).

Table 7.6 Univariate and multivariate analysis for disease-free survival of nuclear HIF-1a (1) and
clinicopathological characteristics in luminal A tumours (n = 169)

Clinicopathological
characteristics Univariate analysis
HR (95% CI) P-value
Age (<50/>50) 1.97 (0.91-4.27) 0.087
Size (<20/21-50/>50 mm) 1.34 (0.90-1.99) 0.151
Grade (I/II/I1T) 1.07 (0.76-1.49) 0.714
Lymph node (negative/positive) 1.43 (0.92-2.23) 0.117
NPI (<3.5/3.5-5.5/>5.5) 1.42 (1.02-1.99) 0.040
PR status (negative/positive) 0.92 (0.59-1.43) 0.705
Adjuvant chemotherapy (no/yes) 0.94 (0.49-1.79) 0.853
Adjuvant radiotherapy (no/yes) 0.64 (0.38-1.06) 0.085
Nuclear HIF-1a (1) (low/high) 2.04 (1.15-3.62) 0.013

Luminal A

Multivariate analysis

HR (95% CI) P-value

1.64 (1.07-2.51)  0.023

1.98 (1.02-3.83)  0.042

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status,

adjuvant chemotherapy, and adjuvant radiotherapy.
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Similarly, in multivariate logistic regression analysis, nuclear HIF-1a (1) expression was

independent prognostic marker for OS (HR = 2.08, 95% CI: 1.11-3.89, P = 0.022) when

combined with patient’s age in luminal A tumour (Table 7.7).

Table 7.7 Univariate and multivariate analysis for overall survival of nuclear HIF-1a (1) and
clinicopathological characteristics in luminal A tumours (n = 169)

Clinicopathological
characteristics Univariate analysis
HR (95 % CI) P-value
Age (<50/>50) 3.29 (1.20-9.04) 0.020
Size (<20/21-50/>50 mm) 1.37 (0.90-2.09) 0.139
Grade (I/II/I1T) 1.08 (0.76-1.54) 0.658
Lymph node (negative/positive) 1.30 (0.82-2.07) 0.264
NPI (<3.5/3.5-5.5/>5.5) 1.36 (0.95-1.94) 0.092
PR status (negative/positive) 0.95 (0.59-1.51) 0.824
Adjuvant chemotherapy (no/yes)  0.89 (0.44-1.82) 0.766
Adjuvant radiotherapy (no/yes) 0.69 (0.40-1.19) 0.180
Nuclear HIF-1a (1) (low/high) 2.49 (1.34-4.65) 0.003

Luminal A

Multivariate analysis

HR (95% CI) P-value
6.18 (0.84-45.49)  0.074

2.08 (1.11-3.89) 0.022

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status,

adjuvant chemotherapy, and adjuvant radiotherapy.

251



7.3.3 Expression of HIF-1a (2)
7.3.3.1 Immunohistochemistry of HIF-1a (2)

The expression of HIF-1a (2) was analysed in 285 patients from ER-positive cohort. HIF-
la (2) was clearly expressed in the nuclei and cytoplasm of tumour cells. An example of
immunostaining of low and high expression of HIF-1a (2) is shown in Figure 7.4A. The
histoscore for cytoplasmic expression of HIF-1a (2) ranged from 0 to 300 with a mean score
of 127.42, and the histoscore for nuclear expression of HIF-1a (2) ranged from 0 to 260 with
a mean score of 216.33 and data were relatively normally distributed as shown in histogram
plot (Figure 7.4B). There was good correlation between observers with an ICCC score of

0.996 for cytoplasmic and 0.910 nuclear HIF-1a (2).
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Figure 7.4 Representative immunohistochemical images and scoring distribution for HIF-1a (2).

Representative images of weak and strong cytoplasmic and nuclear staining of HIF-1a. (2) [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and nuclear tumour HIF-1o (2)
expression and distribution pattern of data [B].
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7.3.4 Expression of HIF-2a

7.3.4.1 Immunohistochemistry of HIF-2a

The expression of HIF-2a was analysed in 281 (99%) of the patients from the ER-positive
cohort (n = 285). In 4 (1%) patients, there was a tissue core missing and so HIF-2a staining
could not be carried out, and they were excluded from the analysis. HIF-2a was clearly
expressed in the nuclei and cytoplasm of tumour cells (Figure 7.5A). Histograms showing
the distribution of histoscores for cytoplasmic HIF-2a ranged from 0 to 290 with a mean
score of 219.33 and for nuclear ranged from 0 to 215 with a mean score of 143.53 and data
were relatively normally distributed as shown in histogram plot (Figure 7.5B). A correlation
coefficient of 0.773 and 0.792 for cytoplasmic and nuclear HIF-2a, respectively, was
obtained between two observers. The threshold values were obtained from previous cohort
in order to subdivide the HIF-2a into low and high expression. The optimal threshold
determined was 113 and 173 for cytoplasmic and nuclear HIF-2a expression, respectively.
Based on R threshold, low cytoplasmic HIF-2a expression of malignant cell was only
observed in 45 (16%) and high cytoplasmic protein was 236 (84%). Low nuclear HIF-2a
expression was detected in 37 (13%), and 244 patients (87%) with high protein expression.
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Figure 7.5 Representative immunohistochemical images and scoring distribution for HIF-2a.

Representative images of weak and strong cytoplasmic and nuclear staining of HIF-2a. [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and nuclear tumour HIF-2a
expression and distribution pattern of data [B].
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7.3.4.2 Association of HIF-2a with clinical outcome in ER-positive patients

Survival analyses by the Kaplan-Meier method were compared by log-rank test.
Cytoplasmic HIF-2a expression was not associated with ER-positive patient survival in term
of RFS (P = 0.239), DFS (P = 0.554), and OS (P = 0.949) (Figure 7.6A, C, E). Similarly,
nuclear HIF-2a expression failed to demonstrate any association with RFS (P = 0.469), DFS
(P =0.923), and OS (P = 0.561) in ER-positive breast cancer patients (Figure 7.6B, D, F).

Because there was no survival end point significant, HIF-2a was not be investigated further.
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Figure 7.6 Expression of HIF-2a and clinical outcome in the entire ER-positive breast cancer.

Kaplan-Meier curves showing associations between cytoplasmic and nuclear HIF-2o. with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].
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7.3.5 Expression of CAIX
7.3.5.1 Immunohistochemistry of CAIX

Of the 285 patients, 31 (11%) had a tissue core missing and so CAIX staining could not be
carried out, and they were excluded from the analysis. Therefore, the expression of CAIX
was assessed in 254 patients. CAIX was clearly expressed in the cytoplasm and membrane
of tumour cells (Figure 7.7A). Weighted Histoscores for cytoplasmic CAIX expression
ranged from 0 to 220 with a mean score of 19.57, and for membranous scores ranged from
0 to 145 with a mean score of 5.98. A histogram was plotted to visualise the range of scores
and data showed a positively skewed pattern (Figure 7.7B). An ICCC of 0.889 for
cytoplasmic and 0.840 for membranous CAIX was obtained between observers’ scores.
Using threshold values obtained from previous cohort (18 for cytoplasmic and 30 for
membranous CAIX), 71 patients had high cytoplasmic expression and 183 patients had low
cytoplasmic expression. 15 patients had high membranous expression and 239 patients had

low membranous expression.
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Figure 7.7 Representative immunohistochemical images and scoring distribution for CAIX.

Representative images of weak and strong cytoplasmic and membranous staining of CAIX [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and membranous tumour CAILX
expression and distribution pattern of data [B].
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7.3.5.2 Association of CAIX with clinical outcome in patients with ER-
positive breast cancer

To determine whether CAIX expression was significantly associated with clinical outcome,
Kaplan-Meier survival curves for cytoplasmic and membranous expression of CAIX were
plotted and low and high expression were compared using the log-rank test. Univariate
survival analysis for the entire group of patients showed association between cytoplasmic
CAIX and RFS (P = 0.014), DFS (P = 0.008), however, no association was observed with
OS (P =0.118) as shown in Figure 7.8 (A, C, E). In contrast, no correlation was found with
membranous CAIX protein and any clinical outcomes including RFS (P = 0.379), DFS (P =
0.612), and OS (P = 0.344) (Figure 7.8B, D F). The 10-year DFS of patients with high
cytoplasmic CAIX expression compared with patients with low cytoplasmic CAIX
expression was significant (P = 0.012) and 10-year OS showed borderline significant (P =

0.055) (Table 7.2).
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Figure 7.8 Expression of CAIX and clinical outcome in the entire ER-positive breast cancer.

Kaplan-Meier curves showing associations between cytoplasmic and membranous CALX with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].
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In term of RFS, cytoplasmic CAIX has prognostic value. When entered into multivariate

analysis, cytoplasmic CAIX retained an independent prognostic marker (HR = 2.09, 95%

CI: 1.17-3.75, P = 0.013) when combined with tumour size, grade, lymph node status, NPI,

PR status, Ki67, and molecular subtype in the entire cohort (Table 7.8).

Table 7.8 Univariate and multivariate analysis for recurrence free survival of cytoplasmic CAIX and
clinicopathological characteristics in the entire ER-positive cohort (n = 285)

Cytoplasmic CAIX

Clinicopathological
characteristics

Age (<50/>50)

Size (<20/21-50/>50 mm)

Grade (I/II/11T)

Lymph node (negative/positive)

NPI (<3.5/3.5-5.5/>5.5)

PR (negative/positive)

Her-2 (negative/positive)

Ki67 (proliferative index) (low/high)
Molecular subtype (lum A/lum B)

Adjuvant chemotherapy (no/yes)

Adjuvant radiotherapy (no/yes)
Cytoplasmic CAIX (low/high)

Univariate analysis

HR (95% CI)
1.02 (0.58-1.79)
2.29 (1.59-3.29)
1.72 (1.24-2.39)
2.87 (1.71-4.81)
2.63 (1.84-3.76)
0.64 (0.41-0.99)
1.28 (0.56-2.95)
2.37 (1.46-3.86)
2.29 (1.42-3.69)

1.21 (0.73-1.99)

0.95 (0.59-1.52)
1.79 (1.12-2.86)

P-value

0.943

<0.001

0.001

<0.001

<0.001

0.043

0.558

0.001

0.001

0.466

0.838
0.014

Multivariate analysis

HR (95% CI)

2.56 (1.52-4.29)
1.04 (0.61-1.78)
2.14 (1.14-4.03)
1.19 (0.66-2.14)

0.71 (0.40-1.24)

1.85 (1.04-3.28)

1.10 (0.24-5.04)

2.09 (1.17-3.75)

P-value

<0.001

0.875

0.019

0.564

0.225

0.036

0.898

0.013

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-
2 status, Ki67, molecular subtype, adjuvant chemotherapy, and adjuvant radiotherapy.
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Similar to RFS, when entered into multivariate analysis, cytoplasmic CAIX was an

independent prognostic marker for DFS (HR = 1.74, 95% CI: 1.08-2.82, P = 0.023) when

combined with tumour size, lymph node status, NPI, Ki67, and molecular subtype in the

entire cohort (Table 7.9).

Table 7.9 Univariate and multivariate analysis for disease-free survival of cytoplasmic CAIX and
clinicopathological characteristics in the entire ER-positive cohort (n = 285)
Cytoplasmic CAIX

Clinicopathological
characteristics

Age (<50/>50)

Size (<20/21-50/>50 mm)

Grade (I/II/11T)

Lymph node (negative/positive)

NPI (<3.5/3.5-5.5/>5.5)

PR (negative/positive)

Her-2 (negative/positive)

Ki67 (proliferative index) (low/high)

Molecular subtype (lum A/lum B)
Adjuvant chemotherapy (no/yes)
Adjuvant radiotherapy (no/yes)

Cytoplasmic CAIX (low/high)

Univariate analysis

HR (95% CI)

1.57 (0.93-2.65)
1.65 (1.24-2.21)
1.25 (0.99-1.59)
1.69 (1.19-2.40)
1.63 (1.27-2.09)
0.78 (0.56-1.09)
0.86 (0.42-1.76)
1.83 (1.24-2.70)

1.69 (1.16-2.46)

0.99 (0.65-1.51)
0.78 (0.54-1.13)

1.64 (1.14-2.37)

P-value

0.089

0.001

0.066

0.004

<0.001

0.152

0.682

0.002

0.007

0.964
0.189

0.008

Multivariate analysis

HR (95% CI)

1.84 (1.25-2.69)

1.40 (0.91-2.15)

1.07 (0.69-1.64)

1.65 (1.06-2.57)

1.03 (0.24-4.39)

1.74 (1.08-2.82)

P-value

0.002

0.123

0.759

0.026

0.974

0.023

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-
2 status, Ki67, Molecular subtype, adjuvant chemotherapy, and adjuvant radiotherapy.
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7.3.5.3 Associations between cytoplasmic CAIX expression and
clinicopathological characteristics of ER-positive patients

A significant association was found between high cytoplasmic CAIX expression in tumour

cells and patient’s age (P = 0.027) using Chi-square test as shown in Table 7.10.

Table 7.10 Association between cytoplasmic CAIX expression and clinicopathological characteristics in
the entire ER-positive cohort (n = 285)

Clinicopathological Cytoplasmic CAIX
characteristics
Low High P-value
n =183 (72%) n="71(28%)

Age (<50/>50 years) 27(15)/156(85) 19(27)/51(73) 0.027
Tumour size (<20/21-50/>50 mm) 78(44)/90(51)/8(5) 36(55)/26(39)/4(6) 0.304
Grade (I/11/11I) 33(18)/96(54)/51(28) 18(28)/28(43)/19(29) 0.403
Lymph node (negative/positive) 81(47)/93(53) 30(48)/33(52) 0.884
NPI (<3.5/3.5-5.5/>5.5) 52(32)/79(48)/34(20) 19(35)/26(47)/10(18) 0.886
PR status (negative/positive) 66(37)/112(63) 28(41)/40(59) 0.555
Her-2 status (negative/positive) 172(95)/10(5) 63(90)/7(10) 0.218
Ki67 (proliferative index) (low/high) 120(76)/38(24) 45(71)/18(29) 0.489
Molecular subtype (lum A/lum B) 114(72)/44(28) 42(67)/21(33) 0.422
Adjuvant chemotherapy (no/yes) 141(78)/41(22) 52(73)/19(27) 0.481
Adjuvant radiotherapy (no/yes) 129(71)54(29) 52(73)/19(27) 0.663

Chi-squared table of associations for cytoplasmic CALX expression and clinical prognostic factors including
age, tumour size, grade, lymph node, NPI, PR status, Her-2 status, Ki67, molecular subtype, adjuvant
chemotherapy, and adjuvant radiotherapy.

7.3.5.4 Expression of CAIX and clinical outcome in different luminal
subtypes

In order to determine whether CAIX expression was associated with clinical outcome in
specific ER-positive subtype, the cohort was subdivided into luminal A and luminal B
tumours. Kaplan-Meier survival curves were constructed, and the log-rank test was used to
assess any differences in survival time between CAIX levels. Univariate survival analysis

revealed that high levels of cytoplasmic CAIX were correlated strongly with shortened RFS

261



(P =0.018), DFS (P = 0.001) and OS (P = 0.003) in patients with luminal B but not with
luminal A disease (P = 0.586, 0.814, 0.494, respectively) as shown in Figure 7.9 (A-F).
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Figure 7.9 Expression of cytoplasmic CAIX and survival in ER-positive breast cancer subtypes.

Kaplan-Meier curves showing associations between cytoplasmic CAIX expression and patients’ survival in
luminal A disease [A, C, E], and in luminal B disease [B, D, F].
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Multivariate analysis suggested that cytoplasmic expression of CAIX was an independent

prognostic marker for RFS (HR =2.57, 95% CI: 1.29-5.12, P = 0.007) when combined with

tumour size in luminal B tumour (Table 7.11).

Table 7.11 Univariate and multivariate analysis for recurrence free survival of cytoplasmic CAIX and

clinicopathological characteristics in luminal B tumours (n = 69)

Clinicopathological
characteristics Univariate analysis
HR (95% CI)  P-value
Age (<50/>50) 1.49 (0.56-3.96)  0.420
Size (<20/21-50/>50 mm) 2.64 (1.41-4.95) | 0.003
Grade (I/11/11I) 1.06 (0.56-1.99)  0.860
Lymph node (negative/positive) 2.21(0.82-5.99) @ 0.117
NPI (<3.5/3.5-5.5/>5.5) 1.83 (0.90-3.71)  0.094
PR status (negative/positive) 0.51 (0.24-1.07) = 0.076
Her-2 status (negative/positive) 0.64 (0.26-1.57)  0.328
Ki67 (proliferative index) (low/high) 1.23 (0.37-4.10)  0.731
Adjuvant chemotherapy (no/yes) 0.66 (0.29-1.46) = 0.301
Adjuvant radiotherapy (no/yes) 1.11 (0.50-2.46)  0.792
Cytoplasmic CAIX (low/high) 2.17(1.12-4.18)  0.018

Luminal B

Multivariate analysis

HR (95% CI)

2.41 (1.31-4.43)

2.57 (1.29-5.12)

P-value

0.005

0.007

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-

2 status, Ki67, adjuvant chemotherapy, and adjuvant radiotherapy.
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Similar to RFS, when entered into multivariate analysis, cytoplasmic CAIX expression was

an independent prognostic marker for DFS (HR =2.75, 95% CI: 1.66-4.55, P<0.001) when

combined with tumour size in luminal B tumour (Table 7.12).

Table 7.12 Univariate and multivariate analysis for disease-free survival of cytoplasmic CAIX and
clinicopathological characteristics in luminal B tumours (n = 69)

Clinicopathological
characteristics

Age (<50/>50)

Size (<20/21-50/>50 mm)

Grade (I/II/11T)

Lymph node (negative/positive)

NPI (<3.5/3.5-5.5/>5.5)

PR status (negative/positive)

Her-2 status (negative/positive)
Ki67 (proliferative index) (low/high)
Adjuvant chemotherapy (no/yes)

Adjuvant radiotherapy (no/yes)

Cytoplasmic CAIX (low/high)

Luminal B

Univariate analysis

HR (95% CI)
1.73 (0.67-4.46)

2.38 (1.34-4.21)
0.95 (0.55-1.63)
2.25 (0.97-5.19)
1.63 (0.90-2.95)
0.73 (0.39-1.37)
0.49 (0.22-1.08)
1.42 (0.50-4.03)
0.67 (0.34-1.33)

1.01 (0.50-2.02)

2.23 (1.38-3.61)

P-value

0.259

0.003

0.847

0.058

0.106

0.324

0.078

0.507

0.256

0.984

0.001

Multivariate analysis

HR (95% CI) P-value

2.26 (1.26-4.06)  0.006

2.75 (1.66-4.55)  <0.001

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-

2 status, Ki67, adjuvant chemotherapy, and adjuvant radiotherapy.
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On multivariate analysis, cytoplasmic CAIX expression was an independent prognostic

marker for OS (HR = 2.28, 95% CI: 1.36-3.84, P = 0.002) when combined with patient’s

age, tumour size and lymph node in luminal B tumours (Table 7.13).

Table 7.13 Univariate and multivariate analysis for overall survival of cytoplasmic CAIX and
clinicopathological characteristics in luminal B tumours (n = 69)

Clinicopathological
characteristics Univariate analysis
HR (95% CI) P-value

Age (<50/>50) 4.86 (1.16-20.27)

Size (<20/21-50/>50 mm) 2.49 (1.38-4.51)  0.003
Grade (I/II/I1T) 0.87 (0.49-1.55)  0.631
Lymph node (negative/positive) 3.21(1.22-8.48)  0.018
NPI (<3.5/3.5-5.5/>5.5) 1.58 (0.85-2.95)  0.148
PR status (negative/positive) 0.93 (0.47-1.82) = 0.826
Her-2 status (negative/positive) 0.67 (0.30-1.48)  0.322
Ki67 (proliferative index) (low/high) ~ 1.12 (0.39-3.20) | 0.826
Adjuvant chemotherapy (no/yes) 0.82 (0.39-1.68)  0.582
Adjuvant radiotherapy (no/yes) 0.79 (0.37-1.67) = 0.533
Cytoplasmic CAIX (low/high) 2.09 (1.27-3.43) = 0.003

Luminal B

Multivariate analysis

HR (95% CI)

P-value

0.030  3.66 (0.86-15.51) 0.078

2.26 (1.26-4.06)

2.75 (1.04-7.25)

2.28 (1.36-3.84)

0.006

0.041

0.002

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, NPI, PR status, Her-

2 status, Ki67, adjuvant chemotherapy, and adjuvant radiotherapy.
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7.3.6 Association between hypoxia regulated proteins in patients
with ER-positive breast cancer

Chi-square analysis was used to examine possible association between markers. There was
a significant association between cytoplasmic HIF-la (1) and membranous CAIX
expression in tumour cells (P = 0.035). Also, there was a significant association between
cytoplasmic and nuclear HIF-1a (1) (P<0.001) and cytoplasmic and membranous CAIX
(P<0.001) (Table 7.14).

Table 7.14 Association between hypoxic markers in ER-positive cohort

Hypoxic markers Nuclear Cytoplasmic Membranous CAIX
HIF-10 (1) CAIX
Cytoplasmic HIF-1a (1) <0.001 0.366 0.035
Nuclear HIF-1a (1) - 0.432 0.071
Cytoplasmic CAIX - - <0.001

Chi-squared table of associations between hypoxic markers including cytoplasmic/nuclear HIF-1a (1), and
cytoplasmic/membranous CAIX.
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7.4 Discussion

It was observed in the previous chapter that high expression of both cytoplasmic HIF-1a (1),
HIF-2a was a poor prognostic biomarker for luminal B tumour, and Her-2 disease,
respectively, and high expression of cytoplasmic CAIX was an unfavourable prognostic
marker for the entire cohort of mixed breast cancer subtype and in luminal B tumour, and
Her-2 disease. Therefore, these hypoxic markers were investigated in ER-positive cohort
with different molecular subtypes (luminal A and luminal B) using pre-defined thresholds

for mixed breast cancer cohort (chapter 6).

In the current study, there were differences in survival associated with nuclear HIF-1a (1)
and cytoplasmic CAIX expression seen between luminal A and luminal B patients. High
expression of HIF-1a (1) in the tumour cells was a consistent significant factor with the
presence of high nuclear HIF-1a (1) retaining independent prognostic significance for DFS
and OS in the entire cohort and in luminal A subtypes. Cytoplasmic CAIX expression was a
consistent independent prognosticator for RFS and DFS in the entire cohort and in luminal
B disease. These differences in the clinical outcomes between luminal A and B types might
reflect difference in the biology between luminal A and luminal B. However, it may also
reflect that luminal B breast cancer subtypes are associated with greater tumour
aggressiveness and with significantly worse prognosis than the luminal A subtypes (15, 409).

Also, luminal B subtypes have high expression of Ki67 (high proliferation rate) (410).

The observation that nuclear HIF-1a (1) is correlated with poor survival may be explained
by its role in inducing therapy resistance. Previous results link HIF-1a to a worse outcome
with tamoxifen resistance in breast cancer patients (328). Recent meta-analysis showed that
HIF-1a overexpression are predictive of poor prognosis in breast cancer patients (357). A
previous study of 187 patients reported an association between HIF-1a expression and
poorer DFS in ER-positive but not ER-negative patients (246). This larger study confirms
the prognostic significance of HIF-1a and shows the independent prognostic value of HIF-
la (1) in ER-positive breast cancer. These findings suggest that the nuclear expression of
HIF-1a (1) may be a hallmark of malignancy and associated with the progression of ER-
positive breast carcinoma. However, further molecular and mechanistic investigations are

needed to fully elucidate the role of HIF-1a protein in ER-positive.

In the present chapter, although cytoplasmic CAIX expression was elevated in
approximately 28% of ER-positive breast cancer patients, this percentage was low and

associated with poor prognosis of luminal B breast cancers. These results are consistent with
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previous studies. Ivanova et al. evaluated breast cancer samples of more than 3000 breast
cancer patients and showed that a high CAIX level was significantly associated with lower
OS in luminal B but not in luminal A (385). Moreover, Generali et al. reported that in breast
cancer patients treated with epirubicin and tamoxifen, CAIX expression was associated with
lower DFS and OS (258). CAIX is functionally involved in diverse aspects of cancer
progression. CAIX is important for hypoxic tumour cell survival by regulating acidification

of the external TME, allowing cancer cells to adapt and metastasise to other tissues (411).

Although membranous CAIX expression in our patients was significantly associated with
cytoplasmic expression of HIF-1a (1), there was no significant association between nuclear
HIF-1a (1) and cytoplasmic CAIX. This absence of an association is consistent with other
reports (307, 386, 387). This further supports that HIF-1a may not be an exclusive candidate
marker for breast cancer. Previous findings have demonstrated that HIF-10 was undetectable
within 5 minutes after re-oxygenation (360), suggesting that CAIX possibly activates
hypoxic condition independently of HIF-1a. Thus, CAIX as a biomarker for hypoxia could
be more suitable as it is more stable and persists longer than HIF-1a. However, there was a
consistent association between cytoplasmic and nuclear HIF-la (1), and between

cytoplasmic and membranous CAIX indicating reliable methodology.

Recently, diagnostic and therapeutic agents targeting HIF-la and CAIX have been
developed (412). Hypoxia-associated biomarkers profiling in advanced breast cancer may
provide additional information for staging, clinical decision, prognosis, and potentially have
an important part in the development of personalized therapeutic drugs. Indeed, HIF-1a
targeting is considered as a novel therapeutic modality for management of breast cancer
patients and improving their prognosis which could be used in combination with currently
used therapies. Many small molecules have been reported as HIF-la inhibitors (194).
Knockdown of HIF-1a expression has been reported to cause complete inhibition of the
hypoxic induction in breast cancer stem cells (238). Also, CAIX is under consideration by
both academic and pharmaceutical entities, as a potential target for intervention in breast
carcinoma (398). Assessment of CAIX in tumours before or during therapy may represent a
more powerful prognostic and predictive biomarker as well as important targets for breast

cancer especially in luminal B which warrants further investigation.

The main limitation of this chapter was the relatively small number of patient samples
analysed limiting the power of the present analysis and so further confirmation of the present

results is required. Compared with CAIX protein which relatively stable (232), the HIF
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proteins undergo a rapid degradation (307), and this may have impacted on the results

obtained.

In conclusion, the data from this chapter show that nuclear HIF-1a (1) was an independent
prognostic factor for DFS and OS in the entire cohort and in luminal A disease, and
cytoplasmic CAIX was an independent prognosticator for both RFS and DFS in the entire
cohort and in the patient subpopulation of luminal B disease. This finding suggests that HIF-
la (1) and CAIX are biomarkers with potentially important therapeutic implications, which
may help clinician to refine the treatment plan including therapeutic options of luminal B

patients.

Taken together these data, coupled with results from previous chapters, suggest patients with
CAIX expressing tumours would be an important prognostic marker in breast cancer
patients. CAIX in particular appears to have prognostic power in ER-positive breast cancer
but what CAIX represents in ER-negative breast cancer particularly TNBC unknown. This

will be further investigated in an independent cohort in the following chapter of this thesis.
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Chapter 8 The role of hypoxic markers in
predicting survival in patients with
triple negative breast cancer
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8.1 Introduction

TNBC is a heterogeneous breast cancer subtype characterized by lack of expression of ER,
PR and Her-2 (13). Most of the TNBCs about 75% are BLBCs; however, not all BLBCs are
TNBCs (413). TNBC accounts for approximately 15-20% of all breast cancer cases (20). It
is often seen in younger and premenopausal women and more frequently in African
American women. It has early relapse, lower OS, and frequent distant metastasis rather than
other breast cancer subtypes (414). The lack of targeted therapies and the poor prognosis of
TNBC patients have contributed to significant efforts to discover potential molecular targets

for the treatment of TNBC patients (136).

Interrogation of TMAs has revealed associations between CAIX overexpression and specific
tumour categories. In breast cancer, the expression levels of CAIX vary depending on the
intrinsic subtype, and they are increased in TNBC compared to other subtypes (235, 248,
264, 265). Neumeister and co-workers reported that elevated CAIX protein was associated
with a BRCA1 mutant signature and loss of BRCA1 function (309). Several studies have
also reported that higher CAIX expression in TNBC patients is associated with adjuvant
chemotherapy and radiotherapy resistance and poorer survival (258, 264, 265). It is
important to develop new treatment regimens and discover potential therapeutic targets to

aid in the development of effective therapies.

It was previously demonstrated that high expression of CAIX was associated with poorer
clinical outcomes within cohort of mixed breast cancer subtype (chapter 6). Therefore, an
independent TNBC cohort was utilised to validate the finding results and to describe the
association of CAIX expression with survival, and clinicopathological characteristics in

TNBC patients.

8.2 Material and methods

8.2.1 Patient cohort

A TNBC cohort was examined, and the characteristics are described in chapter 2. FFPE
tissue was obtained from 207 TNBC patients, who underwent surgery at the Greater
Glasgow and Clyde, between 2011 and 2019. Only invasive ductal TNBC female patients
were included in the study (n = 177) while those with history of neoadjuvant chemotherapy
were excluded (n = 41), thus 136 patients remained for downstream analysis as showed in

chapter 2.
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The follow up for the selected patients ranged from 0-112 months and a median follow up
time was 54 months (range 38.75-68.68 months). There were 112 patients alive at the last
follow up, and median follow up was 63.70 months (range 48.60-73.50 months).
Clinicopathological data including patient’s age, tumour size, grade, lymph node status and

treatment the patient received was available.

8.2.2 TMA slide staining and scanning

IHC analysis was performed with the TMA technique. Stained slides were scanned using
Hamamatsu slide scanner and visualised using NDP serve 3 image viewer platform system

as described previously in chapter 2.

8.2.3 Scoring of CAIX

Cytoplasmic CAIX expression within the tumour cell was scored digitally using QuPath
platform whereas membranous expression was assessed using the weighted Histoscore
method as described in chapter 2. QuPath was unable to accurately score the membrane

CAIX staining, therefore it was assessed using the manual weighted Histoscore method.

8.2.4 Statistical analysis

The threshold value for CAIX determined from the previous Glasgow breast cohort in
chapter 5 was applied in this cohort. Analysis of associations with clinicopathological

characteristics and with survival outcomes was carried out as described in chapter 2.

8.3 Results

8.3.1 Clinicopathological characteristics of TNBC

A total of 136 patients who presented with TNBC were included in the study. Table 8.1
shows clinicopathological characteristics of patients. The majority of patients were over 50
years of age (74%), had tumour size 21-50 (51%), had grade III carcinoma (96%), and had
negative lymph nodes (78%). 92 (68%) patient received adjuvant chemotherapy, 102 (75%)
received adjuvant radiotherapy, and 78 (57%) received both adjuvant chemotherapy and
radiotherapy. 101 (76%) patients had no recurrence, and 33 (24%) patients experienced
recurrences. Of these patients, 3 (2%) had bilateral recurrence. The median follow-up of

survivors was 54 months with 33 cancer-associated deaths and 8 non-cancer deaths.
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Table 8.1 The clinicopathological characteristics of TNBC patients (n = 136)

Clinicopathological characteristics Patients, n (%)
Age (<50/>50 years) 36(26)/100(74)
Size (<20/21-50/>50 mm) 60(45)/68(51)/6(4)
Grade (I/1I/I1T) 0(0)/5(4)/131(96)
Lymph node (negative/positive) 104(78)/30(22)
Adjuvant chemotherapy (no/yes) 44(32)/92(68)
Adjuvant radiotherapy (no/yes) 34(25)/102(75)
Combined adjuvant chemotherapy and radiotherapy (no/yes) 58(43)/78(57)
Alive/cancer death/non-cancer death 95(70)/33(24)/8(6)
No recurrence/recurrence/bilateral 101(76)/30(22)/3(2)

Table showing the number of patients with clinical characteristics and survival outcomes in patients from
TNBC cohort including age, tumour size, grade, lymph node, adjuvant chemotherapy and adjuvant
radiotherapy.
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8.3.2 Expression of CAIX

8.3.2.1 Immunohistochemistry of CAIX

To determine whether CAIX expression at the protein level played a role in TNBC, TMA
comprised of 136 patient tumour samples were stained for CAIX expression. CAIX
expression was detected in the cytoplasm and membrane of tumour cells (Figure 8.1A).
Weighted Histoscores for cytoplasmic expression ranged from 0 to 220 with a mean score
of 19.25, and for membranous scores ranged from 0 to 221.7 with a mean score of 23.57. A
histogram was plotted to visualise the range of scores and data showed a positively skewed
pattern (Figure 8.1B). An ICCC of 0.942 for cytoplasmic and 0.864 for membranous CAIX
was obtained between the 2 estimations. The previously established R threshold levels (18,
30) were applied for cytoplasmic and membranous CAIX analysis, respectively. Low
cytoplasmic CAIX expression was observed in 102 (75%) samples, while 34 (25%) samples
had high cytoplasmic expression. 98 (72%) patients showed low, and 38 (28%) showed high

membranous CAIX expression.
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Figure 8.1 Representative immunohistochemical images and scoring distribution for CAIX.

Representative images of weak and strong cytoplasmic and membranous staining of CAIX [A]. Representative
images of histogram showing the range of scores obtained for cytoplasmic and membranous tumour CAIX
expression and distribution pattern of data [B].
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8.3.2.2 Association of CAIX with clinical outcome in TNBC patients

The prognostic value of CAIX expression levels was evaluated in 136 TNBC cases using
Kaplan-Meier analysis and the log-rank test. TNBC patients that had high cytoplasmic
expression of CAIX had shorter RFS (P = 0.038) while no association was found with DFS
(P =0.407) and OS (P = 0.398) (Figure 8.2A, C, E). In contrast, in membranous cases, there
was no significant association with RFS (P = 0.258), DFS (P = 0.528), and OS (P = 0.580)
(Figure 8.2B, D, F).

Based on text life table analysis, the 10-year RFS of patients with high cytoplasmic CAIX
expression was 68% versus 89% with low cytoplasmic CAIX expression (P = 0.066) as

summarized in Table 8.2.
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Figure 8.2 Expression of CAIX and clinical outcome in TNBC cohort.

Kaplan-Meier curves showing associations between cytoplasmic and membranous CALX with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].

276



Table 8.2 Association between CAIX expression and survival in TNBC patients (n = 136)

Recurrence free survival Disease-free survival Overall survival
(RFS) (DFS) (0S)

Markers Cytoplasmic Membranous Cytoplasmic Membranous Cytoplasmic Membranous

n (%) 10yr-RFS  P-value n (%) 10yr-RFS P-value n (%) 10yr-DFS P-value n (%) 10yr-DFS = P-value n (%) 10yr-OS = P-value n (%)

(SE) (SE) (SE) (SE) (SE)
CAIX 0.038 0.258 0.407 0.528 0.398
Low  71(73) 89(5) 69(71) 86(6) 102(75) 50(6) 98(72) 50(6) 102(75) | 52(6) 98(72)
High 26(27) 68(12) 28(29) 75(11) 34(25) 42(10) 38(28)  44(10) 34(25)  61(11) 38(28)

Table showing the number of patients and associations with survival for CALX marker in TNBC cohort.
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To examine the independent prognostic significance of clinicopathological variables and
markers expression, multivariate analysis was performed. Only variables with significant
(P<0.05) univariate impact were used in the multivariate analysis. Multivariate analysis
showed that cytoplasmic CAIX remained as factor contributing significantly to RFS (HR =
6.59, 95% CI: 1.47-29.58, P = 0.014) for patients with TNBC along with tumour size, and
Klintrup-Mékinen grade (Table 8.3).

Table 8.3 Univariate and multivariate analysis for recurrence free survival of CAIX and
clinicopathological characteristics in TNBC (n = 136)

Clinicopathological Univariate analysis Multivariate analysis
characteristics HR (95%CI) P-value HR (95%CI) P-value
Age (<50/>50years) 4.11 (0.51-33.15) = 0.184 - -

Tumour size (< 20/21-50/>50 mm) 3.49 (1.12-10.89) = 0.032 3.92(0.92-16.62) = 0.064

Grade (I/1I/11I) 0.32 (0.04-2.59) = 0.287 - -
Lymph node (negative/positive) 3.49 (0.93-13.07) 0.063 - -
Lymphatic vessel invasion (no/yes) 1.32 (0.33-5.28) 0.696 - -
Blood vessel invasion (no/yes) 1.32 (0.33-5.28) 0.696 - -
Tumour necrosis (low/high) 0.56 (0.14-2.25) 0.416 - -
Klintrup-Mékinen grade (0/1/2/3) 0.27 (0.09-0.75) = 0.012  0.26 (0.09-0.74)  0.012

Tumour stroma percentage (low/high) 1.52 (0.36-6.35) 0.570 - -

Adjuvant chemotherapy (no/yes) 0.37 (0.09-1.38) 0.137 - -
Adjuvant radiotherapy (no/yes) 0.27 (0.07-1.02) 0.053 - -
Cytoplasmic CAIX (low/high) 3.67 (0.98-13.69) 0.038 6.59(1.47-29.58) 0.014

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, lymphatic vessel
invasion, blood vessel invasion, tumour necrosis, Klintrup-Mikinen grade, tumour stroma percentage,
adjuvant chemotherapy and adjuvant radiotherapy.
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8.3.2.3 Associations between cytoplasmic CAIX expression and
clinicopathological characteristics in TNBC patients

Chi-square analysis was performed in order to determine whether expression of cytoplasmic
CAIX was associated with any clinicopathological characteristics of the patients in TNBC
cohort. Significant association was found between CAIX positivity in tumour cells and

patients who received adjuvant radiotherapy (P<0.001) in Table 8.4.

Table 8.4 Association between cytoplasmic CAIX expression and clinicopathological characteristics in
TNBC cohort (n =136)

Clinicopathological Cytoplasmic CAIX
characteristics Low expression High expression P-value
n =102 (75%) n =34 (25%)

Age (<50/>50 years) 28(27)/74(73) 8(23)/26(77) 0.651
Tumour size (< 20/21-50/>50 mm) 48(48)/47(47)/6(5) 12(36)/21(64)/0(0) 0.652
Grade (I/II/I1I) 0(0)/4(4)/98(96) 1(3)/33(97) 0.793
Lymph node (negative/positive) 78(78)/22(22) 26(77)/8(23) 0.854
Lymphatic vessel invasion (no/yes) 11(11)/88(90) 4(13)/27(87) 0.788
Blood vessel invasion (no/yes) 64(63)/37(37) 26(77)/8(23) 0.152
Tumour necrosis (low/high) 46(46)/54(54) 14(45)/17(55) 0.935
Klintrup-Méikinen grade (0/1/2/3) 13(13)/39(40)/32(33)/14(14)  4(13)/14(47)/9(30)/3(10) ~ 0.541
Tumour stroma percentage (low/high) 69(70)/30(30) 22(71)/9(29) 0.893
Adjuvant chemotherapy (no/yes) 31(30)/71(70) 13(38)/21(62) 0.402
Adjuvant radiotherapy (no/yes) 18(18)/84(82) 16(47)/18(53) <0.001

Chi-squared table of associations for cytoplasmic CALX expression and clinical prognostic factors including
age, tumour size, grade, lymph node, lymphatic vessel invasion, blood vessel invasion, tumour necrosis,
Klintrup-Mdkinen grade, tumour stroma percentage, adjuvant chemotherapy and adjuvant radiotherapy.
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8.4 Discussion

The findings of the previous chapters suggested a possible prognostic role of CAIX in mixed
breast cancer cases and in ER-positive patients. The results of the present chapter in a small
historical cohort showed that tumour cytoplasmic CAIX expression was independently
associated with RFS in patients with TNBC. If this observation was confirmed in larger
contemporaneous cohorts, then it may that cytoplasmic CAIX expression would be a useful

therapeutic target in patients with TNBC.

Due to the lack of hormonal and Her-2 receptor expression, TNBC often do not respond to
standard breast cancer treatments and have poor prognosis (415-417). Therefore, it is of great
clinical importance to identify new molecular biomarker that could be used for prognosis
and for selecting appropriate therapeutic schedules (418). The overexpression of CAIX in
cancer cells compared to healthy tissues has made it a promising target for cancer therapy
(305, 419). There are several inhibitors of the CAIX being examined in the clinical trials that
show promising results as therapeutic as well as diagnostic agents in solid tumours including
the pancreatic and colorectal cancer (420). It was previously shown that hypoxia could be
specifically linked with TNBC (421). High levels of CAIX expression have been reported
in TNBC (378, 385). Neumeister et al. (309) reported that CAIX was expressed in about
one-fourth of TNBCs and significantly associated with the triple negative phenotype.
Moreover, Lou et al (308) reporting that 51% of BLBCs are CAIX positive by IHC, whereas
only 8% of luminal A, 11% luminal B and 33% of Her-2 tumours are CAIX positive. Tan et
al. (264) showing that BLBCs were nine times more likely to be associated with CAIX
expression. Indeed, TNBC frequently shows morphological features which are characteristic

of hypoxia, such as the presence of fibrotic and necrotic areas (100).

Many researchers have studied CAIX expression in a plethora of human malignancies and
reported that it was associated with poor patient’s outcome, however, the importance of this
protein as prognostic marker, especially in TNBC, has been little examined. It has been
previously reported that hyperactivity of CAIX in TNBC is significantly associated with
worse prognosis (264, 265, 385). However, the absence of correlation of CAIX expression
with survival was reported by other studies (309, 311). This discrepancy between studies
could be explained by different number of patients, variable technique of staining and

different antibody clone which gives diverse results.

There are multiple theories which could explain the association between high CAIX

expression and poor patients’ prognosis in breast cancer. CAIX expression is associated with
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tumour tissue hypoxia and acidosis and its upregulation is a step-in tumour cells adaptation
to survive under hypoxic conditions (422). CAIX is linked to cancer hypoxia and stimulates
cancer cell invasion and metastasis. Cancers with activation of CAIX could be able to
maintain their intracellular but it increased acidification in extracellular space, which leads
to extracellular matrix breakdown which could increase cancer cell’s invasive ability (423,
424). In fact, silencing of CAIX decreased invasiveness and self-renewal capacity under
hypoxic conditions and had a synergistic effect with doxorubicin on reducing the spheroid-
forming efficiency in TNBC cells (385). Additionally, CAIX could influence breast cancer
stem cells growth and survival under hypoxic conditions (425). CAIX may be a surrogate
marker of TNBC and has attracted the attention of the scientific and pharmaceutical
community. Since tumour hypoxia can negatively influence treatment outcome, its targeting
CAIX could be of particular importance in managing this aggressive cancer and improving

patient’s prognosis.

Therapeutically targeting CAIX in hypoxic solid tumours with the particular small-
molecule, SLC-0111 inhibits tumour growth and metastases in preclinical models of breast
tumour (308, 350). SLC-0111 has now entered clinical assessment and has been found to be

well tolerated (426).

The present chapter showed no association between CAIX expression and
clinicopathological characteristics. However, an association with patients who received
radiotherapy was observed. A recent clinical study showing that CAIX overexpression was
significantly associated with poor survival in TNBC patients treated with radiotherapy,

which suggests a correlation between CAIX expression and response to radiotherapy (265).

There are limitations in the present chapter. The present cohort of TNBC was consisted of a
relatively small number of patients (n = 136). Therefore, further studies in large numbers of

patients are required to confirm the present observations.

In conclusion, the results of the present chapter showed independent prognostic role of
cytoplasmic CAIX expression with RFS in TNBC patients. In the following chapter, further
investigation into gene expression profiling associated with cytoplasmic CAIX in ER-
negative breast cancer will be carried out which might result in the identification of new

targeted therapeutics.
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Chapter 9 Differential gene expression
profiles associated with CAIX expression
in patients with ER-negative breast
cancer
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9.1 Introduction

Results from previous chapters have highlighted a prognostics role of cytoplasmic CAIX in
different breast cancer subtypes. Here we aim to unravel any differences in the underlying
transcriptomic signatures associated with high cytoplasmic CAIX expression in ER-negative
disease. A better understanding of the transcriptomic and protein pathways associated with

the CAIX may identify potential therapeutic targets against this aggressive phenotype.

The samples available to use were FFPE, however tissue fixation may result in formaldehyde
modification of RNA leading to degradation and fragmentation during extraction. However,
in the current chapter TempO-Seq, a targeted sequencing technology based on probe
hybridisation (BioSpyder. Tempo-Seq Workflow, BioClavis. TempO-Seq 2020), was
employed as this was developed to overcome the problems associated with the performance

of RNAseq on FFPE cancer specimens.

In recent years, prognosis-based gene signature identification has been of immense interest
for the prediction of outcome or for evaluation of the course of breast cancer (427).
Therefore, in this chapter TempO-Seq was employed to identify DEGs profiles for tumours
with low versus high cytoplasmic CAIX. A small pilot study was carried out, using this
technique, to investigate the difference in transcriptomic signatures between ER-negative
cancers with high compared to those with low tumour cytoplasmic CAIX, and to evaluate

TempO-Seq technology in this setting.

9.2 Materials and methods

9.2.1 Cohort selection

The Glasgow breast cohort was used as this was the cohort for which tissue blocks were
available for cutting of a previously constructed TMA. Only patients with ER-negative
disease (n = 50) were utilised for TempO-Seq analysis. From these 50 samples, 37 had
cytoplasmic CAIX data available, 16 samples had high expression and 21 samples had low
expression (as described in chapter 2). Because of heterogenous population, the 20-lymph
node negative patients’ samples were selected specifically to search for a prognostic

signature in their gene expression profiles.
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9.2.2 Slide preparation

Prior to transfer to BioClavis, tissue sections were cut and fixed as described in chapter 2.
Sections were labelled with the TMA ID only to maintain anonymity while allowing data to

be linked back to the main database.

9.2.3 RNA sequencing using TempO-Seq®

RNA sequencing was carried out at BioClavis using the protocol described in chapter 2.

9.2.4 Data pre-processing

Raw sequencing data in form of FASTQ files were initially analysed and aligned with human
whole transcriptome by BioClavis using the TempO-Seq data analysis program (BioSpyder
Technologies, Inc., Carlsbad, CA, United States).

9.2.5 Differential expression analysis and clustering

Prior to performing differential expression analysis, the mean gene count was calculated
where multiple probes were used to detect a single gene. The finalised gene count matrix,
therefore, had a single gene count value for each gene per patient sample. Next, the raw read
counts were normalised using DESeq2, which divided the number of reads per gene by the
geometric mean of the gene across all samples. DEGs were identified using R Studio Team
(2020) (RStudio: Integrated Development for R. RStudio, PBC, Boston, MA). The targeted
RNA sequencing methods focused on assessment of DEGs between tumours with high and
low cytoplasmic CAIX expression. Differential expression analysis was visualised using
volcano plots and MA plots. Significance was set to the adjusted P-value (padj) <0.10 and
log2 fold change (log2 FC) of either >1 or <-1. Cluster analysis was then used to group the
DEGs into clusters based on the similarity in their expression profiles using R Studio.
Principal component analysis (PCA). The heatmap was performed using ComplexHeatmap
in R Studio to visualise the patterns of gene expression for the top 20 most significant DEGs.

The R code used for analysis is shown in appendix.

9.2.6 Gene Ontology and pathway enrichment analyses

To determine functional enrichment analysis, the search tool for the retrieval of interacting

genes (STRING) version 11.5 (295) was used by inputting the gene name of DEGs and
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exporting the results. The DEGs were analysed and categorised into the three categories,

including cellular component, biological process, and molecular function.

STRING database and Gene Ontology (GO) were utilised to identify biological pathways
associated with DEGs in the high cytoplasmic CAIX expression group. The GO is a system
for unification of biology, including cellular component, biological process, and molecular
function (428). For enhanced graphical representation, bar plots and cnet plots were

constructed using GO enrichment analysis.

9.2.7 Protein-protein interaction network construction

A protein-protein interaction (PPI) network was constructed to investigate the
interrelationship of the DEGs and visualised using STRING online database (295) with a
required interaction score of >0.4 (medium confidence), a false discovery rate (FDR) <0.05
and PPI enrichment P-value <0.05 (296). Maximum number of interactors to show the first

shell was limited to no more than 10 interactions.

9.3 Results

9.3.1 ER-negative cohort
9.3.1.1 Clinicopathological characteristics of ER-negative cohort

There was a significant difference in lymph node involvement between specimens with high
and low cytoplasmic CAIX expression (P = 0.023). However, no significant difference
between expression groups in terms of patients age (P = 0.469), tumour size (P = 0.538),

tumour grade (P = 0.660), PR status (P = 0.191), and Her-2 status (P = 0.615) (Table 9.1).
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Table 9.1 Association between cytoplasmic CAIX expression and clinicopathological characteristics in
ER-negative cohort (n = 37)

Clinicopathological Cytoplasmic CAIX
characteristics Low (n=21) High (n=16) P-value
Age (<50/>50) 9(43)/12(57) 5(31)/11(69) 0.469
Size (< 20/21-50/>50 mm) 6(29)/13(62)/2(9) 6(38)/9(56)/1(6) 0.538
Grade (I/II/IIT) 1(5)/5(24)/15(71) 1(6)/2(13)/13(81) 0.660
Lymph node (negative/positive) 8(38)/13(62) 12(75)/4(25) 0.023
PR (negative/positive) 21(100)/0(0) 15(94)/1(6) 0.191
Her-2 (negative/positive) 16(76)/5(24) 11(69)/5(31) 0.615

Chi-squared table of associations for cytoplasmic CALX expression and clinical prognostic factors including
age, tumour size, grade, lymph node, PR status, and Her-2 status.

9.3.1.2 Differentially expressed genes in tumours with high versus low
cytoplasmic CAIX expression

The gene counts and sample sheet files were loaded into R Studio (RStudio, Boston, MA,
USA) and DESeq?2 analysis was performed to generate a table of DEGs relative to the high
or low cytoplasmic CAIX expression groups. Significance was set to padj <0.10 and a log2
FC >+1 or <-1. A total of 18,629 DEGs between low and high expression of cytoplasmic
CAIX were identified. Despite the low sample size, 3 genes were significantly differentially
expressed, named OR8B2, SERHL2, and KRT6A, with padj <0.05 (Table 9.2). An
additional 7 genes were significantly associated with high tumour CAIX when significance
was defined as P<0.10, namely MMP7, SPINKS, TMEM150C, CEACAM6, MUCLI,
PITX2, and GALNT®6 as shown in volcano plot and MA plot which were constructed using
ggplot in R Studio (RStudio, Boston, MA, USA) (Figure 9.1A, B, respectively). In view of
the small sample size, all 10 of these genes were felt to be of interest. Three genes were
down-regulated in high CAIX tumours while the other 7 genes were up-regulated (Table
9.2).
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Table 9.2 The top 20 differential expression genes comparing high and low cytoplasmic CAIX
expression in ER-negative cohort

Gene name

OR&B2

SERHL2

KRT6A

MMP7

SPINKS

TMEMI150C

CEACAMG6

MUCL1

PITX2

GALNT6

ACTA2

ORS51B2

ACTG2

NPRL2

ZNF620

FGFR4

DUSP4

PRR15

FAMIS1A

PALM2-AKAP2

Gene description

Olfactory receptor family 8 subfamily B member 2
Serine hydrolase-like protein 2
Keratin 6A
Matrix metalloproteinase 7
Serine peptidase inhibitor kazal type 8
Transmembrane protein 150C
Carcinoembryonic antigen cell adhesion molecule 6
Mucin like 1
Paired like homeodomain 2
Polypeptide N-Acetyl galactosaminyl transferase 6
Actin alpha 2, smooth muscle
Olfactory receptor family 51 subfamily B member 2
Actin gamma 2 smooth muscle
NPR?2 like, gator] complex subunit
Zinc finger protein 620
Fibroblast growth factor receptor 4
Dual specificity phosphatase 4
Proline rich 15
Family with sequence similarity 151 member A

Ficolin 2

log2
Fold change

-18.52133276
4.512067996
-3.864480196
-2.396251083
4.56278643
3.057561702
5.048945946
3.943601762
5.377563312
2.404459373
-1.819614515
5.273790568
-2.656233588
0.86487402
4.830953325
2.66290296
1.638628628
2.129102068
6.610181692

-1.157764709

Adjusted
P-value

8.14221E-06
1.33351E-05
0.000133005
0.051437738
0.051437738
0.056140876
0.087775933
0.087775933
0.087775933
0.088597392
0.163515345
0.199261887
0.199261887
0.201298362
0.231360705
0.231360705
0.231360705
0.231360705
0.231360705

0.231360705

Note: The top 20 Genes are arranged in the order of adjusted P-value regardless of adjusted log2 FC. Padj

<0.10 are highlighted in bold. Gene names are taken from www.genecards.org.
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Figure 9.1 Differential gene expression analysis on the full cohort relative to CAIX group.

The volcano plot describes log2 FC in the X-axis and logarithmic adjusted P-value in the Y-axis. The lines
parallel to the Y-axis represent a value of FC = 1. The line parallel to the X-axis represents a value of padj =
0.10. A gene was identified as significantly changed if the FC was greater than 1 (up or down) and the padj
was less than 0.10 [A]. MA plot depicts the logarithmic scale of the FCs in the Y-axis, and the count mean
expression in the X-axis [B]. Red dots illustrate upregulated genes, and blue dots represent downregulated
genes. Gene counts were obtained from full transcriptome sequencing performed by TempO-Seq in a subset of
ER-negative cohort. Plots were constructed by Dr Gerard Lynch.
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9.3.1.3 Cluster analysis of tumour with high versus low expression of
cytoplasmic CAIX

PCA plot was generated to determine whether samples in each group (high versus low
cytoplasmic CAIX expression) clustered with each other or other groups. Principal
component 1 (PC1) and principal component 2 (PC2) were identified by variance stabilizing
transformation in DESeq2. The percentage of variance indicates how much variance was
explained by PC1 and PC2. 35 patients were included in analysis after excluding 2 outliers.
There was potential clustering of gene expression observed between CAIX groups with not
much difference between low and high groups when PCA was performed (Figure 9.2A). A
scree plot displays how much variation each principal component captures from the data.
The plot in Figure 9.2B, suggesting that PC1 and PC2 be used to capture the variability in
the data.
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Figure 9.2 Principal component analysis scatter plots and scree plots for ER-negative cohort.

PCA plots of DEGs identified between tumour with high (blue) and low (red) expression of cytoplasmic CAIX.
Two outliers were excluded from the plot [A]. A scree plot of the PC against percentage of variation. The X-
axis displays the PC, and the Y-axis shows percentage of variance explained [B]. Gene counts were obtained
from full transcriptome sequencing performed by TempO-Seq in a subset of the ER-negative cohort. Plots were
constructed by Dr Gerard Lynch.
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The heatmap of normalised expression values across samples was performed using
ComplexHeatmap in R Studio (RStudio, Boston, MA, USA) to visualise the patterns of gene
expression for the top 20 most significantly DEGs (Figure 9.3). Expressional status of
cytoplasmic CAIX is shown with colour bars at the top of the heatmap. Each row represents
a single gene, and each column represents a tumour sample. As shown in the colour bar,
orange indicates up-regulation and purple represents down-regulation. There was clear
pattern in the gene expression profile between tumours with high and low CAIX expression

when only the top 20 DEGs were considered.
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Figure 9.3 Heatmap of gene expression data from microarray analysis in ER-negative cohort.

Heatmap of the top 20 DEGs of cytoplasmic CALX expression groups. Each row represents a single gene and
each column represent a tumour sample. The scale bar shows the relative gene expression levels corresponding
to the colours in the heatmap. As shown in the colour bar, orange indicates up-regulation and purple represent
down-regulation. Plot was constructed by Phimmada Hatthakarnkul.
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9.3.1.4 Enrichment analyses of differential expression genes

The DEGs were analysed using STRING to provide information for ten DEGs which were
categorised into the three categories, including cellular component, biological process, and
molecular function. STRING database demonstrated that cell component enrichment
analysis of DEGs mainly located in the extracellular region, and Golgi lumen/apparatus

(Table 9.3).

Table 9.3 Functional enrichments for cellular components

Cellular component Matched proteins FDR
Golgi lumen MUCL1 0.00015
Golgi apparatus MUCL1, GALNT6 0.0092
Extracellular space MMP7, KRT6A, CEACAM6 0.0377
Extracellular region SPINKSE, MMP7, MUCL1, KRT6A, CEACAMG6 0.0051

The functional enrichments regarding biological process are shown in Table 9.4. The up-
regulated genes, PITX2 is associated with odontogenesis, cell migration, tissue
development, and anatomical structure morphogenesis, and CEACAMBS6 is associated with
cell migration, and cell adhesion. However, the down-regulated genes, MMP7 is associated
with extracellular matrix organization, and KRT6A gene is associated with tissue

development, and anatomical structure morphogenesis.

Table 9.4 Functional enrichments for biological process

Biological process Matched proteins FDR
Odontogenesis PITX2 0.0171
Extracellular matrix organization MMP7 0.0090
Cell migration CEACAMBS6, PITX2 0.0385
Cell adhesion CEACAMG6 0.0385
Tissue development PITX2, KRT6A 0.0090
Anatomical structure morphogenesis PITX2, KRT6A 0.0090
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The functional enrichments regarding molecular function are shown in Table 9.5. The down-

regulated gene, MMP7 is associated with glycosaminoglycan binding.

Table 9.5 Functional enrichments for molecular function
Molecular function Matched proteins FDR

Glycosaminoglycan binding MMP7 0.0204

9.3.1.5 Protein-protein interaction network construction

PPI of ten DEGs, OR8B2, SERHL2, KRT6A, MMP7, SPINKS, TMEM150C, CEACAMS6,
MUCLI, PITX2, and GALNT6 was analysed based on STRING online database. Within a
PPI network, only 2 of the 10 genes analysed could be linked. There was significant
interaction between MUCL1 and GALNT®6 proteins. However, there were 8 proteins that
did not have interactions with other proteins (Figure 9.4A). A total of 10 proteins were added
to show a network around the input proteins and showed 20 nodes and 42 edges, with the
PPI enrichment P-value of 1.12¢-06. MMP7, PITX2, and CEACAMS6 were demonstrated to
interact with their partner proteins which were added from the STRING database (Figure
9.4B). Each node represents a gene, the edges indicate the interaction between nodes, and
each colour represents their response molecular function. However, there were three white

nodes as unidentified functions based on the STRING online database.
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Figure 9.4 String map of differential expression genes in ER-negative cohort.

String interaction network diagram showing relationships between the DEGs from whole transcriptome analysis on a subset of the ER-negative cohort. PPI network analysis for ten
proteins [A], PPI network analysis for extra added 10 proteins [B].
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9.3.1.6 Pathway enrichment analyses

To determine biological pathways associated with DEGs in the high cytoplasmic CAIX
expression group, the STRING online database was used. The down-regulated MMP7 gene
was linked with KEGG pathway. Besides MMP7, CEACAM6 and MUCL1 were linked with
Reactome pathway (Table 9.6).

Table 9.6 Pathway’s enrichment analysis

Pathway enrichment Matching proteins FDR
WNT signalling pathway (KEGG) MMP7 0.0332
Extracellular matrix organization (Reactome) MMP7, CEACAMG6 6.51e-05
Degradation of extracellular matrix (Reactome) MMP7 4.78e-05
Disease of glycosylation (Reactome) MUCL1 0.0476

GO was also performed on the top 10 significant genes to view the biological pathways
linked with DEGs in the high cytoplasmic CAIX expression group. The genes were selected
from the GO analysis data using their Entrez ID with a P-value <0.1 was set as the threshold

criterion. Gene enrichment analysis is shown in Table 9.7.

Table 9.7 Top 10 set of genes in the dataset

Gene name Entrez ID
OR8&B2 26595
SERHL2 253190
KRT6A 3853
MMP7 4316
SPINKS 646424
TMEM150C 441027
CEACAM6 4680
MUCLI1 118430
PITX2 5308
GALNT6 11226
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A bar plot of top 10 DEGs was constructed for cytoplasmic CAIX to demonstrate the
differences in gene expression. A total of 10 pathways were enriched by the target genes,
including O-glycan processing, cellular response to mechanical stimulus, protein O-linked
glycosylation, response to mechanical stimulus, cardiac neural crest cell differentiation
involved in heart development, adenohypophysis development, estrous cycle, left/right axis
specification, and protein glycosylation (Figure 9.5). In the GO pathway enrichment
analysis, gene sets associated with cellular response to mechanical stimulus and protein
glycosylation signalling appeared to be the most enriched pathways with the largest number

of significantly enriched genes.
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Figure 9.5 Genomes signalling pathway enrichment of target genes.

Bar plot diagram to demonstrate pathway analysis outcomes of DEGs. The X-axis indicates enrichment
scores (P-value) of the significant enrichment genes, and the Y-axis indicates the pathway term name. Plot
was constructed by Molly McKenzie.

The bar plot only displayed most significant or selected enriched terms. However, to
investigate the enriched genes with the corresponding enriched pathways a cnet plot was
constructed. As shown in Figure 9.6, five proteins including PITX2, TMEM150C, MMP7,
GALNT6 and MUCLI are the only ones that are associated with significantly enriched gene
sets, and the other 5 proteins are less significant. MUCL1 and GALNT6 genes associated
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with protein O-linked glycosylation, and O-glycan processing pathways. MMP7 and

TMEMI150C genes associated with cellular response to mechanical stimulus pathway.

PITX2 gene associated with cardiac neural crest cell development involved in heart
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Figure 9.6 Enrichment cnet plot for differential expression genes.

n involved in heart development

Cnet plot depicts relationships of enriched genes with the corresponding enriched pathways. Relationships as
a network diagram with associated data to colour nodes. Plot was constructed by Molly McKenzie.
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9.3.2 Node negative group

Because cytoplasmic CAIX was negatively associated with lymph node involvement (P =
0.023), sub-analysis of node negative subset of ER-negative breast cancer cohort was used

to establish biological processes, and key pathways related to cytoplasmic CAIX expression.

9.3.2.1 Differentially expressed genes in tumour with high versus low
expression of cytoplasmic CAIX

In order to look at a more homogenous group of specimens and to identify if cytoplasmic
CAIX was important in lymph node negative disease, analysis of transcriptomic data was
performed relative to lymph node negative groups using DESeq 2 package. DEGs were
considered significant with padj of <0.10 and log2 FC >+1 or <-1. A total 18,170 DEGs
between low and high expression of cytoplasmic CAIX were identified. 3 genes were
significantly differentially expressed, PCSK1N, SERHL2, and SPNS2 (Table 9.8). Two
genes were up-regulated in high CAIX tumours while one gene was down-regulated as
shown in volcano plot and MA plot which were constructed using ggplot in R Studio

(RStudio, Boston, MA, USA) (Figure 9.7A, B, respectively).

Table 9.8 The top 10 differential expression genes comparing high and low cytoplasmic expression of
CAIX in node negative group

Gene name Gene description log2 FC ﬁgj;l;sl:leed

PCSKIN Proprotein convertase subtilisin/kexin type 1 inhibitor = -4.204870921 = 0.019622676
SERHL?2 Serine hydrolase-like protein 2 4.003706191 = 0.019622676
SPNS2 Sphingolipid transporter 2 1.483867408 = 0.057847213
KLHL17 Kelch like family member 17 -3.771946076 = 0.529928807
TMEM150C Transmembrane protein 150c 3.469885701 = 0.529928807
ZNF689 Zinc finger protein 689 1.67546516 = 0.529928807
STK35 Serine/threonine kinase 35 -5.624161304  0.793427612
FLNA Filamin A -1.189853683 = 0.793427612
CANT1 Calcium activated nucleotidase 1 1.104507616 = 0.793427612

PYROXD2 Pyridine nucleotide-disulphide oxidoreductase domain2 1.30757317 = 0.793427612

Note: The top 10 DEGs are arranged in the order of adjusted P-value regardless of adjusted log2 FC. Padj
<0.10 are highlighted in bold. Gene names are taken from www.genecards.org.
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Figure 9.7 Differential gene expression analysis on lymph node negative patients relative to CAIX
group.

The volcano plot describes log2 FC in the X-axis and logarithmic adjusted P-value in the Y-axis. The lines
parallel to the Y-axis represent a value of FC = 1. The line parallel to the X-axis represents a value of padj =
0.10. A gene was identified as significantly changed if the FC was greater than 1 (up or down) and the padj
was less than 0.10 [A]. MA plot depicts the logarithmic scale of the FCs in the Y-axis, and the count mean
expression in the X-axis [B]. Red dots illustrate up-regulated genes, blue dots represent down-regulated genes.
Plots were constructed by Dr Gerard Lynch.
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9.3.2.2 Cluster analysis in tumour with high versus low expression of
cytoplasmic CAIX

PCA plot was performed using DESeq2 to determine whether lymph node negative samples
in each group (high versus low cytoplasmic CAIX expression) clustered with each other or
other groups. 20 patients were included in analysis. PCA revealed no clustering of gene
expression (Figure 9.8A). A scree plot shows how much variation each principal component
captures from the data. The plot in Figure 9.8B, suggesting that PC1 and PC2 be used to

capture the variability in the data.
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Figure 9.8 Principal component analysis scatter plots and scree plots in node negative group.

PCA plots of DEGs identified between tumour with high (blue) and low (red) expression of cytoplasmic CAIX
[A]. A scree plot of the PC against percentage of variation. The X-axis displays the PC, and the Y-axis shows
percentage of variance explained [B]. Plots were constructed by Dr Gerard Lynch.
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Next, a heatmap was constructed to visualise the patterns of the top 20 DEGs amongst node
negative patient samples using ComplexHeatmap in R Studio (RStudio, Boston, MA, USA)
(Figure 9.9). Expressional status of cytoplasmic CAIX is shown with colour bars at the top
of the heatmap. Each row represents a single gene, and each column represents a tumour
sample. As shown in the colour bar, orange indicates up-regulation and purple represents
down-regulation. There was clear pattern in the gene expression profile between tumours

with low expression than those tumours with high expression.
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Figure 9.9 Heatmap of gene expression data from microarray analysis in node negative group.

Heatmap of the top 20 DEGs of cytoplasmic CALX expression groups. Each row represents a single gene and
each column represent a tumour sample. The scale bar shows the relative gene expression levels corresponding
to the colours in the heatmap. As shown in the colour bar, orange indicates up-regulation and purple represents
down-regulation. Plot was constructed by Phimmada Hatthakarnkul.
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9.3.2.3 Enrichment analyses

The DEGs were analysed using STRING online method to provide information for three
DEGs. The DEGs were analysed and categorised into the three categories, including cellular
component, biological process, and molecular function. The functional gene set enrichments
of the cellular component are shown in Table 9.9. These include cytoplasmic vesicle,

secretory granule, and endomembrane system.

Table 9.9 Functional enrichments for cellular components

Cellular component Matched proteins FDR
Cytop SPNS2, SERHL2, PCSKIN 0.00037
lasmic vesicle
Secretory granule PCSKIN 0.0072
Endomembrane system SPNS2, PCSKIN 0.0264

The functional enrichments regarding biological process are shown in Table 9.10. SPNS2 is
associated with G protein-coupled receptor signalling pathway, and sphingosine 1-phosphate

receptor signalling pathway.

Table 9.10 Functional enrichments for biological process

Biological process Matched proteins FDR
G protein-coupled receptor signalling pathway SPNS2, PCSKIN 0.00064
Peptide hormone processing PCSKIN 6.11e-07
Sphingosine 1-phosphate receptor signalling pathway SPNS2 6.80e-07

9.3.2.4 Protein-protein interaction network construction

Protein interactions among the DEGs, including PCSK1N, SERHL2, SPNS2 were predicted
with STRING tools. The results showed no significant interaction between these proteins
within a PPI network as presented in Figure 9.10A. A total of 10 proteins were added to

show a network around the input proteins. A total of 13 nodes and 22 edges were involved
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in the PPI network with the PPI enrichment P-value of 0.0009. SPNS2 showed interaction
with their partner proteins, SphK1, SphK2, and SIPR2 which were added from the STRING
database (Figure 9.10B).
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Figure 9.10 String map of differential expression genes in node negative group.

String interaction network diagram showing relationships between the differentially expressed genes from whole transcriptome analysis on a subset of node negative group. PPI network
analysis for three proteins [A], PPI network analysis for extra added 10 proteins [B].
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9.3.2.5 Pathway enrichment analyses

To determine biological pathways associated with DEGs in the high cytoplasmic CAIX
expression in node negative group, the STRING online database was used. SPNS2 and

PCSKIN genes were linked with Reactome pathway as shown in Table 9.11.

Table 9.11 Pathway’s enrichment analysis

Pathway enrichment Matching proteins FDR
Sphingolipid de novo biosynthesis (Reactome) SPNS2 0.0277
Insulin processing (Reactome) PCSKIN 0.0160

9.3.2.6 Validation of SPNS2 using tissue microarrays

As the node negative data implicated the sphingosine kinase signalling being associated with
hypoxia, the protein level was considered to investigate the effect of sphingosine kinase on
hypoxia pathway. Our lab has performed the IHC test for sphingosine kinase pathway on
ER-negative patients (429). With this dataset, we attempted to investigate the correlation of
this pathway with hypoxia. No significant correlations were observed between sphingosine
kinase pathway and CAIX protein but there was an association between cytoplasmic

sphingosine kinase-1 (SphK1) and cytoplasmic HIF-1a (1) protein (Table 9.12).
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Table 9.12 Association between SphK1, S1P4, CAIX and HIF-1a (2) proteins expression in ER-negative cohort

Markers Membranous Cytoplasmic Nuclear Membranous Cytoplasmic
SphK1 SphK1 SphK1 S1P4 S1P4
Cytoplasmic CAIX 0.575 0.965 0.781 0.320 0.152
Cytoplasmic HIF-1a (1) 0.289 0.017 0.328 0.415 0.992

Chi-squared table of associations between hypoxic markers [cytoplasmic CAIX, and HIF-1o. (1)] and sphingosine kinase markers [membranous, cytoplasmic,
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9.4 Discussion

This exploratory pilot study of 37 ER-negative breast cancer used gene expression profiling
to better understand total changes in gene expression in various endogenous biochemical
processes and during tumour development. In particular, the TempO-Seq platform was used
to identify DEG profiles for tumours with low versus high cytoplasmic CAIX, including

those with node negative disease.

In ER-negative tumours, the majority of DEGs in high expression of cytoplasmic CAIX
were up-regulated, however few of these genes reached statistical significance. 10 significant
genes were identified namely OR8B2, SERHL2, KRT6A, MMP7, SPINKS, TMEM150C,
CEACAMG6, MUCLI, PITX2, and GALNT6 which warrant further investigation. In
contrast, in those patients with node negative disease only 3 genes were significantly
differentially expressed PCSKIN, SERHL2 and SPNS2. Therefore, different genes are
differentially expressed in more advanced disease and that only SERHL2 remained

differentially expressed (log2 FC increase approximately 4) with disease progression.

SERHL2 (Serine hydrolase-like protein 2) belongs to the serine hydrolase family (430).
Suppression of SERHL2 showed moderately increased progression of ductal carcinoma in
situ to invasive breast cancer (431). SERHL2 identified in TNBC for predicting
chemotherapeutic response (432). According to a recent study in the LAR subtype, the most
shortened 3'UTR (3' untranslated region) was SERHL2, which was associated with 4
mRNAs (433). However, from the literature, the present study is the first to document the
association of SERHL2 with cancer hypoxia. Moreover, due to its function and that it is
consistently overexpressed independent of disease ER-a stage, it may prove to be a useful

therapeutic target.

Identification of PPI networks is a crucial step in finding the signal transduction pathways
that interact. In ER-negative patients, the result from the PPI networks of the tumours with
high cytoplasmic CAIX expression demonstrated that two proteins GALNT6 and MUCLI1

had significant interactions with each other.

GALNTG6 (Polypeptide N-acetylgalactosaminyltransferase 6) is an enzyme for O-
glycosylation and its expression is increased in some human cancers including breast cancer
(434). In addition, GALNT6-mediated mucin-type O-glycosylation can increase nuclear
translocation of ERa in breast cancer (435). Previously, it has been suggested that GALNT6
as a marker for breast cancer progression and metastasis (436) by catalysing mucin-type O-
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glycosylation-mediated stabilization of mucin 1 and fibronectin in breast cancer cells (437).
High GALNT6 expression was significantly related to advanced tumour stage and associated
with poor OS in breast cancer (438). Therefore, the present results confirm the association
of GALNT6 with more advanced stage in patients with ER-negative breast cancer and

suggest that hypoxia is a significant driver of GALNT6 expression in these patients.

MUCLI1 (Mucin like 1) is a type of secretory protein, which belongs to the mucin family
(439). It is a breast specific gene which is highly expressed in most breast tumours,
developing an important role in the proliferation of cancer cells (440). Many studies have
shown that MUCL1 expression strongly associates with higher tumour grade (440), TNM
staging and lymph node metastasis (441, 442). MUCLI1 has the potential to enhance
migration and invasion of breast cancer cells via promoting EMT (443), and serve as a
specific marker for hematogenous metastasis of breast cancer (442). High expression of
MUCLI1 was associated with poorer RFS in Her-2 disease (444), and in TNBC (445).
Therefore, the present results confirm the association of MUCL1 with more advanced stage
in patients with ER-negative breast cancer and suggest that hypoxia is a significant driver of
MUCLI1 expression in these patients. To our knowledge, the relationship between such
expression of GALNT6 and MUCL1 and tumour hypoxia in ER-negative breast cancer has
not been previously documented and therefore such work requires confirmation in further

studies.

From the other DEGs input proteins, MMP7, PITX2, and CEACAM6 were demonstrated to
interact with their partner proteins, which were added from the STRING database. Among
these proteins, MMP7 showed a potential link and target for tumour therapy.

MMP7 (Matrix metalloproteinase 7) is a proteolytic enzyme which belongs to the family of
MMP (446). It is recognised to degrade various extracellular matrix (ECM) substrates (447),
and cleave non-ECM proteins, such as E-cadherin and Fas ligand (448). In addition, MMP7
promotes cancer progression by inhibiting the apoptosis of tumour cells (449), reducing cell
adhesion (450), and stimulating angiogenesis (448). With reference to breast cancer, MMP7
was highly expressed in BLBC/TNBC compared with other breast cancer subtypes (451).
Previous studies have suggested that MMP7 expression in breast cancer may be positively
regulated by Her-2 implying that MMP7 might be an important factor in the growth and
metastasis of Her-2 breast cancers (452, 453). Breast cancer patients that developed bone
metastasis were found to have higher levels of circulating MMP7 than patients without such
metastasis (454). Inverse association between MMP7 expression and tumour grade was

reported (455). Associations between MMP7 overexpression and breast cancer prognosis are
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less consistent. Two studies found significant associations with survival (456, 457) but one
study found no association (455). Hypoxia was known to regulate a cohort of genes,
including members of the MMP family and genes that modulate EMT, and thus to promote
cancer migration and invasion (458). Under hypoxic conditions, HIF-1a promotes the
expression of MMP7 and invasion in TNBC (459). The MMP7 mRNA expression in

hepatocellular carcinoma has a significant correlation with HIF-1oo mRNA (460).

PITX2 (Paired like homeodomain 2) is involved in pituitary specific gene regulation and
left-right patterning during embryonic and organogenic development (461). Patients with
aberrant methylation of PITX2 promoter show a significantly higher risk of breast cancer
progression (462). IHC for PITX2 determination showed a significant association between
PITX2 protein and ER/PR expression, indicating that PITX2 may be useful prognostic
markers in invasive breast cancer (463). PITX2 demonstrated a predictive value in
preclinical cancer models (464), tamoxifen treated node negative patients (465), and TNBC
patients (466). However, to date, there have been no reports of investigations of the
prognostic significance of PITX2 expression and cancer hypoxia, and the present study is

the first to document the association of PITX2 with tumour hypoxia.

CEACAMG6 (Carcinoembryonic antigen cell adhesion molecule 6) is a member of
carcinoembryonic antigen family. It has a role in tumorigenesis, disruption of cell polarity
(467). In a cohort study of 840 invasive breast carcinoma and a validation cohort of 300
invasive breast cancers, CEACAM®6 expression was found in 37% patients (468). Poola et
al. reported that overexpression of CEACAMSG is associated with breast cancer progression
(469) which leads to invasion and migration in breast cancer cells (470). Regarding its
expression in metastasis, CEACAMG6 was highly expressed among breast cancer lymph node
metastasis but was not expressed in unaffected lymph nodes or surrounding tissue (471).
Expression of CEACAMBS6 also serves as an indicator of response to therapy in breast cancer.
CEACAMG6 overexpression reflected trastuzumab-resistant Her-2-positive (472), and
tamoxifen-resistance ER-positive breast cancer (473). In a multivariate analysis, high
CEACAMG6 expression was an independent predictor of breast cancer recurrence (474).
Antibody studies have revealed possible therapeutic potential of CEACAMG in breast cancer
(475). However, the association of CEACAMG6 with tumour hypoxia is yet to be explained,
and the present study is the first to document the association of CEACAMG6 with cancer
hypoxia.

Taken together the present results on MMP7, PITX2, and CEACAMG6 suggest a variety of

interactions and association among these proteins that influence breast cancer progression.
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For example, the STRING database demonstrated that cell component enrichment analysis
showed that MMP7 was located in extracellular space and associated with
glycosaminoglycan binding, which are essential for tumour metastasis (476). MMP7 was
significantly enriched in three pathways, including WNT signalling pathway, ECM
organization, and degradation of ECM which are known to be directly involved in breast
cancer progression (477, 478). This result was consistent with the report from previous
studies. TNBC patients displaying dysregulated WNT/B-catenin signalling is more likely to
develop lung and brain secondary metastases with high expression of MMP7, a
transcriptional target of WNT pathway (479). Furthermore, Han and colleagues have
proposed that a FOXCI-WNT5A-MMP7 signalling axis plays an essential role in the
migration, invasion, and distant metastasis of TNBC cells (480). Furthermore, this result has
identified CEACAMS6 as a critical gene in the regulation of cell adhesion and in cell
migration. CEACAMG6 has been found to be associated with migration, invasion and
adhesion (470), steps which are important in the metastasis to secondary tissue sites other
than lymph nodes (481). Indeed, anti-adhesive molecules that disrupt cell-matrix and cell-
cell adhesion have been proposed as potential cancer therapeutics based on their ability to

interfere with motility, adhesion, and metastatic progression (475).

Clinically, nodal status remains an important prognostic factor and therefore, gene
expression analysis was compared between the whole cohort and those patients who were
node negative. With reference to the node negative tumours, STRING online method
demonstrated no significant interaction between expressed proteins. SPNS2 showed
interaction with their partner proteins which were added from the STRING database
including SphK1, SphK2, and SIPR2. These results suggest a variety of interactions and

association among these proteins that influence breast cancer progression.

SPNS2 (Sphingolipid transporter 2) encodes for SPNS2, a member of the major facilitator
superfamily, regulates sphingosine 1-phosphate (S1P) release and modulates S1P activity as
an S1P transporter (482). SIP is a lipid mediator derived from sphingosine and is catalysed
by two sphingosine kinases (SphKland SphK?2) (483). The S1P formed by these enzymes
can either be exported from the cells (through transporter proteins such as SPNS2) and act
as a ligand on a family of five S1P-specific G protein coupled receptors (S1P1-5) (484) or
can bind to specific intracellular target proteins (485). S1P has been implicated as a tumour-
derived factor that stimulates both angiogenesis and lymphangiogenesis in breast cancer
(486). High S1P expression by tumour was associated with lymph node metastasis (487),

indicating that SIP enhances cancer metastasis by affecting TME in human breast cancer.
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Evidence is accumulating to support a role for SphK1 in human cancers including breast
cancer (488). Studies revealed that SphK1 mRNA expression was higher in TNBC cells and
enhanced metastasis, and invasion compared to non-TNBC cell lines (489, 490).
Furthermore, SphK1 expression had a role in breast cancer cells' survival. High expression
of SphK1 in ER-positive breast cancer was associated reduced patient survival (491, 492)
and increased resistance to tamoxifen (493, 494). Silencing of SphK1 enhanced cytotoxic
effects of fluorouracil and doxorubicin in TNBC cells (495). S1P receptors are also involved
in cancer progression. It stimulates the proliferation of ER-positive and ER-negative breast
cancer cells (496). High expression of S1P1 or S1P3 by ER-positive breast cancer cells
correlated with poor prognosis (494). SPNS2 showed a promoting effect in the genesis,
apoptosis and migration of cancer, through S1P/SIPRs pathways activating downstream

signalling such as STAT3, AKT, ERK, Ras and Rac (497).

In this chapter, the STRING online method showed SPNS2 mainly located in the
cytoplasmic vesicle and endomembrane system and associated with G protein-coupled
receptor signalling pathway, SI1PR signalling pathway, and sphingolipid de novo
biosynthesis pathway. A similar conclusion has also been reported previously. S1P released
from cells functions to stimulate a family of G protein-coupled receptors, the S1P receptors
(S1P1-5) (484). In ER-negative breast cancer cells, SIP binding to S1P4 stimulates
activation of ERK1/2 pathway and correlated with poor prognosis (429), and this is
depending on Her-2 (498). ER-positive breast cancer cells responded to S1P via S1P3 to co-
ordinately regulate EGFR localization and signalling (499). Functionally, SphK1 was
exhibited to regulate the levels of notch signalling target gene Hesl via S1P3-mediated up-
regulation of notch intracellular domain (495). Migration of ER-negative breast cancer cells
involves S1P derived from both SphK1 and SphK2 (500). Inhibition of SphK1 results in cell
death in human breast cancer cells (488), indicating that tumour SphK 1/S1P signalling plays
vital roles in growth/proliferation. However, such data is hard to interpret and therefore it is
important to validate at protein level. SPNS2 was validated by IHC via our lab (429). For a
given gene at protein level, a statistically significant correlation between HIF-1a (1) and
cytoplasmic SphK1 expressions was observed in node negative group (P = 0.017). In line
with this chapter result, the previous in vitro experiments (501), suggested that SphK1 has
been identified as a key mediator of the adaptive response to hypoxia in various cancer cell
models including breast cancer cell lines. Studies demonstrated that SphK1 promoter has
two hypoxia-inducible factor-responsive elements and both HIF-1a and HIF-2a have been
involved in the transcriptional regulation of SphK1 (502, 503). It has also been reported that

SphK1/S1P signalling is also involved regulating the expression of HIF-2a, which can drive
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aggressive tumour (504). Therefore, siRNA knockdown of SphK1/S1P was associated with
a decreased HIF-2a protein expression and co-overexpression of HIFs and SphK1 may be a

biomarker in node-negative breast cancer.

Taken together, the present chapter showed that although a variety of genes were expressed
in hypoxia mediated by high CAIX in ER-negative cohort, only three genes were expressed
in node negative group. This finding supports the idea that apparent difference in DEGs
between two patients’ groups could be required to include representation of specific
pathways that might be involved in breast cancer progression. In fact, SPNS2 has the
superior performance compared with other DEGs. Interestingly, SPNS2 pathway was
dependent on HIF activity. Hypoxia stimulates endothelial cell migration (502) and increases
production and release of S1P from glioma cells (503). Adenocarcinoma cells show hypoxia
dependent induction of SphK2 expression and S1P release (505). Sustained hypoxia
stimulates SphK1 and SphK2 expression in proliferating human pulmonary smooth muscle

cells (506).

Finally, genes implicated in these analyses generate valuable information for future pathway
studies, with the potential to identify new targets that might contribute to improved treatment
and better understanding of genes that are related to tumour progression and metastasis. The
present study has provided further evidence that co-expression of HIF-1a (1), and SphK1 in
this cohort of patients with node-negative breast cancer may allow for the rational use of

molecules blocking the HIF molecular cascade for a novel target of drug development.

Limitations of this study include a limited sample size which increase the risk of bias and
therefore further studies are required to confirm the present results. In particular, the unique
observation that SERHL2 was differentially expressed requires confirmation on other

studies.

In conclusion, data from this chapter has identified 10 genes significantly associated with
tumour CAIX in ER-negative cohort. However, due to heterogenous population, subsequent
analysis of lymph node negative patients was performed with SPNS2 of particular interest.
This gene profile was validated at protein level, and it was highly informative and could
provide a powerful tool to identify subgroups of patients with node negative breast cancer
who most likely to respond to therapy directed toward hypoxic tumour and preventing
overtreatment in substantial numbers of patients. If validated in larger cohorts, the
recommendation of hypoxia targeted therapy in patients with lymph node negative primary

breast cancer could be guided by this prognostic signature.
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Because ER-negative is a heterogenous cohort with combined tumour and stromal cells, the
spatial transcriptomic study was therefore carried out to consider tumour and stroma
compartment independently. This will be further investigated in the following chapter on

TNBC patients.
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Chapter 10 Spatial transcriptomic
analysis of tumour with high and low
CAIX expression in TNBC tissue
samples using GeoMx™ RNA assay
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10.1 Introduction

Data from chapter 8 has highlighted the prognostic role for CAIX in TNBC cohort, however
the underlying genomics driving these phenotypes not yet known and may be of importance.
In the previous chapter we employed bulk RNAseq method to identify DEGs in ER-negative
tumours. However, there were several limitations with this approach including the
heterogeneity of ER-negative tumours and being unable to differentiate if expression profiles
were from tumour or stromal cells. Therefore, we have aimed to address these issues in the
current chapter by limiting the tumours to only TNBC and by performing spatial profiling

allowing us to determine if the signal was from the tumour or stromal cells.

In addition, in previous IHC chapter 6, expression of CAIX showed a prognostic association
within Her-2 subtype. However, due to time restriction, these finding requires future work

including spatial transcriptomics study.

High-plex spatial profiling of tumours enables characterization of diversity in the breast
TME, which can holistically illuminate the biology of tumour growth, dissemination, and
response to therapy. There is an urgent need to identify biomarkers which accurately predict
of metastatic behaviours in TNBC and response to treatment (507). Bioinformatics methods
can be used to interrogate the mutational and gene expression profiles that underlie TNBC
and elucidate the molecular mechanism that drive pathogenesis (508). GeoMx digital spatial
profiler (DSP) is an innovative new technique that, for the first time, allows the analysis in
patients with breast cancer. Previously, the TME of breast cancer was analysed using DSP,

but mainly for protein expression (509).

Although there is an increasing awareness that tumour and stromal interactions contribute to
tumour progression, previous studies have not addressed how changes occurring in tumour
hypoxia affect disease outcome. In this study, GeoMx DSP was used to explore potential
biomarkers of hypoxic TNBC. We identify genes corresponding to good and poor outcome
in TNBC associated with cytoplasmic CAIX protein expression that have not been
previously recognized and correlate the presence of overlapping genes with transcriptomic
data in previous chapter. Such insight is essential to open new windows for the discovery of

new therapeutics targeting hypoxic tumour cells and hypoxic microenvironment.
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10.2 Materials and methods

The present study was performed in two steps: (1) spatially analyse RNA transcripts in

TNBC tissue samples. (2) validation of identified genes at protein level by IHC.

10.2.1 Tissue microarray and patient cohorts

GeoMx data analysis was conducted using archival FFPE microarray data from TNBC
samples. The sample cohort representing a population-based retrospective collection that
was obtained at the department of pathology at Queen Elizabeth University Hospital. From
207 TNBC samples, 98 cores were selected from more than 1 core from each patient and
then the results were averaged leaving 52 patients (155 AOI) were utilised for GeoMx DSP
analysis. The use of the epithelial cell-specific marker, pan-cytokeratin, assists pathologic
identification of breast tumour tissue within a sample. Within these specifications, 73 pan-
cytokeratin positive (PanCK-positive) and 82 pan-cytokeratin negative (PanCK-negative) as

described in chapter 2.

10.2.2 GeoMx digital spatial profiling
10.2.2.1 Preparation of slides

Briefly, 2.5um FFPE TMA sections of archival surgically resected patient TNBC were put
on glass slides, dewaxed, target retrieved, digested with proteinase K, and then incubated
with GeoMx RNA detection probes overnight. Stringent washes were performed followed
by in situ hybridization probes for RNA via an ultraviolet (UV)-photocleavable linker. Slides
were stained with fluorescently labelled antibodies against pan-cytokeratin (PanCK, tumour
cell marker) and CD45 (lymphocyte marker) which served as visualization markers to
distinguish the tumour cells from their immune infiltrate stromal cells and a fluorescent DNA

dye (SYTO 13).
10.2.2.2 Region of interest selection (ROI)

TMA cores were then selected for future analysis based on successful 3-plex
immunofluorescence staining of SYTO 13, PanCK and CD45 to obtain regions of interest.
Circular ROIs were selected on the basis of fluorescently labelled anti-PanCK. PanCK-
positive used to select tumour-rich regions that were enriched for PanCK, and PanCK-
negative to identify stroma-rich regions that were enriched for CD45 and lacked PanCK

staining. After ROIs were selected, the GeoMx platform employs an automatically
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controlled UV laser to illuminate each ROI in turn, specifically cleaving barcodes within the
ROI but not in surrounding tissue. A microcapillary collection system collected the liberated
barcodes from each region and plated them into an individual well on a microtiter plate. This
process was repeated in turn for each ROI before processing using NanoString MAX/FLEX

nCounter system as detailed in chapter 2.
10.2.2.3 nCounter hybridization assay for photocleaved oligo counting

Gene expression values within each ROI were quantified by the GeoMx DSP platform by
counting the unique indexing oligos assigned to each target with the NanoString nCounter

instrument (510).
10.2.2.4 GeoMx data analysis

Raw data of all the samples were normalized with negative probes using the geometric mean.
The GeoMx data analysis suite provides a range of native software tools for analysis. For
comparing two groups of tissues (tumour and stroma), with multiple ROIs/segments per
tissue, linear mixed models (LMMs) statistical test was used. Data analysis was performed
to identify differences in gene expression between high and low CAIX tumours. DEGs were
performed using the GeoMx analysis suite, which utilises the GeoMxTools R package (tool:
‘mixedModelDE’ in R package ‘ImerTest’). The DEGs screened out with the criteria of log2
FC >+ (0.25 and 0.3) for tumour and stromal compartment, respectively, and P-value <0.05.
The number of genes assessed in the RNA panel was 84 genes. Volcano plots were created
using a plugin script, available at:
(https://github.com/NanostringBiostats/DSPPlugins/tree/master/DSPPlugVolcanoPlot).
Heatmaps comparing the low and high CAIX groups were performed by loading the counts
and sample sheet files to ComplexHeatmap package in R Studio (RStudio, Boston, MA,
USA).

10.2.3 Protein level validation of DSP gene expression by
Immunohistochemistry

TMAs were prepared from TNBC cohort from all representative areas of tumour and tumour
rich stroma when present to validate identified genes. IHC staining of CD68, CD3, BCL2,
and HIF-1a (1) was used to measure macrophages, lymphocytes and evaluate apoptosis and
hypoxia in included cases. All samples had a negative control slide (no primary antibody) to

assess the degree of non-specific staining.
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10.2.4 Scanning and visualisation of slides

Stained slides were digitally scanned using a Hamamatsu NanoZoomer Digital Slide
Scanner (Hamamatsu Photonics K.K., Shizuoka, Japan), at 20x magnification high
resolution images and viewed using SlidePath and NDP serve 3 image viewer platform

system.

10.2.5 Pathological scoring of immunohistochemistry

Assessment of IHC stained sections by the presence of brown coloured reaction in the
nucleus and/or cytoplasm was considered a positive reaction. Different scoring methods
were required to be most appropriate to the biomarker. Expression of protein levels was
assessed at each cellular compartment separately, cytoplasmic and nuclear HIF-1a (1) in
tumour nests and cytoplasmic BCL2 in TME were scored using QuPath digital pathology
software v. 0.2.3 (QuPath, Edinburgh, UK). Also, the number of cytoplasmic CD3 staining
cells was recorded as percentage in tumour nests, TME and total lymphocytes separately
using QuPath. However, QuPath method was inappropriate to score macrophages due to
shape irregularity. Therefore, cytoplasmic CD68 staining cells were quantified manually in

separate tumour nests, TME and total TAM (sum of both).

Expression of each marker within the cohort was assessed in the three separate tumour/
stroma sites. Then, the mean number of triplicate cores from each tumour/stroma cores was
calculated for the macrophages and used to separate “high-" from “low-"" expressing tumours

as previously described in chapter 2.

10.2.6 Statistical analyses

Survival probabilities were studied by the Kaplan-Meier method, and differences in survival
time were analysed with a log-rank test. Qualitative data were compared using Chi-squared
statistics. All statistical analyses were conducted using IBM SPSS software v. 28 (SPSS Inc.,
Chicago, IL, USA). All tests were two-sided, and P<0.05 was regarded as significant. The
optimal threshold for each marker in each cellular compartment was defined using R Studio
(RStudio, Boston, MA, USA). Threshold values for nuclear and cytoplasmic HIF-1a (1)
included in this cohort were chosen as previously described for the Glasgow breast cohort

in chapter 5.
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10.3 Results

To determine the correlation of gene expression data with high and low cytoplasmic CAIX
expression within PanCK-positive and PanCK-negative samples, the GeoMx DSP was used.
DEGs were identified in a comparison of high and low CAIX expression groups by using R

Studio (R Studio, Boston, MA, USA).

10.3.1 Identification of differentially expressed genes with
cytoplasmic CAIX expression in tumour compartment

The DEGs were filtered according to log2 FC > £+ 0.25 and 0.3 for tumour and stromal
compartment, respectively, and P<0.05. Volcano maps were plotted, within PanCK-positive
cells, high CAIX expression group had significantly higher expression of three genes,
including CD68, HIF1A, VSIR, and lower expression of one gene, pan-melanocyte (Table
10.1).
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Table 10.1 The significant genes comparing high and low cytoplasmic CAIX expression in pan-cytokeratin positive group

Gene name Gene description Categories
CD68 CD68 molecule Macrophage
HIF1A Hypoxia inducible factor 1 alfa Tumour, cytokine, and chemokine signalling
pan-melanocyte Pan-melanocyte Melanoma
VSIR V-Set immunoregulatory receptor Myeloid activation, macrophage, myeloid checkpoint
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Log2 FC
-0.371574835
- 0.274447855

0.245326804

- 0.097641803

P-value

0.008896029

0.011833749

0.016388306

0.029824509



Volcano plot was plotted using ggplot to visualize the FC and determine the statistically
significance differences between the high and low cytoplasmic CAIX expression groups

(Figure 10.1).
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Figure 10.1 Volcano plot of differentially expressed genes in pan-cytokeratin positive tumour with high
and low cytoplasmic CAIX expression groups.

The volcano plot describes log2 FC in the X-axis and P-value in the Y-axis. The line parallel to the X-axis
represents a value of P = 0.05. P-value<0.05 was considered significant. Plot was constructed with the

assistance of Phimmada Hatthakarnkul.
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In addition, within tumour-rich region (PanCK-positive compartment), the heatmap for the
significantly DEGs between high and low cytoplasmic CAIX expression groups was
generated with ComplexHeatmap package in R Studio. There was no clear pattern associated

with CAIX expression levels (Figure 10.2).
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Figure 10.2 Hierarchical clustering heatmap showing the most significant differentially expressed
genes in pan-cytokeratin positive tumour with high and low cytoplasmic CAIX expression groups.

Hierarchical clustering analysis and heatmap of the DEGs. Each row represents a single gene and each
column represent a tumour sample. The scale bar shows the relative gene expression levels corresponding to
the colours in the heatmap. As shown in the colour bar, orange indicates up-regulation and purple represents
down-regulation. Plot was constructed with the assistance of Phimmada Hatthakarnkul.
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10.3.2 Identification of DEGs with cytoplasmic CAIX expression in
stromal compartment

Based on stromal compartment (PanCK-negative segments), low cytoplasmic CAIX
expression had significantly higher expression of 8 genes, including CD86, CD3E, MS4A1,
BCL2, CCLS5, NKG7, PTPRC, and CD27, and a trend towards significance was observed
with FAS gene (P = 0.053) (Table 10.2). Genes ordered by P-value, regardless of log2 FC.

Table 10.2 The significant genes comparing low and high cytoplasmic CAIX expression in pan-
cytokeratin negative group

Gene Gene description Categories Log2 FC P-value
name
CD86 CD86 molecule T cell activation, 0.194619932 0.000425023
myeloid checkpoint
CD3E CD3E molecule T cells 0.300552796 0.005474011
MS4A1 Membrane spanning 4- B cells 0.22399975  0.007014351
domains Al
BCL2 B-cell lymphoma-2 Apoptosis 0.194899023  0.008449576
CCLS C-C motif chemokine ligand 5 Cytokine and 0.35022514  0.012321049
chemokine signalling
NKG7 Natural killer cell granule Cytotoxicity 0.19508988  0.024832855
protein 7
PTPRC Protein tyrosine phosphatase Total immune 0.32467447  0.035836939
receptor type C
CD27 CD27 molecule T cells 0.169683196  0.041806309

FAS Cell surface death receptor =~ Apoptosis, cytokine, 0.119141511 0.053309814
and chemokine
signalling
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Volcano plot was used to determine the statistically significance differences between the

high and low cytoplasmic CAIX expression groups (Figure 10.3).
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Figure 10.3 Volcano plot of differentially expressed genes in pan-cytokeratin negative tumour with
high and low cytoplasmic CAIX expression groups.

The volcano plot describes log2 FC in the X-axis and P-value in the Y-axis. The line parallel to the X-axis
represents a value of P = 0.05. P-value<0.05 were considered significant. Plot was constructed by Phimmada

Hatthakarnkul.
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Correspondingly, for grouping comparisons based on the CAIX expression in PanCK-
negative, the heatmap demonstrated noticeable gene expression differences when the high
CAIX group was compared to the low group. Most of high expression genes were shown in

low CAIX expression group as shown in Figure 10.4.
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Figure 10.4 Hierarchical clustering heatmap showing the most significant differentially expressed
genes in pan-cytokeratin negative tumour with high and low cytoplasmic CAIX expression groups.

Comparison of gene expression data of TNBC in PanCK-negative group based on cytoplasmic CAIX
expression levels. Genes are shown in rows, and cases are shown in columns in the heatmap (green; high
expression, grey; low expression). The scale bar shows the relative gene expression levels corresponding to
the colours in the heatmap. As shown in the colour bar, orange indicates up-regulation and purple represents
down-regulation. Plot was constructed by Phimmada Hatthakarnkul.
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10.3.3 Validation of the identified genes in the microarray TNBC
samples

To evaluate the significance of the four selected genes HIF1 A in tumour cells, BCL2, CD68,
and CD3 in immune stromal cells, their expression patterns were validated by IHC at protein
level with respect to hypoxic marker CAIX, in the microarray TNBC datasets as descried in
chapter 2. Most of the proteins selected to study in this work have a well-established role in
breast prognosis (357, 511-513). In addition, antibodies are in routine clinical use in most

pathology laboratories.
10.3.3.1 Immunohistochemical analysis of tissue microarrays
10.3.3.1.1 HIF-1a (1) immunostaining

From 136 patients, in 3 (2%) patients there was a tissue core missing and HIF-1a (1) staining
could not be carried out and were excluded from the analysis. Therefore, expression of HIF-
la (1) was assessed in 133 patients. Representative images of cytoplasmic and nuclear HIF-
la (1) staining are shown in Figure 10.5 (A, B). 113 (85%) tumours with low cytoplasmic
expression, and 20 (15%) with high expression. In contrast, 31 (23%) patients with low
nuclear expression and 102 (77%) with high nuclear expression (Table 10.3). An ICCC of
0.887 and 0.827 for cytoplasmic and nuclear HIF-1a (1), respectively was obtained between

QuPath and manual scores.
10.3.3.1.2 BCL2 immunostaining

Of the 136 patients, 6 (4%) had a tissue core missing and so BCL2 staining could not be
carried out, and they were excluded from the analysis. Therefore, expression of BCL2 was
assessed in 130 patients. As shown in Figure 10.5 (C, D), BCL2 protein was mainly localized
in the cytoplasm of tumour and immune cells, respectively. However, its expression was
assessed in immune cells where 104 (80%) showed low expression and 26 of 130 (20%)
tumours showed high BCL2 immunoreactivity (Table 10.3). There was good correlation

between QuPath and manual scores with ICCC score of 0.937.
10.3.3.1.3 CD68 immunostaining

Expression of CD68 was examined in 128 from 136 patients. 8 (6%) of patients were
excluded from analysis due to a tissue core missing or inadequate quality for scoring.

Macrophages observed in both tumour and stroma of breast cancer with a predominantly
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diffuse pattern (Figure 10.5E, F). Tumour-infiltrating macrophages were large irregular cells
with oval to round nuclei with strong cytoplasmic staining but no nuclear staining for CD68.
CD68 have been assessed in tumour nests, TME and combined both (Table 10.3). Scores
were also rechecked randomly by a second observer (A.A). Excellent ICCC was found for

CD68 in tumour nests and in TME (0.888 and 0.910, respectively).

10.3.3.1.4 CD3 immunostaining

A total of 135 tumours was available for CD3 IHC staining after the exclusion of missing
cores. The infiltration pattern was mainly diffuse in the tumour, and stromal cells. CD3
protein was predominantly located in cell cytoplasm of lymphocytes in tumour nests and
TME as shown in Figure 10.5G, H. CD3 T cells have been assessed in tumour nests, TME
and combined both locations (total) (Table 10.3). An ICCC of 0.989, 0.984 and 0.983 for
CD3 score in tumour nests, TME and total, respectively was obtained between QuPath and

manual scores.
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Figure 10.5 Representative images of immunohistochemistry staining of examined markers in TNBC
samples.

Cytoplasmic and nuclear HIF-1o (1) expression [A, B], cytoplasmic BCL2 expression in tumour cells and
immune cells [C, D], cytoplasmic CD68 are noted in tumour nests and TME [E F], cytoplasmic CD3
infiltration of both tumour nests and TME [G, H]. Negative control antibody was used in the breast cancer
TMA to rule out nonspecific staining in the last column. Magnification at 250um.
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Table 10.3 Protein markers expression in TNBC cohort (n = 136)

Markers

HIF-1a (1)
Low expression
High expression

BCL2

Low expression
High expression

CDe68

Tumour nests
Low expression
High expression

TME
Low expression
High expression

Total
Low expression
High expression

CD3

Tumour nests
Low expression
High expression

TME
Low expression
High expression

Total
Low expression
High expression

Cytoplasmic
n (%)

113 (85)
20 (15)

26 (20)
104 (30)

47 (37)
81 (63)

33 (26)
95 (74)

25 (19)
103 (81)

13 (10)
122 (90)

21 (16)
114 (84)

13 (10)
115 (90)

Nuclear
n (%)

31 (23)
102 (77)

Missing cases
n (%)

3(2)

6 (4)

8(6)

8 (6)

8(6)

1(0.7)

1(0.7)

1(0.7)

Table showing the number of patients and the percentage for each marker included in the analysis.
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10.3.3.2 Association of CAIX protein expression with immunohistochemical
staining markers

To assess the interrelationship between CAIX protein expression, HIF-1a (1), BCL2 and
immune markers, Chi-squared test was done as summarized in Table 10.4. High cytoplasmic
CAIX expression correlated positively with cytoplasmic HIF-1a (1) (P = 0.010) and
cytoplasmic CD68 protein expression in tumour nests (P = 0.039) and negatively with

cytoplasmic BCL2 protein expression (P = 0.033). No other associations were found.

Table 10.4 Association between cytoplasmic CAIX expression and protein markers in TNBC cohort

Markers Cytoplasmic CAIX
Cytoplasmic HIF-1a (1) 0.010
Nuclear HIF-1a (1) 0.355
Cytoplasmic BCL2 0.033
CD68 in tumour nests 0.039
CD68 in TME 0.728
Total CD68 0.865
CD3 in tumour nests 0.853
CD3 in TME 0.153
Total CD3 0.126

Chi-squared table of associations for cytoplasmic CAIX expression and protein markers including HIF-1a (1),
BCL2, CD68, and CD3.
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10.3.3.3 Association of proteins expression with survival

Kaplan-Meier analysis and log-rank test indicated a strong association of high cytoplasmic
HIF-1a (1) with RFS (P = 0.048) but not with DFS and OS (P = 0.147, 0.594, respectively)
(Figure 10.6A, C, E). High nuclear HIF-1a (1) expression was correlated with reduced DFS
(P=0.003) and OS (P=0.016), however, no significant difference in RFS was observed

between low and high expression groups (Figure 10.6B, D, F).
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Figure 10.6 Expression of HIF-1a (1) and clinical outcome in TNBC patients.

Kaplan-Meier curves showing associations between cytoplasmic and nuclear HIF-1a. (1) with recurrence free
survival [A, B], disease-free survival [C, D], and overall survival [E, F].
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In addition, at protein level, the patients with lower cytoplasmic BCL2 expression levels had
unfavourable outcomes compared to those with higher expression level group by using
Kaplan-Meier plotter analysis. Lower expression of BCL2 was associated with poorer RFS
and DFS (P = 0.001, 0.009, respectively). However, low BCL2 expression did not show
significant association with OS (P = 0.359) (Figure 10.7A-C).
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Figure 10.7 Expression of BCL2 and clinical outcome in TNBC patients.

Kaplan-Meier curves showing associations between cytoplasmic BCL2 with recurrence free survival [A],
disease-free survival [B], and overall survival [C].
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The prognostic significance of CD68 infiltration levels according to the different histologic
locations was also investigated. Kaplan-Meier analysis and log-rank test showed that high
levels of infiltration of tumour nests, TME, and total CD68 was correlated with shorter DFS
(P=0.049, 0.048, 0.039, respectively) (Figure 10.8D-F). A similar correlation was found
between higher tumour nests, TME, and total CD68 infiltration with shorter OS (P =0.043,
0.030, 0.018, respectively) (Figure 10.8G-I). However, no correlation between CD68 in
tumour nests, TME, and total CD68 and RFS was detected in this chapter (P = 0.599, 0.263,
0.957, respectively) (Figure 10.8A-C).
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Figure 10.8 Expression of CD68 and clinical outcome in TNBC patients.

Kaplan-Meier curves showing associations of CD68 in tumour nests, TME, and total CD68 with recurrence free survival [A-C], disease-free survival [D-F], and overall survival [G-I].
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Moreover, univariate Kaplan-Meier analysis showed that lower CD3 expression levels in
tumour nests, TME, and total CD3 were associated with poor RFS (log-rank, P =0.020,
0.002, 0.013, respectively) (Figure 10.9A-C). However, lower CD3 infiltration levels in
tumour nests, TME, and total CD3 did not predict DFS (P =0.928, 0.426, 0.447) and OS in
this chapter (P =0.263, 0.348, 0.501), respectively.
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Figure 10.9 Expression of CD3 and clinical outcome in TNBC patients.

Kaplan-Meier curves showing associations of CD3 in tumour nests, TME, and total CD3 with recurrence free survival [A-C], disease-free survival [D-F], and overall survival [G-I].
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To examine the independent prognostic significance of clinicopathological variables and
markers expression, multivariate analysis was performed. High CD68 in tumour nests (HR
=2.42, 95% CI: 1.05-5.59, P = 0.038), and in TME (HR = 3.34, 95% CI: 1.28-8.69, P =
0.014) tissue expression were factors of poorer OS along with tumour necrosis, and adjuvant

radiotherapy (Table 10.5).

Table 10.5 Univariate and multivariate analysis for overall survival of protein markers and
clinicopathological characteristics in TNBC (n = 136)

Clinicopathological Univariate analysis Multivariate analysis
characteristics HR (95%CI) P-value HR (95%CI)  P-value
Age (<50/>50 years) 2.13 (0.94-4.81) 0.070 - -
Tumour size (<2/2.1-5/>5cm) 2.07 (1.24-3.46) 0.005 1.01(0.99-1.03) 0.562
Grade (I/1I/11I) 1.51(0.21-10.97)  0.686 - -
Lymph node (negative/positive) 1.38 (0.69-2.77) 0.363 - -
Lymphatic vessel invasion (no/yes) 1.24 (0.44-3.49) 0.686 - -
Blood vessel invasion (no/yes) 1.68 (0.91-3.12) 0.099 - -
Tumour necrosis (low/high) 0.386 (0.19-0.75)  0.005  0.41 (0.19-0.84)  0.016
Klintrup-Mékinen grade (0/1/2/3) 0.87 (0.61-1.24) 0.443 - -

Tumour stroma percentage (low/high) 1.29 (0.67-2.49) 0.442 - -

Adjuvant chemotherapy (no/yes) 0.37 (0.20-0.68) 0.001 0.67(0.31-1.45)  0.308
Adjuvant radiotherapy (no/yes) 0.45 (0.24-0.85) 0.014 | 0.39(0.20-0.78) = 0.007
Nuclear HIF-1a (1) (low/high) 3.83(1.17-12.45) 0.026  3.01 (0.91-10.01) 0.072
CD68 in tumour nests (low/high) 2.19 (1.01-4.79) 0.049  2.42(1.05-5.59) | 0.038
CD68 in TME (low/high) 2.72 (1.06-6.99) 0.037  3.34(1.28-8.69) 0.014
Total CD68 (low/high) 24.93 (0.38-1629.6)  0.132 - -

Multivariate Cox regression model was adjusted for age, tumour size, grade, lymph node, lymphatic vessel
invasion, blood vessel invasion, tumour necrosis, Klintrup-Mdkinen grade, tumour stroma percentage,
adjuvant chemotherapy and adjuvant radiotherapy.
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10.4 Discussion

Transcriptomic RNAseq analysis in previous chapter identified 10 significant genes between
high and low expression of cytoplasmic CAIX in ER-negative breast cancer. To compare
these genes with genes expression in TNBC, the present chapter generated preliminary data,
using high-plex profiling and specially combining proteomic and transcriptomic data on
TNBC tissue section, comparing high and low CAIX expression in tumour and stromal/
immune cells. To best of our knowledge, this is the first such study in patients with TNBC
in a broad tumour and immune context, therefore paving the way to the identification of
reliable predictive biomarkers and design of innovative therapies when properly correlated

with clinical outcomes.

Preliminary data comparing high and low CAIX expression in pan-cytokeratin rich regions
identified 4 genes, CD68, HIF-1A, pan-melanocyte and VSIR, three of which were
significantly down-regulated, and one was up-regulated by low CAIX expression group. In
contrast, GeoMx analysis of RNA expression within PanCK-negative samples identified 8
significant microenvironment-related genes, CD86, CD3E, MS4A1, BCL2, CCLS5, NKG7,
PTPRC, and CD27 with low compared to high CAIX expression groups. These common

genes are signatures of stromal and immune cells, which play critical roles in the TME.

CD68 mRNA was overexpressed with high CAIX expression (log2 FC - 0.372, P = 0.009,
Table 10.1). CD68 gene encodes a 110 kD transmembrane glycoprotein that is highly
expressed by human monocytes and tissue macrophages. CD68 is recognized as a pan-
macrophage marker in various cancer types including breast cancer (514, 515). Several
studies suggested that tumour cells stimulate macrophages to produce various factors that in
turn stimulate tumour growth and survival (516, 517). It was particularly noteworthy that
the infiltration of macrophages was mainly associated with hormone receptor negativity and
basal phenotype (515). These results suggested that TAM infiltration might be more closely
associated with TNBC. This chapter demonstrated high levels of CD68 infiltration in all
histological locations were associated with shorter DFS and OS. Other studies have
demonstrated similar results (518), especially in the high infiltrated group (160, 518).
Patients with high CDG68 infiltration express higher levels of IL-6 and CCL5 (160), which
are well known to correlate with poor prognosis. However, little direct evidence reported the
significance of the histological location of CD68 in breast cancers except for a few studies
(152, 515, 519). The TAMs have different effects on tumour progression according to their

histologic location. Ch’ng et al. suggested that stromal TAM influence tubular architecture
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and, finally, tumour grade, while tumour TAMs have a closer relationship with hypoxia-
induced angiogenesis by secreting angiogenic cytokines such as VEGF and TNF-a (519). It
may be possible that the central tumour area becomes more hypoxic as tumours outgrow
their blood supply, and then, TAMs in tumour nests which are recruited by hypoxia-induced
tumour necrosis become more active in angiogenesis and cancer progression. Therefore,
TAMs in tumour nests, as well as their TME counterpart, appear to play an important role

in tumour progression.

Another surprising finding in this chapter was overexpression of HIF-1A gene in tumour
compartment with high CAIX expression (log2 FC - 0.274, P = 0.012, Table 10.1). HIF-1A
gene encodes HIF-la protein, a transcriptional regulator in response to intratumoural
hypoxia (520, 521), which plays an important role in cellular functions including apoptosis,
cell proliferation, erythropoiesis, glucose metabolism, iron metabolism and angiogenesis.
HIF-1a levels are significantly higher in invasive and poorly differentiated breast cancers as
compared to well-differentiated cancers (240). Specifically, increased levels of HIF-1a
mRNA and the core hypoxic transcriptional response are associated with hormone receptor
negative breast cancers (240). High expression of HIF-la contributes to breast cancer
metastasis and malignant progression (522, 523) by acting at multiple levels of the metastatic
cascade (212). It was suggested that targeting this pathway might provide a new therapeutic
option for TNBC patients (212). Consistent with a recent meta-analysis, the results of this
chapter shown that overexpression of HIF-1a in breast tumours predict poor outcomes. As
determined by Chi-squared test, the expression of cytoplasmic HIF-1a (1) was significantly
associated with cytoplasmic CAIX in this chapter. Results have been variable in other
studies. CAIX expression has correlated with HIF-1a expression in one study (262), but not
in others (387). When hypoxic environment advances, HIF-1a is overexpressed and
promoting upregulation of various target genes, including CAIX allowing breast cancer cells

to undergo metabolic adaptation to hypoxia (235, 236).

Within the tumour compartment, the resulting heatmap did not clearly differentiate between
low and high CAIX expression groups. This might be due to the same tumour had TMA
cores for stroma and for tumour sample that were stained together then scored separately

and an average score was taken.

In addition, within PanCK-negative samples, CD3E showed high level by a log2 FC 0f 0.30,
P = 0.005 (Table 10.2) in low CAIX tumours compared to high CAIX tumours. CD3E
protein, encodes by CD3E gene, is one of the subunits of CD3, and associated with severe

immune deficiency and is frequently used as protein target of CD3 antibody (524). Studies
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have found that cancer patients with low CD3E mRNA levels tend to have poor prognosis
(525). A recent study found that CD3E gene might be considered as novel and potential
biomarkers of TNBC (526). The location of CD3, whether in the tumour nests or in TME is
important. In this chapter, higher infiltration of CD3 were observed in both tumour nests and
TME of TNBC, which were uniformly significantly associated with favourable RFS. In line
with previous results, this chapter has shown that patients with high CD3 infiltration
predicted better survival than patients with low lymphocytic infiltration (512, 527). We
found TME CD3 to be a superior parameter. Based on this finding, we hypothesised that the
stromal compartment plays the main role in antitumour activity. Studies of early-stage
TNBC showed that the TIL level in the stromal compartment of TNBC tumours was higher
than that in lower-grade tumours and could improve the outcome, which supported our
results (137, 528). A purified anti-CD3E nanobody effectively inhibited the growth of breast
cancer in vivo (529), and suppressed angiogenesis and tumour cell proliferation in a breast
cancer mouse model (530). In context of hypoxia, extracellular acidosis in tumours which is
a consequence of acceleration of glycolysis opposes antitumour immune responses (531).
Studies have reported that breast cancer patients with poor outcomes had high HIF-1a and
low expression of CD3E (532), suggesting that hypoxia could reflect more aggressive
disease and a more immunosuppressive TME. Indeed, higher CAIX expression was
significantly associated with lower expression of CD3E gene in basal-like breast cancer, and
it was associated with worse OS (533). Observations in this chapter were consistent with

these results.

BCL2 (B-cell lymphoma-2) was overexpression of with low tumour CAIX (log2 FC 0.19, P
=0.008, Table 10.2). BCL2 protein, coded by the BCL2 gene, plays an anti-apoptotic role
and inhibits cell death (534), resulting in prolonged cell survival (535). BCL2 is
overexpressed in many cancers and contributes to tumour initiation, progression, and therapy
resistance (536). With reference to breast cancer, BCL2 is overexpressed in approximately
41% of TNBC cases (537), and was independent predictor of poor prognosis (538). On the
other hand, the reverse was observed in the present chapter that high BCL2 expression was
significantly associated with improved survival rates in TNBC patients. As extensively
reviewed by Bouchalova et al (513), most clinical studies have shown that increased
expression of BCL2 is connected with better survival for TNBC (539-541). The favourable
clinical outcome in BCL2 positive cases is surprising considering the anti-apoptotic nature
of BCL2. BCL2 functions not only in apoptosis, but also in the cell cycle where cell line
studies have shown that its expression hinder G1 progression and G1-S transition. This is

due to it extending the GO phase (542). BCL2 expression has also been found to be associated
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with markers of better prognosis in breast carcinoma. In fact, BCL2 is inversely correlated
with Ki67 and Her-2 overexpression (543). Therefore, BCL2 plays an anti-proliferative role
despite its anti-apoptotic effect (544), resulting in a more favourable outcome compared to
that of breast cancer with BCL2-negative expression. Also, a variety of studies have
suggested that it may undergo conversion from protector to killer under some circumstances.
For example, proteolytic removal of N-terminal sequences by caspase-mediated cleavage
reverses the phenotype of BCL2 (545). Furthermore, this role may be explained by its
interactions with other members of the BCL2 family of apoptotic regulators, especially with
pro-apoptotic proteins (546). HIF-1a can initiate hypoxia mediated apoptosis by increasing
the expression of BCL2 binding proteins (BNIP3 and NIX), thereby inhibiting the anti-
apoptotic effect of BCL2, or by stabilising wild-type p53 if the cell already has a p53 gene
mutation. Also, the severity of hypoxia determines whether cells become apoptotic or adapt

to hypoxia and survive (547).

In PanCK-negative compartment, heatmap shown most of high expression genes were

shown in low CAIX expression group.

In the present chapter, it was apparent that tumour hypoxia has an essential role in regulating
tumour inflammatory cell functions in addition to regulating immune cell recruitment. The
epithelial and stromal genes expression was readily delineated by CAIX expression in
TNBC. Analysis of genes expression in tumour cells showed hypoxia increased expression
of CD68 which contribute to tumour progression and are associated with poor tumour
prognosis. In contrast, analysis of genes expression in stroma showed down-regulation of

CD3, and BCL2 with high CAIX expression.

Extracellular acidification is primarily considered to be due to secretion of H" produced by
glycolysis. Tumour cells decrease extracellular pH by activation of HIF-1a target genes
encoding CAIX protein which catalyses the reversible hydration of CO; + H,O to H" +
HCOj; and acting in concert with HCOs3™ transporters, contributes to net efflux of H" from
tumour cells (231). Acidification of the microenvironment enhances the tumour cell
invasion, migration, and the radio-resistance (548) and reduces antitumour immunity in
many ways. Increased levels of H" and lactate decrease the capacity of T cells to produce
interleukin-2 (IL-2), interferon-y (IFNYy), granzyme B and perforin and that of monocytes to
release tumour necrosis factor (TNF) in a dose-dependent manner. The acidic
microenvironment also decreases the activity of NK cells. Thus, hypoxia-driven tumour
acidification is a formidable barrier to immune cell function (549, 550). The data from the

present chapter highlight hypoxia and inflammation as critical modulators of the immune
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microenvironment of solid tumours. Hypoxia increases the cellular plasticity and tumour

heterogeneity and cancer cells immune suppression (551).

Finally, comparing with transcriptomic RNAseq analysis in previous chapter 9, there was no
overlap between these two analyses in terms of targeted genes. Dissimilarity may indicate
differences in the cohorts. In particular, bulk RNAseq, ER-negative patients with tumour
and stromal cells mixed together were used while in spatial transcriptomic the analysis was

performed on TNBC patients and consider tumour cells and stromal cells separately.

Well-controlled future studies are required to overcome the limitations of the present study.
These include studies with a larger sample size of TNBC tissues. Also, some of the patients
are represented by multiple cores across the TMAs sections, further validation using full
tissue sections would enable insight into any spatial heterogeneity of CAIX-signature across
each patient. Furthermore, whole transcriptome profiling is warranted. Finally, the high
expression of CD68 in the PanCK-positive AOIs in the transcriptomic analysis highlights a
key limitation of the approach. Presumably this reflects the lack of single cell resolution to
distinguish between tumour and immune cells within tumour nests as high CAIX expression
is positively correlated with CD68 staining in tumour nests and not the TME. Therefore,
newer technology such as CosMx could be used to investigate gene and protein expression

at the single cell level.

In conclusion, based on GeoMx DSP, the current chapter highlight a specific mRNA
signature associated with hypoxia within tumour and stromal compartments was identified
in TNBC, and that may influence tumour development, and thus represent potential targets
for novel intervention strategies. 4 DEGs were identified in tumour compartment and 9
DEGs in the stromal compartment in comparison of high and low CAIX expression groups.
4 genes were selected to validated by IHC at protein level in microarray TNBC datasets.
IHC staining showed tumour infiltrating macrophage can predict the progression of TNBC,
and the involvement of BCL2 and lymphocyte in tumour protection. IHC proteins expression
were associated with a different prognosis in TNBC. High HIF-1a (1), and CD68 expression
in tumour were linked to poorer survival while high levels of CD3 and BCL2 expression
within stroma were associated with improved patient’s survival. In addition, high density
CD68 in both tumour nests and TME were independently predictive of OS. Among the four
markers tested, HIF-1a (1) and CD68 protein expression had a significant positive
association with CAIX expression whereas BCL2 expression showed significant inverse

association with CAIX expression.
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These results demonstrate that even from a small number of samples, GeoMx profiling can
be used as an efficient tool to identify potential prognostic biomarkers that may have clinical
relevance, however, further functional analysis of these results is warranted. Any further
investigation would also require patients with different breast cancer subtypes to identify the

particular signature for each subtype in relation to expression of cytoplasmic CAIX.
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Chapter 11 General discussion
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11.1 General discussion

The progression and metastasis of tumours mainly depend on the bidirectional interaction
between tumour cells and their microenvironment. The TME comprises endothelial cells,
immune cells, mesenchymal stem cells, extracellular matrix, blood vessels, and cytokines.
Hypoxia is closely related to the TME (552). The effect of extracellular microenvironment
such as hypoxia and pH has been regarded as a key hallmark in cancer progression. The
limitation of oxygen diffusion and the disordered vascular system prevent rapidly growing
tumours from acquiring sufficient oxygen, resulting in a hypoxic microenvironment (553).
An increasing number of studies have reported that hypoxia is associated with tumour

progression (554, 555).

Considering the relevance of hypoxia at the TME, this thesis has therefore focussed on the
association of hypoxic markers, HIF-1a, HIF-20, and CAIX in breast cancer tissue cohorts
in correlation with clinicopathological parameters and predicting survival outcomes. Also,
to identify DEGs profiles, and to establish key biological processes and pathways related to
high cytoplasmic CAIX expression in ER-negative and a node-negative subset of ER-
negative breast cancer patients using TempO-Seq. Further, to identify the mRNA signature
associated with CAIX within tumour and stromal compartments in TNBC, a spatial

transcriptomic platform was employed (NanoString).

For antibody specificity, although no result has been found for HIF antibodies after several
Western blot experiments, they appeared specific in the cell pellet experiments. This
possibly could be because these antibodies are not suitable for Westerns, or because of that
HIF-1a degrades rapidly resulting in it being undetectable within minutes following re-
oxygenation, while CAIX expression remained even after 2-3 days of re-oxygenation (307)
so is more stable. Conversely, CAIX antibody in experiments were acquired, supporting the

specificity of this antibody and as a reliable marker of hypoxia in breast cancer.

Because HIF-1a (2) was not fully specific, it would not be investigated in further THC
chapters. IHC was employed on a TMA of patients in chapter 6, which investigated a cohort
of mixed breast cancer subtypes. In this cohort, overexpression of HIF-1a (1), HIF-2a was
not consistently associated with survival outcomes. This further supports that HIFs may not
be an exclusive candidate marker for breast cancer. However, high cytoplasmic CAIX
expression was a consistent independent prognosticator in the entire cohort, in luminal B
and Her-2-enriched diseases. These results demonstrate CAIX was a superior predictor of

survival in patients with invasive ductal breast cancer and may be a useful independent
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indicator of clinical outcome in these patients. This result was in line with the results of a
recent meta-analysis of 23 studies (380). Previous clinical studies in invasive breast cancer
have also demonstrated the association of CAIX with poor outcome (248, 259, 310, 336)
suggesting that CAIX expression is linked to an aggressive phenotype. Furthermore, large
studies on breast cancer samples showed that a high CAIX level was significantly associated
with poor survival in luminal B disease (249, 385). Generali et al. also concluded that high
CAIX expression was associated with lower survival in breast cancer patients treated with
epirubicin and tamoxifen (258). Contrary to our expectations, however, the CAIX score was
not associated with TNBC subtype survival outcome. This may at least partially be explained
by limited patients’ size and low statistical power. Irrespective, the present results indicate a
need for further work to understand the prognostic value of hypoxic markers in subgroups

of breast cancer.

The clinical significance of these hypoxic biomarkers was further validated in a cohort of
ER-positive breast cancer patients in chapter 7. The result of this cohort has provided
evidence of a prognostic role for nuclear HIF-1a (1) expression in the whole cohort and in
luminal A tumours and the prognostic role for cytoplasmic CAIX expression in the whole
cohort and in luminal B breast cancers. These finding corresponds to the previous studies
that demonstrated high expression of HIF-1a was associated with poorer survival in ER-
positive breast cancer (246, 556, 557). Consistent to the cohort of mixed breast cancer
subtypes, cytoplasmic expression of CAIX was associated with poor clinical outcome in

term of DFS in luminal B tumours.

This thesis demonstrates differences in outcomes conditions of HIF-1a (1) in Glasgow breast
cohort and in ER-positive cohort. While cytoplasmic HIF-1a (1) overexpression was
correlated with better OS in the Glasgow breast cohort, it was correlated with poorer OS in
ER-positive cohort. It has been reported that HIF-1a is broadly expressed in breast cancer
and is associated with shorter OS (235, 328). In this thesis, however, interpretation of the
prognostic effect of HIF-1a (1) expression on two cohorts is less straightforward. One likely
explanation of this discrepancy is consistent with the observation that different regulation
pathways of HIF-la overexpression exist in breast cancer, first, hypoxia induced,
perinecrotic HIF-1a overexpression with robust expression of hypoxia associated genes,
which is correlated with a poor prognosis; and further, diffuse HIF-1a overexpression
lacking main hypoxia associated downstream effects, resulting in a more favourable
prognosis (327). Since TMAs were randomly sampled from the tumour tissue in this thesis,

they are expected to represent diffuse rather than localized expression of HIF-1a in Glasgow
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breast cohort. Furthermore, these observations could be in part attributed to patient numbers.
This further supports the understanding of breast cancer as a heterogenous disease with

subtypes which behave differently and respond to different treatments.

Although CAIX is known target gene of HIF-la as part of the metabolic process, its
association with HIF-1a protein expression in the present study showed different results on
three cohorts. While it failed to demonstrate an association with cytoplasmic HIF-1a in
Glasgow breast cohort, and in ER-positive cohort, it was correlated with HIF-1a (1) in
TNBC cohort. The lack of association was reported in other studies (236, 264, 307, 386,
387). This discrepancy could be due to biological and methodological explanations for this
lack of association. Previous IHC study of solid tumours showed that in perinecrotic area,
CAIX is expressed without HIF-1a being detected (386), such as at perinecrotic area, which
is often avoided during THC sectioning due to unpredictable immunoreactivity of epitopes
in that region (558). Other possible explanation is the difference in the half lives of HIF-1a
and CAIX (559). CAIX protein is relatively stable and persisted much longer than HIF-1a
(391). Therefore, cells that had been hypoxic and then were reoxygenated may stain for
CAIX but not HIF-1a (302). Furthermore, when cells or tissue have only recently become
hypoxic, they may stain positive for HIF-1a but not CAIX, because those cells may have
been analysed before the full onset of CAIX expression (302). Suggesting that CAIX
possibly activates hypoxic condition independently of HIF-1a, as CAIX protein persists
longer than HIF-1a. Also, tumour tissues used in this study were obtained through standard
clinical practice and without special attention to assure preservation of labile proteins.
Therefore, differences in tissue processing may contribute to artifact variability in HIF-1a
levels. In contrast, CAIX protein is relatively stable and less subject to variability due to
tumour tissue handling procedures. Besides, the degree of hypoxia required to stimulate HIF-
la may be lower than that required to enhance CAIX expression as previously suggested
(560). Therefore, CAIX expression may represent tumours with a greater degree and/or
duration of hypoxia and consistently a more aggressive malignant potential. Another
possible explanation is that the expression of CAIX may be regulated by other factors rather
than being regulated by HIF-1a. CAIX is known to be activated by PI3K pathway (366, 392)
and by the mitogen-activated protein kinase (MAPK) pathway during both normoxia and
hypoxia (393, 561). Therefore, CAIX may be a better biomarker for tumour hypoxia and

that HIF-1a may not be an exclusive candidate marker for breast cancer.

With reference to CAIX, as the previous two chapters have investigated its prognostic role

in primary operable mixed breast cancer and in ER-positive breast cancer, therefore, going

348



forward it would seem sensible to focus further on TNBC, rather than breast cancer across
all subtypes to better understand the role of CAIX in TNBC (Chapter 8). The work in this
chapter, an IHC-based TMA study of TNBC patients (n = 136) evaluating CAIX protein,
demonstrated that the expression of cytoplasmic CAIX was independent indicator of poorer
RFS. This result was in agreement with other studies (264, 265, 385), suggesting that CAIX
expression is linked to an aggressive phenotype. Evidence gained from this study, TNBC
cases supports the observation reported in the literature that detection of the cytoplasmic

CAIX expression on TMA can be used as a poor prognostic factor in TNBC.

Since cytoplasmic CAIX was the most consistent prognostic feature in the Glasgow breast
cohort and was independent prognostic factor in ER-positive cohort, and in TNBC cohort,
gene expression levels were established in a subset of ER-negative patients and node
negative group (chapter 9). With the aim of gaining a better understanding of the
transcriptomic and protein pathways associated with CAIX. A small pilot study was carried
out for which transcriptomic analysis was performed to compare the transcriptome of
patients with high cytoplasmic CAIX to those with low CAIX in a subset of ER-negative
patients. Despite the small sample size (n =37, due to financial limitations), 10 DEGs in ER-
negative tumours and 3 DEGs in node negative patients between low and high cytoplasmic
CAIX expression were identified. Of particular interest, 6 DEGs (SERHL2, GALNTS®,
MUCLI1, MMP7, PITX2, and CEACAMS6) in ER-negative cohort and 2 DEGs (SERHL?2,
SPNS2) in node negative group were considered as justifying further investigation. SERHL2
gene was overexpressed in high CAIX in both ER-negative breast cancer and in node
negative patients. It was previously identified in TNBC for predicting chemotherapeutic
response (432). Since it is consistently overexpressed regardless of disease stage, it might be

promising therapeutic target in these two patient groups.

STRING analysis identified a variety of interactions among these DEGs. In ER-negative
breast cancer, GALNT6 and MUCLI had significant interactions, as did PITX2,
CEACAMG6, and MMP7. One of particular interest is the GALNT6 gene was overexpressed
in high CAIX ER-negative breast cancer. High GALNT6 expression was associated with
poor prognosis in breast cancer (438). It promotes breast cancer metastasis through -
catenin/MUCI1-C signalling pathway (562). The other gene is MUCLI1 gene which was
highly expressed in high CAIX expressing ER-negative breast cancer. High MUCLI
expression was associated with worse TNBC survival (445), and may be significant in EMT.
Next, we observed up-regulation of PITX2 in tumours with high cytoplasmic CAIX. It has

previously been demonstrated that reduced PITX2 DNA methylation status was associated
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with shorter time to progression in treated TNBC patients (466). Expression of PITX2 was
associated with risk for early breast cancer recurrence (461). CEACAMG6 was up-regulated
in high cytoplasmic CAIX group. This gene encodes the protein that has been reported to
important biomarker of breast cancer metastasis (470). However, the association of these
genes with tumour hypoxia is yet to be explained as the present study is the first to document
their association with cancer hypoxia and therefore requires confirmation in further studies.
The other important gene is MMP7 which was under expressed in high CAIX tumours. Its
expression was correlated with poor prognosis in breast cancer (563). With regards to
hypoxia, there is evidence that HIF-1a promotes MMP7 expression in breast cancer cells
(564) and in TNBC (459). It may be that targeting of these genes could lead to reduced
tumour hypoxia and improved prognosis. However, much more work is required to establish

this hypothesis and funding is currently being sought for further research in this area.

With reference to the node negative tumours, a PPI network construction showed interaction
of SPNS2 with their partner proteins which were added from the STRING database including
SphK1, SphK2, and STPR2. SPNS2, a S1P transporter, stimulating genesis, apoptosis and
migration of cancer, through S1P/S1PRs pathways activating downstream signalling such as
STATS3, AKT, ERK, Ras and Rac (497). A bioactive lipid mediator, S1P, which is produced
by SphK1 stimulates angiogenesis in breast cancer (486), and that SphK1 stimulates node
metastasis in breast cancer (487). Inhibitor of SphK1 suppresses angiogenesis and
lymphangiogenesis which lead to reduction of tumour metastasis in murine breast cancer
model (486). High expression of SphK1, S1P1 and S1P3 is associated with decreased
survival in ER-positive breast cancer patients (491, 494). S1P binding to S1P3 promotes
functional regulation of SphK1 (491). Furthermore, knockdown of SphK1 decreases S1P3
expression and ERK-1/2 activation in response to SIP, indicating that SphK1 and S1P3
function in an amplification loop to stimulate ER-positive breast cancer progression (491).
Therefore, SphK1 regulates S1P3 expression, and this enables ER-positive breast cancer
cells to potentially match S1P released into the microenvironment with the required effector
response. Moreover, SphK1 and S1P4 are functionally linked in ER-negative breast cancer
as S1P stimulation of the ERK-1/2 pathway mediated by S1P4 is blocked by SphKl
inhibitors (429). It has demonstrated that oncogenic Her-2 functionally interacts with S1P4
in ER-negative breast cancer cells (498). In fact, high S1P4 expression in ER-negative breast
cancer was also correlated with lymph node positivity suggesting a role for S1P4 in
metastasis (429). A functional link between S1P2 and S1P4 receptors in ER-negative breast
cancer cells was also identified (565). SPNS2 was validated by IHC in our lab (429). One
principle finding of this thesis was the association between cytoplasmic HIF-1a (1) and
350



cytoplasmic SphK1 expression at protein level providing further evidence for the role of
hypoxic microenvironment in tumour progression. Further supporting evidence was that
SphK1 promoter has two hypoxia inducible factor-responsive elements and both HIF-1a and
HIF-2a have been involved in the transcriptional regulation of SphK1 (502, 503). These
results are consistent with those of other studies (501), which suggested that SphK1 acts as
a modulator of HIF-1a in various cancer cell models including breast cancer cell lines. In a
recent study, it has reported that S1P and SphK?2 in the nucleus are linked to the regulation
of HIF-1o/-2a functions associated with progression of breast cancer particularly TNBC

subtype (566).

In the present thesis, while several genes were expressed by cytoplasmic CAIX-mediated
hypoxia in ER-negative patients, only three genes were expressed in the node negative
group. This finding supports the idea that the apparent DEG differences between the two
patient groups may be necessary to involve certain pathways that may be involved in the
progression of breast cancer. SPNS2 is of particular interest compared to other DEGs and its
pathway was dependent on HIF activity. This genetic profile was validated at the protein
level and was very informative and represents a powerful tool for identifying subgroups of
node negative breast cancer patients most likely to respond to hypoxic tumour-targeted

therapy, thereby, it may avoid significant overtreatment of patients.

Although the findings of previous work in chapter 9 have focused on analysis of gene
expression signatures from whole tissue consisting of combined tumour epithelial cells and
the surrounding stromal cells in ER-negative breast cancer, most prognostic gene expression
signatures and predictors have been derived from tissue consisting of a separate tumour and
stroma compartment. In chapter 10, further spatial transcriptomic studies to consider tumour
and stroma compartment separately were done with high and low cytoplasmic CAIX
expression in TNBC samples. In this chapter, GeoMx DSP has identified 4 genes in tumour
compartment (CD68, HIF1A, pan-melanocyte and VSIR), and 9 genes in the stromal
compartment (CD86, CD3E, MS4A1, BCL2, CCL5, NKG7, PTPRC, CD27 and FAS) in
comparison of high and low cytoplasmic CAIX expression groups. It further validated four
identified genes, HIF-1A, BCL2, CD68, and CD3, at protein level by IHC using TNBC
samples. Here, this shows that high expression of CD68 gene was associated with high
cytoplasmic CAIX protein expression. A higher total macrophage number in tumour nests
and in TME was an independent prognostic factor in TNBC patient. Our results are
supported by other studies who showed an association between CD68 expression and an

unfavourable prognosis in TNBC patients (160, 518). TAMs upregulate HIFs expression,
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which is important for their adaptation to the hypoxic TME. In this context, a significant
association between CD68 and HIF-1a expression in non-small cell lung cancer was found
(567). Hypoxia-induced inflammation has been established in clinical aspects. Recently,
Mirchandani et al. (568) have found hypoxemia and monocytopenia in patients with acute
respiratory distress syndrome within the first 48 hours after ventilation. Monocytopenia has
also been observed in mouse models of hypoxic acute lung injury, which leads to a decrease
in monocyte-derived macrophages and stimulated neutrophil-mediated inflammation in the
lungs. Similarly, our results demonstrate that high HIF-lo gene expression in tumour
compartment was associated with high cytoplasmic CAIX expression. HIF-1a (1) protein
levels are significantly associated with poor survival in TNBC patients. These findings are
consistent with the recent meta-analysis which concludes that high HIF-1a expression is an
indicator of poor prognosis, even though significant heterogeneity did exist in this meta-
analysis (357). In this chapter, HIF-1a (1) and CAIX proteins expression were well
correlated with each other. A similar observation was reported by Brennan and co-workers
(262). CAIX is a well-known downstream effector of HIF-la, and its expression in
relationship to exogenous markers of hypoxia is well documented (235) suggesting that
expression of CAIX may be induced in a hypoxia-dependent manner and explain the effect

on survival.

Conversely, within the stroma compartment, higher CAIX expression was associated with
decreased expression of CD3E gene in the tumours of these patients. Recently, Li et al have
found that CD3E gene might be considered as novel and potential biomarkers of TNBC
(526). Then, we further demonstrate that patients with higher densities of CD3 immune cells
in the stromal compartment had significantly better survival. The finding is in keeping with
another study which reported better breast cancer outcomes with higher expression of CD3
(569). The broader implications that CAIX expression is negatively correlated with the
expression of CD3 across TNBC, strengthen the rationale for combining CAIX inhibition
with immunotherapy to improve immune activity clinically. In context of hypoxia, studies
have reported that breast cancer patients with poor prognosis had higher HIF-1a and lower
CD3 expression (532), suggesting that hypoxia contributes to decrease immune activity and
more aggressive disease. Furthermore, it was interesting that increased CAIX expression
was associated with reduced BCL2 gene expression within the TME in TNBC patients
considering that, in this thesis, BCL2 was a good prognostic factor. This is supported by a
study which reported an association between BCL2 expression and improved survival in
breast cancer (570). In cooperation to hypoxia, an inverse association between HIF-1a and

BCL2 was found in breast cancer (571). Indeed, increased HIF-1a levels and decreased
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BCL2 levels are potentially associated with more aggressive tumours such as TNBC.
However, under hypoxia, studies found that overexpression of the anti-apoptotic and pro-
survival protein BCL2 in breast carcinoma cells, enhances HIF-1a protein expression and

HIF-1 activity consequently leading to angiogenesis through VEGF (572).

11.2 Further work

Although the THC work in this thesis has the strength that it was carried out in a large cohort
of patients, this is not a geographical diverse cohort, with all patients diagnosed living within
the Glasgow area. Future studies should aim to validate the associations with survival of
CAIX in other cohorts, particularly geographically diverse and more contemporary cohorts.
The data in this study suggests that differences in prognosis of the two cohorts, mixed and
ER-positive breast cancer are evident by 10 years of follow up, so it should be possible to
power a study with shorter follow up than the cohorts in this thesis. Following this, the
prognostic performance of CAIX in TNBC tumour sample requires validation in adequate

number of patients as lack of statistical power may affect results in this subtype.

Dual THC staining for HIF-1a and CAIX proteins to show their expression in the same cells

within Glasgow breast cohort and ER-positive cohort.

Mechanistic cell line studies will also be required to gain a better understanding of the
associations observed in the clinical studies. CAIX inhibition should also be investigated.
CAIX is upregulated in hypoxic TNBC, where it is a marker for poor RFS. Therefore,
depletion of CAIX expression or pharmacologic inhibition of its activity significantly

inhibits TNBC growth and recurrence in pre-clinical breast tumour models.

To identify potential therapeutic targets for patients with ER-negative breast cancer and high
tumour CAIX expression, a group with a particularly poor prognosis, further work to identify
genes associated with CAIX is required. The pilot study in this thesis identified 10 genes of
potential interest in ER-negative group and 3 genes in node negative group. Funding is being
sought to carry out a larger study having verified TempO-Seq as an appropriate technique
for this work. Also, gene expression will need to be validated at the protein level in ER-

negative cohort and in node negative group.

Spatial transcriptomic was conducted on a limited number of TNBC patient samples and
identified 9 up-regulated microenvironment-related genes and 4 genes in tumour

compartment with high cytoplasmic CAIX group. The data indicates that quantification of
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hypoxia-related genes in TNBC can have potential prognostic value. Thereby, this should
be further explored in a larger cohort to further investigate these results. Also, further
validation using full TNBC sections would enable insight into any spatial heterogeneity of
CAIX-signature across each patient, and whole transcriptome profiling is warranted. The
lack of single cell resolution to distinguish between tumour and immune cells within tumour
nests. Therefore, it may be possible to examine gene and protein expression at the single cell
level using more recent technology like CosMx. Finally, it is important that the clinical
relevance of the remaining seven hypoxia-linked gene signatures to be validated at protein
level in independent studies with larger TNBC tumour samples. Further spatial
transcriptomic analyses in Her-2 disease to identify the mRNA signature associated with

cytoplasmic CAIX.

11.3 Conclusion

Collectively, this thesis aimed to investigate the impact of hypoxic markers on breast cancer
patient’s prognosis. Cytoplasmic CAIX has an independent prognostic role in the entire
Glasgow breast cohort, luminal B and Her-2 subtypes, in the entire ER-positive cohort and
luminal B disease and in TNBC cohort. Furthermore, nuclear HIF-1a (1) is independently
associated with poorer outcome in the entire ER-positive cohort and in luminal A disease.
This finding suggests a potential independent prognosticator role of cytoplasmic CAIX
particularly in aggressive subtypes of breast cancer with worst prognosis. It is a
straightforward and low-cost method to stratify risk and could have a role in decisions

regarding adjuvant treatment.

Since these results demonstrate cytoplasmic CAIX appears to be a significant hypoxia
inducible molecular marker and increased CAIX protein levels are independently associated
with poor survival in breast cancer, we further hypothesised that it may associated with
DEGs among tumours. Therefore, TempO-Seq was utilized on FFPE ER-negative
specimens to identify DEG profiles associated with high versus low cytoplasmic CAIX
expression. Identification of CAIX-linked ten gene signatures and its relationship with
functional enrichments further support the implication and influence of hypoxia-mediated
CAIX expression in ER-negative TME. However, due to the heterogenous population, an
analysis was subsequently performed of node negative patients in which the SPNS2 gene
was of particular importance. At the protein level, cytoplasmic SphK1 was statistically

significant associated with cytoplasmic HIF-la (1). The identification of the 10 genes
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associated with cytoplasmic CAIX could be a step forward to test for hypoxia in ER-negative

breast cancer and possibly improve patients’ treatment regimen and prognosis.

One of the most novel findings from this thesis was identifying CAIX-linked gene
signatures, that have not been previously reported, within tumour and stromal compartments
in TNBC by using spatial transcriptomic technology. 4 genes were selected to validated by
IHC at protein level in TMA TNBC datasets. High HIF-la (1), and CD68 proteins
expression in TNBC were linked to poorer survival while high levels of CD3 and BCL2
proteins expression were associated with improved patient’s survival. In addition, high
density CD68 in both tumour nests and TME were independently predictive of OS in TNBC
patients. Also, most interesting finding was a significant positive association between HIF-
la (1) and CD68 expression with CAIX expression while BCL2 expression showed
significant inverse association with CAIX expression. These results demonstrate that even
from a small number of samples, spatial transcriptomic profiling using the GeoMx DSP can
be used to stratify patients in terms of prognosis, predict benefit from hypoxia-modifying

therapies and increase understanding of the complexities of hypoxia biology.

Overall, the results from this thesis provide sufficient evidence to further investigate in a
cohort of adequate number of samples to fully define the role of CAIX in breast cancer

particularly in TNBC.
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#Install counts and ss files

sample sheet = read.table("/gl93v/Desktop/Suad Transcriptomic data/CAIX Sample Sheet.csv",
header=TRUE, row.names=1, sep=",")

counts =read.table ("/gl93v/Desktop/Suad Transcriptomic data/CAIX new counts.csv",
header=TRUE, row.names=, sep="')

#Parse sample_sheet
sample sheet=na.omit(sample_sheet)

#creating master
counts=t(counts)

merged _tables = merge(counts, sample_sheet, by=0)
master = merged_tables
row.names(master)=master[,1]

# sort by CAIX status
master = master[order(master[,"CAIX_Status"]),]

#new counts table removing samples which status is unknown
counts=master[,2:19702]
counts=t(counts)

#new sample sheet to remove samples with no corresponding gene counts
sample sheet=master[,-(2:19702)]

#write.table(sample_sheet, file=""/gl93v/Desktop/Batchl TempOSeq/KRAS/SS KRAS.csv",
row.names=FALSE, sep="\t",quote=FALSE)

#Filter read to remove non-expressed genes
counts = subset(counts,apply(counts, 1, mean) >=1)
nrow(counts)

counts=as.matrix(counts)

#Prepare sample information
colnames(sample_sheet)=c("Sample IDs", "CAIX Status")
sample_group=factor(sample sheetSCAIX Status)

sample data=data.frame(row.names=colnames(counts), sample group)

#Running DESeq2

dds = DESeqDataSetFromMatrix(countData=counts, colData=sample data,
design=~sample group)

dds=DESeq(dds)

#Extract results from dds
norm_counts=as.data.frame(counts(dds, normalized=TRUE))
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norm_counts=round(norm_counts,2)

#Save to Disk

norm_counts_out=data.frame(row.names(norm_counts))

names(norm_counts_out)="id"

norm_counts_out=cbind(norm_counts_out,norm_counts)

#write.table(norm_counts_out, file="/gl93v/Desktop/Suad Transcriptomic data/EM_CAIX.tsv",
row.names=FALSE, sep="\t", quote=FALSE)

em=norm_counts_out

em=em[,-1]

#Extract differential info from DESeq2
de=results(dds, c("sample group","0","1"))
de table=as.data.frame(de)

#Clean up de_table

de out=de table

de out=de out[order(de out$padj),]

de out$id=row.names(de out)

de out=de out[,c(7,2,5,6)]

colnames(de out)=c("id","log2fold","p","p.adj")

#write.table(de_ out, file="/gl93v/Desktop/Suad Transcriptomic data/DE CAIX.tsv",
row.names=FALSE, sep="\t",quote=FALSE)

#creating master

de=de out[,-1]

merged _tables = merge(em,de,by=0)
master = merged_tables
row.names(master)=master[,1]

names(master)[1]="Genes"
master=na.omit(master)

#Sort master by p-value

order(master[,"p"], decreasing=FALSE)
order(master|,"log2fold"], decreasing=FALSE)
sorted_order = order(master[,"p"], decreasing=FALSE)
master = master [sorted order, |

master=master|,-1]

#Making a new column in your master table for mean expression
master$meanvalue = rowMeans(master[,1:37])

#Add a column for -log10p to the master table
master$mlog10p=-log10(master $p)
master

#new column flagging significance to the master table
master$sig = as.factor(master$p.adj < 0.1 & abs(master$log2fold) > 1.0)
master§Log2fold up down = as.factor(abs(master$log2fold) >1.0)
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#gene IDs for expression table
em_symbols=master[,1:37]

#Make a scaled expression matrix
em_scaled = data.frame(t(scale(t(em_symbols))))
em_scaled = na.omit(em_scaled)

#List of sig genes

master_sig = subset(master, p.adj<0.1 & abs(master$log2fold)>1)
sig_genes = row.names (master_sig)

master_sig_up = subset(master,p.adj<0.1 & log2fold>1)
master_sig_down = subset(master, p.adj<0.1 & log2fold< -1)

#Make expression tables of significant genes only
em_symbols_sig = em_symbols[sig_genes,]

#Make em_symbols
em_symbols 20=em_symbols[1:20,]

#Make scaled expression value table
em_scaled sig =em scaled[sig_genes,]

#Write master table
write.table(em_symbols 20, file="/gl93v/Desktop/Suad Transcriptomic data/EM_symbols 20.tsv",
row.names=TRUE, sep="\t",quote=FALSE)

#Write master table
write.table(master, file="/gl93v/Desktop/Suad Transcriptomic data/CAIX master.tsv",
row.names=TRUE, sep="\t",quote=FALSE)

#Volcano plot

ggp = ggplot(master, aes(x=log2fold, y=mlog10p)) +
geom_point(data=master, colour="black", size=1)+
geom_point(data=master sig_up, colour="red", size=1)+
geom_point(data=master sig_down, colour="blue", size=1)+
labs(title="Volcano plot, CAIX Low vs High", x="log2 fold change", y="-log10 p-value")+
theme classic()+
geom_vline(xintercept=-1, linetype="dashed", colour="grey", size=0.5)+
geom_hline(yintercept=-log10(0.05), linetype="dashed", colour="grey", size=0.5)+
geom_vline(xintercept=1, linetype="dashed", colour="grey", size=0.5)+
xlim(c(-19,19))+
ylim(c(0,10))+

## adds the text labels for top 5 genes

#geom_text(data=master sig up, aes(label=x, colour = "red" , hjust=-0.1, vjust=-0.1,
show.legend=FALSE)

#geom_text(data=master sig down, aes(label=gene symbol), colour = "blue", hjust=1, vjust=-0.1,
show.legend=FALSE)
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png("/gl93v/Desktop/Suad Transcriptomic data/volcanoplot CAIX.png", height=400, width=400)

print(ggp)
dev.off()

#H#-- MA --##

# make plot
ggp = ggplot(master, aes(x=log10(meanvalue), y=log2fold)) +

# adds the dots

geom_point(colour = "black") +
geom_point(data=master_sig_up, colour = "red") +
geom_point(data=master sig_down, colour = "blue") +

# adds the fancy lines
geom_hline(yintercept=1,linetype="dashed") +
geom_hline(yintercept=-1,linetype="dashed") +

# adds the theme and axis titles

theme classic() +

labs(title = "MA plot, CAIX Low vs High", x=expression("Mean expression (log"[10]*")"),
y=expression("Change in log"[2]*"fold"))+

ylim(¢(-20,15))
png("/gl93v/Desktop/Suad Transcriptomic data/MA CAIX.png", height=400, width=400)

print(ggp)
dev.off()

#load sample sheet

#ss1 = read.table("/gl93v/Desktop/Batchl TempOSeq/KRAS/KRASstatus_SS.csv",
header=TRUE, sep=",")

#colnames(ss1)=c("Sample","Sample group")

##-- PCA plot for PC1 vs PC2--##

#Casting the expression matrix data table into a numeric matrix
EM.nm = as.matrix(sapply(em_symbols, as.numeric))

#prcomp() function n.b. works by column not row so we need to transpose.
pca = prcomp(t(EM.nm))

#Extract component data
pca_coordinates = data.frame(pca$x)

#Secree plot of variation

pca.var = pca$sdev/2

pca.var.per = round(pca.var/sum(pca.var)*100,1)

barplot(pca.var.per, main="Scree Plot", xlab="Principal Component", ylab="Percent Variation")
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#Defining x and y axis %

vars = apply(pca$x, 2, var)

prop_x = round(vars["PC1"] / sum(vars),4) * 100
prop_y = round(vars["PC2"] / sum(vars),4) * 100
x_axis_label = paste("PC1", "(",prop_x,"%)", sep="")
y_axis_label = paste("PC2 ","(",prop_y,"%)", sep="")

#adding colour to dots
ggp= ggplot(pca_coordinates, aes(x=PC1, y=PC2, colour = sample group))+
geom_point()+
scale colour manual(values=c("red","blue"))+
labs(title = "PCA", x=x_axis label, y=y axis_label)+
theme gray()+
xlim(c(-0.5e+5,0.5¢+5))+
ylim(c(-0.5¢+5,0.5¢+5))

write.table(pca_coordinates, file="/gl93v/Desktop/Suad Transcriptomic data/pca coordinates.tsv",
row.names=TRUE, sep="\t",quote=FALSE)

png(paste("/gl93v/Desktop/Suad Transcriptomic
data/PCAplot CAIX v3",".png",sep=""),height=400,width=400)

print(ggp)
dev.off()
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