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Abstract

Gap junctions, which are formed by connexin proteins, are responsible for direct
intercellular communication between adjacent cells by allowing the exchange of
ions, metabolites, secondary messengers and microRNAs. Through this function,
gap junctions are essential in maintaining homeostasis. Connexin 43 (Cx43) is a
ubiquitous member of the gap junction family of proteins, being expressed in a
diverse range of cells such as keratinocytes, cardiomyocytes and neurons.
Alterations in Cx43 expression and function are associated with various disease
states, including chronic non-healing wounds, which do not progress through the
normal stages of wound healing in an orderly fashion. Chronic wounds are
especially prevalent in patients suffering from diabetes and impose a massive
economic and health burden worldwide, partially due to a lack of effective

treatment options.

Discs large protein was originally discovered in Drosophila and acts as a tumour
suppressor. The mammalian homologue of Discs large, human Discs large
homologue-1 (Dlg1), is a cell polarity and scaffolding protein which has
previously been shown to interact with Cx43 in vitro in various epithelial cell
lines and in vivo in human cervical mucosal epithelial tissue. The interaction of

Cx43 and Dlg1 was further investigated in this study.

In order to determine the role of Dlg1 in the Cx43 lifecycle, Dlg1 was depleted in
HaCaT cells, a human epithelial cell line. Knockdown of Dlg1 decreased Cx43 on
the plasma membrane and reduced overall Cx43 protein levels, but had no
effect on Cx43 mRNA levels, indicating that Dlg1 has an important function in
the Cx43 lifecycle. Cx43 colocalisation with a marker of the endoplasmic
reticulum also decreased, while association with the lysosomes and, particularly,
the Golgi increased, revealing Dlg1 depletion causes accumulation of Cx43 in
these subcellular compartments. Treatment of cells with a lysosomal inhibitor

resulted in a higher fold increase in Cx43 levels in siDlg1-treated cells compared
1



to mock-treated cells, suggesting increased Cx43 degradation through this
pathway in cells where Dlg1 is knocked down. Depletion of Dlg1 also caused
significantly reduced gap junctional intercellular communication between cells,
signifying that Dlg1 controls gap junctional signalling. Based on these data, Dlg1
is suggested to be involved in forward trafficking of Cx43 to the plasma
membrane or stabilisation of Cx43 at the plasma membrane, or perhaps a

combination of the two.

Due to its role in maintaining Cx43 at the plasma membrane, it was hypothesised
that removal of Dlg1 may improve wound healing rates, as Cx43 is frequently
upregulated in cells at the wound edge of chronic wounds. Therefore, scratch
wound assays were carried out on HaCaT cells with and without siDlg1
treatment. Surprisingly, Dlg1 depletion resulted in reduced wound closure rates
due to an inhibition of cell proliferation, demonstrating that Dlg1 has other
crucial functions in the cell which outweigh the benefit gained by removal of
Cx43 from the plasma membrane. Cx43 and Dlg1 were also observed to
colocalise in live cell wound closure experiments using HEK293 cells, with both
proteins being detected at the cell membrane and at the tips of cellular
protrusions of cells migrating into the wound area. The localisation of the two
proteins was also investigated in diabetic and non-diabetic human skin in
immunofluorescence experiments. The two proteins were found to colocalise at
the plasma membrane of cells in different sublayers of the epidermis and
colocalisation was additionally observed in dermal cells and adipocytes,

suggesting the interaction is conserved in a range of cell types.

Finally, the interaction between the C(x43 C-terminal tail and Dlg1
SH3/HOOK/pGUK domains was investigated through the use of AlphaFold, which
modelled the interaction of the two proteins. Three potential sites of
interaction with the Dlg1 SH3/HOOK/pGUK domains were observed within the
Cx43 C-terminus. Expression vectors for the Cx43 C-terminus (and deletions of
putative interaction sites) and Dlg1 SH3/HOOK/pGUK were designed for

experimental testing to confirm the accuracy of the AlphaFold model. Further
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experiments involving these recombinant proteins will reveal the molecular
determinants of Cx43/Dlg1 interaction, as well as whether phosphorylation

affects the interaction.

Overall, this thesis builds on previous work on the Cx43/Dlg1 interaction, further
defining the role of Dlg1 in the Cx43 lifecycle. It also provides the first
demonstration that Dlg1 is an important component of the normal wound healing
process in keratinocytes and defines three potential interaction sites with Dlg1
within the Cx43 C-terminus. Future research will determine whether disruption
of the Cx43/Dlg1 interaction can improve wound healing rates and therefore

whether the interaction may be a viable therapeutic target.



Table of Contents

1Y 13 o - U o 1
LiSt Of Tables ... uueeiiiiii i e e e e 7
(1S o) o =1V =S PP 8
(0] 0] N at=1 0 (o] 4 1 S PP 10
AcKknowledgment ... e e as 11
Fi\01dplo] gf N D Tol F-1 7= 1 (o] I PP 12
P\ o] o] {3V - L[] o - S PP 13
(@1 F=Yo =] ol I [ 1 o o |8 [t {o ] 3 F S0 17
1.1 Function of the Skin in Health and Diseas€........ccceeevviiiiiiiiiiiannnn.. 17
1.2 The Epidermal Wound Healing Process........ccovvvevvveiiiiiiiiiiiinannnnn. 18
1.3 Chronic Wound Healing .......ceeeiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeannnnns 21
1.4 Introduction to Connexin 43 and Structure .........ccceeeeiviiiiiiiiiannnn.. 21
1.5 Cx43 in Epidermal Wound Healing ........ccooiiiiiiiiiiiiiiiiiiiiiiiinnnnnnns 26
1.6 Cx43 in Chronic Epidermal Wound Healing .........c.cccviiiiiiiiiiinnnnnnt, 30
1.7 The Interactions of CX43 ..ooirriiiiiiiiiiiiii ittt i e e eeeeeeeeeeeaens 30
1.8 Human Discs Large Homologue-1 (DIg1)..ceeeiiiiiiiiiiiiiiiiiiiiiiieeeanns 35
1.9 Previous Work on the Cx43/Dlg1 Interaction........ccceeviiiiiiiiinenennnn 37
LIPS Y {1 3 PPN 40
Chapter 2: Materials and Methods .......ccoiiiiiiiiiiiiiiiiiiiiiiiiiii i eeeeeeeas 42
2 B .- Y = - | £ PP 42
2.1.1  Bacterial CellS....uuuuuriiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeiieeeeeaeaaaannns 42
A I A O L 8 1 U= S PP 42
2.1.3  ANUIDOAIES et e e 43

2 I S = - 1 11} (o S PP 44
2.1.5 Primersand Probes........coiiiiiiiiiiiiiiiiiiiiii it 45

200t O T 11 48
2.1.7  HUMAN LiSSUBS . tiiiieeteetittttttiiieeeeeeeeaeeeeeeeeeesennnnnnnnnnnnns 48

2.2 MEENOAS . e et e e, 49
2.2.1  Cell CUIUNE . ettt ettt e eeeeaaaaaanns 49
2.2.2  Cell Treatments. ... iiiii e it iieeeeeeeeeeeaeeannnnns 49
2.2.3 Preparation of Cell StOCKS...cvviiiiiiiiiiiiiiiiiiiiiiiii i eeeeeeeennns 51
2.2.4 Protein extract preparation and western blotting..................... 51
2.2.5 qRT-PCR and @analysis ...cceeeerrreiiiieiniiiiiieeeeeeeeeeeseeeeenannns 52
2.2.6 Confocal immunofluorescence microscopy and quantification ...... 52
2.2.7 ParaChute @SS@Y......eeeeeeeteeeeeeeeeeeenniiinnnneeeeeeeeeeeeeeeesaennnnns 54



2.2.8 Quantification of Cell Confluence following Depletion of Dlg1...... 57
2.2.9 Design of a 3D-printed Wound Mask for use in in vitro 2D Scratch

WouNd EXPerimeNntS. .ottt eeeteennnareaeaaaaaaaaaas 57
2.2.10 Scratch Wound ASSay......cciiiiiiiuiiiiiiiiiiiieeeeeeeeeeeennnnnnnnenaanns 59
2.2.11 AlphaFold Models .....coviiiiiiiiiiiiiiiiiii e eee e aas 60
2.2.12 Bacterial Cell Culture and Buffers .......ccoeiiiiiiiiiiiiiiiiiiiinnnnnn.. 61
2.2.13 Preparation of Bacterial Stocks......coovviiiiiiiiiiiiiiiiiiiiiiiiiiinnnn. 62
2.2.14 Generation of pGEX-2T Plasmids Containing Sequences of Interest 62
2.2.15 PCR-mediated Site Directed Mutagenesis.........cccevvvvvvnnnnnnnnn. 62
2.2.16 Stellar E. coli Transformation and Sequencing of Cloned DNA
(= Ve 41T ] PP 63
2.2.17 Expression of recombinant protein in BL21 E. coli cells............... 63
2.2.18 Glutathione Affinity Chromatography ..........c.cciiiiiiiiiiinn.. 64
2.2.19 Size Exclusion Chromatography......cceeeeeiiiiiiiiiiiiiiiiiininnnnnnn. 65
2.2.20 Transfection of HEK293 Cells with Cx43 C-terminal Mutant
(00] 0 13 d 1 [t £ 65
2.2.21 Live Cell EXperiments ....ccvviiiiiiiiiiiiiiiiiiii i iiiiiiiineeeeeaans 65
2.2.22 Statistical ANalysSiS.....cveeiiiiiiiiiiiiiiiiiiiiii i iiiiiiriieaeeaans 66
Chapter 3: The Role of Dlg1 in the Cx43 Lifecycle .....ccccvvvevviiiiiiiiiiiiinn.. 67
K 70 B [ o Yo [ 1 Tt u [ o IS P 67
3.1.1 The Connexin 43 LifeCyCle ...coviiiiiiiiiiiiiiiiiiiiiiiiii i ieeeannns 67
3.1.2 Control of Cx43 mRNA Transcription ......c.ccceviiiiiiiiiiiiiiiiinnnnnns 70
3.1.3 Control of Cx43 mRNA Translation .......ccceeeeiiiiiiiiiiiiiiiiiinnnnnnns 71
3.1.4 Post-translational control of Cx43 Protein.........cccevvvviiiiinnnnn.. 71
3.2 Knockdown of Dlg1 reduces Cx43 protein levels but does not affect Cx43
MRNA LEVELS e ittt e eeeeeaeeeeeeeaeeannnnns 73
3.3 Knockdown of Dlg1 results in altered Cx43 localisation ................... 76

3.4 Dlg1 knockdown results in increased lysosomal degradation of Cx43.... 85
3.5 Dlg1 knockdown does not affect adherens and tight junction formation

or cell membrane iNtegrity.....ccovviiiiiiiiiiiiiiiiiiiiiiii i irirreeeeeaas 87
3.6 Dlg1 controls gap junctional communication............ccceevvvveeeeennnn.. 88
G TR A 1 1oL U131 o 91
Chapter 4: The role of DIlg1 in Wound Healing and Keratinocyte
Proliferation/Migration .......ccceeeeeeeiiiiiiiiiiiiieiiiiiiiiiiieeeeeeeeeeeeeenannnnns 96
% 2 T [ 4 o Ta [0 Tt o] o IPOR 96
4.1.1 Scratch Wound Assay as a Technique to Study Wound Healing ...... 96
4.1.2 Previous Work on the Expression of Cx43 in Wound Healing.......... 97
4.1.3 (Cx43 as a Therapeutic Target in Chronic Wounds ..................... 98
4.1.4 Existing Knowledge on the Role of Dlg1 in Wound Healing.......... 100
4.1.5 Previous Study of the Cx43/Dlg1 Interaction..........cccvvvvennnn.... 101

5



4.2 A 3D-printed wound mask reduces variation within and between in vitro

SCratCh WOUNA @SSAYS +vvvuuniieiiieeeeteeeeeeeerennnnnieeeeeeseeeeesesesssssnnnnnnns 102
4.3 Knockdown of Dlg1 inhibits wound healing ...........ccccceviiiiiiiiin.... 109
4.4 Knockdown of Dlg1 inhibits cell proliferation in unwounded HaCaT cells
KNOCKAOWN Of DIgT ...ttt seeeeaeaaaaeaaaaanns 114
4.5 Determination of mitomycin C concentration for use in HaCaT cell
SCratCh WOUNA @SSAYS +vvuunnieeeiieeeeteeeeteeerennnnnreeeeeeeeeeeeseceesnsnnnnnnnns 119
4.6 Reduced wound healing rate in siDlg1-treated cells is due to inhibition of
proliferation and NOt MIgration.......ccoeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeenns 122
4.7 (Cx43 and Dlg1 colocalise and are synergistic in live cells ................ 127
4.8 (Cx43 and Dlg1 interact in keratinocytes/dermal cells/adipocytes in non-
diabetic and diabetic skin tisSUE ....ccviiiiiiiiiiii i e 139
4.9 DiSCUSSTON t. ettt tttte et titiiieeeeeeeseseeeeeennnnnnnnnnes 142
Chapter 5: The Interaction of Cx43 and DIg1 ....cciiniiiiiiiiiiiiiieeeeene 152
70 I [ 41 o Yo [¥ ot [0 o R 152
5.1.1 Protein Structure of the Cx43 C-terminus and DIg1 .................. 152
5.1.2 The Interaction Interface of Cx32 and DIg1 .....ccccvvvvnvvnnnnennn... 156
5.1.3 Previous Studies on the Cx43/Dlg1 Interaction ....................... 156
5.2 (Cx43 and Dlg1 AlphaFold Models are Consistent with Existing Literature
158
5.3 An AlphaFold Model of the Cx43/Dlg1 Interaction Predicts Three Distinct
Dlg1 Binding Regions in the Cx43 C-terminal Tail.......cccovviiiiiiiiiinnnnint, 162
5.4 Expression of Recombinant Cx43 C-terminal and Dlg1 SH3/HOOK/GUK
o 011 L 172
5.5 Design and Expression of Cx43 C-terminal Phospho-mimetic Mutants and
a Further Deletion MUtation.....ccoeiiiiiiiii et errrrrceeeeeees 176
T ¢ T ) {13 o o IO PN 180
Chapter 6: DiSCUSSTON 1ttt teeeeeeeeeeiaiiaeeeeeeeeeeesesesaannns 186
2SS =] 1= 3 ol 198



List of Tables

Table 1.1: Properties of epithelial cell lines where the Cx43/Dlg1 interaction has

been previously studied .......cooiiiiiiiiiiiiiiiiiii i e, 40
Table 2.1: Information on primary antibodies used in this investigation, including
application, species, dilution and manufacturer ..........ccoiiiiiiiiiiiiiinnnnnn.. 43
Table 2.2: Information on secondary antibodies used in this investigation,
including application, species, dilution and manufacturer ......................... 44
Table 2.3: Primers and probes for the amplification and detection of Cx43 and
GAPDH 1N RT-QPCR .ttt tiiiiii et e ittt eie e e e et e e eeennneeesaannnnaens 45
Table 2.4: Primer sequences for bacterial cell expression studies ................ 46
Table 2.5: Primer sequences for mammalian cell expression studies ............. 47
Table 2.6: Kits used in this StUAY ......coviiiiiiiiiiiiiiiiiiiiii e, 48
Table 2.7: ON-TargetplusSMARTpool siDlg1 target sequences..........ccceuuveenn 50
Table 5.1: Cx43 structural features as predicted by the UniprotkB annotation
=1 1 1 S N 160
Table 5.2: Dlg1 structural features as predicted by the UniprotKB annotation
V] =] 11 S N 162
Table 5.3: AlphaFold predicted interaction sites between the Cx43 C-terminus
and Dlg1 SH3/HOOK/PGUK dOmMaiNS .....eeeieeeeeeiiiiiereenniiiiieeeaeaeeeeeeeaanns 164
Table 5.4: pGEX-2T plasmid constructs for expression in BL21 Gold E.coli cells
and subsequent interaction studies.......c.ccvviiiiiiiiiiiiiiiiiiiiiiiiiiiii e 176
Table 5.5: pFLAG3xCMV10 plasmid constructs for expression in HEK293 cells and
subsequent interaction StUdIES ..o i eees 178



List of Figures

Figure 1.1: Timeline of normal wound healing events. ........ccoiiiiiiiiiiinnnnnn. 19
Figure 1.2: General structure of individual connexin protein, a connexon and a
gap junction intercellular channel. .......ccooiiiiiiiiiiiiiiiiiiiiiiii e, 24
Figure 1.3: N-terminally truncated isoforms of Cx43 resulting from internal
translation initiation sites in the GJAT gene. .....cooviiiiiiiiiiiiiiiiiiiiiiiiiieaenn, 26
Figure 1.4: Expression patterns of connexin proteins in the epidermis under
unwounded (A) and wounded conditions (B). «cccveeviiiiiiiiiiiiiiiiiiiiiiiieeeees 29
Figure 1.5: The sequence of the Cx43 C-terminus and sites of interaction with
DINAING PArtNErS. ettt tteeeeennnnnnaaaaaaaaaaaaeaees 33
Figure 1.6: The domain structure of MAGUK protein family members. ........... 34
Figure 2.1: Parachute assay protoCol.......cviiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeenannnnns 56
Figure 2.2: A 3D-printed wound mask for use in scratch wound assays. .......... 58
Figure 3.1: The general lifecycle of connexins. .......cccceivieiiiiiiiiiiieennnnnnn. 69

Figure 3.2: Treatment of HaCaT cells with 20nM siRNA targeting Dlg1 results in
lower protein levels of Cx43 and Dlg1 but no changes to Cx43 mRNA levels. .... 75
Figure 3.3: Assessment of plasma membrane levels of Cx43 following 20nM siDlg1

L == 10 0= 3 PP 78
Figure 3.4: Cx43 colocalisation with Calnexin-1, a marker of the endoplasmic
reticulum, is significantly decreased following 20nM siDlg1 treatment. .......... 79
Figure 3.5: Cx43 colocalisation with 58K, a marker of the Golgi, is significantly
increased following 20nM siDIg1 treatment. .....coiiiiiiiiiiiiiiiiiiiiiiiiiieeennns 80
Figure 3.6: Cx43 colocalisation with the Golgi (as stained by Cytopainter) is
significantly increased following 20nM siDlg1 treatment. ...........ccoevviiinne 81
Figure 3.7: Cx43 colocalisation with EEA1, a marker of endosomes is significantly
decreased following 20nM siDIlg1 treatment........ccoiiiiiiiiiiiiiiiiiiiiiiiiiiienen. 83
Figure 3.8: Cx43 colocalisation with LAMP2, a marker of lysosomes is
significantly increased following 20nM siDlg1 treatment. .........ccccovvnnnnna.... 84
Figure 3.9: Degradation of Cx43 through the lysosomal pathway is increased in

g 10 ¥ o= | PP 86
Figure 3.10: Knockdown of Dlg1 with 20nM siDlg1 does not affect cell shape or
cell membrane iNtegritY. ovveiiiii i i i ettt et et rireeeeeeeeeeeeans 88

Figure 3.11: Knockdown of Dlg1 through 40nM siDlg1 treatment significantly
reduces gap junction intercellular communication by parachute assay in HaCaT

o= 1K P 90
Figure 3.12: Summary of changes to the Cx43 lifecycle when Dlg1 is knocked
a0 o PP 95
Figure 4.1: Existing mimetic peptides targeting Cx43. Full-length Cx43 (red) is
shown inserted into the plasma membrane (grey horizontal lines). .............. 100

Figure 4.2: Evaluation of the effectiveness of a 3D-printed wound mask in
reducing variation between and within scratch wounds in various cell lines. ..105
Figure 4.3: Effectiveness of the 3D-printed wound mask in wounds made at

different timepoints after cell seeding. .......ccceeiiiiiiiiiiiiiiiiiiiiiiiiiiieeee, 107
Figure 4.4: Representative images of HaCaT cells filling wounds created by an

Incucyte WoundMaker at different timepoints. .....cceeveeiiiiiiiiiiiiiiiiiiiinnnn. 111
Figure 4.5: Quantification of HaCaT scratch wound assay. ........ccevvviinnnnnn. 112

8



Figure 4.6: MTT assay of HaCaT cells treated with siRNA targeting Dlg1. ....... 116

Figure 4.7: siDlg1 treatment inhibits cell proliferation in HaCaT cells........... 118
Figure 4.8: Assessment of optimum concentration of mitomycin C for use in
HaCaT scratCh WouUNd @SSayS. ..cuuuuuuiiiiiiiiiiiiieeteeeeetttnnnniieeeeeeeeeeeeeeaanns 121

Figure 4.9: Representative images of 4x10-'ug/ml mitomycin C treated HaCaT
cells filling wounds created by an Incucyte WoundMaker at different timepoints.

.............................................................................................. 123
Figure 4.10: Quantification of 4x10-'pug/ml mitomycin C-treated HaCaT scratch
WOUNA @SSAY. ¢ ettttttnnnnnnnneeeeeeeeeeeeeeeesassnnnsnnsseeesesesesessssssssnnsnsssssssenns 125
Figure 4.11: Live cell scratch wound of HEK293 cells transfected with Cx43-
MCherry and DIgT-GFP. ...coiiiii it rrrr e e e eeeee e eeeaaas 131
Figure 4.12: Zoomed live cell scratch wound of HEK293 cells transfected with
Cx43-mCherry and DIgT-GFP. ..ouuiiiiiiiii ittt et e eeeee e eeeaaaas 132

Figure 4.13: Zoomed live cell scratch wound of HEK293 cells transfected with
Cx43-mCherry and Dlg1-GFP showing filopodium containing Cx43 and Dlg1. ...134
Figure 4.14: Zoomed live cell scratch wound of HEK293 cells transfected with

Cx43-mCherry and Dlg1-GFP showing a dividing cell........cooviiiiiiiininiiit, 137
Figure 4.15: Cx43 and Dlg1 coloclalise in vivo in human skin tissue. ............. 140
Figure 4.16: Cx43 and Dlg1 coloclalise in vivo in human diabetic skin tissue. ..141
Figure 5.1: Phosphorylation sites of the Cx43 C-terminal tail. .................... 154
Figure 5.2: Cartoon depiction of the supertertiary structure of a MAGUK protein,
PSD-95, as determined by FRET. ..evuuiiiiiiiiiiii ittt eeeeeas 155
Figure 5.3: AlphaFold predictive model of human Cx43. ........coiiiiiiiiiiinnnn. 159
Figure 5.4: AlphaFold predictive model of human Dlg1. .......ccoviiiiiiiinnnnen. 161
Figure 5.5: AlphaFold predictive model of the Cx43 C-terminus/Dlg1
SH3/HOOK/PGUK COMPLEX. «eetttttniiiiiiiiieaeeeeeeeeeeeeennnnnneeeeeseseeeeeseaanns 167
Figure 5.6: Full-length AlphaFold model of Cx43 showing the predicted sites of
interaction With Dlgl. ..o i i ittt e e eeeeee e eeeaas 168
Figure 5.7: Surface of Cx43 C-terminus/Dlg1 SH3/HOOK/pGUK complex........ 169
Figure 5.8: Evaluation of Cx43 C-terminus/Dlg1 SH3/HOOK/pGUK model

oo 01 i [ [ 3 Vol P 171

Figure 5.9: Anti-GST western blot shows successful expression of the Cx43 C-
terminus, DIgSH3/HOOK/pGUK and ZO-1 PDZ2 recombinant proteins in BL21 Gold

E.coli cell @Xtracts. ...ueiiiiiiiiiiiiiii ittt et it eeenneeeseennns 174
Figure 5.10: Purification of Cx43 C-terminus recombinant protein............... 175
Figure 5.11: Anti-FLAG western blot shows successful expression of the Cx43 C-

terminus and mutant recombinant proteins in HEK293 cell extracts. ............ 179
Figure 6.1: A potential experiment using an endocytosis inhibitor to differentiate
between the different possible roles of Dlg1 in the Cx43 lifecycle. .............. 192



Publications

The human discs large protein 1 interacts with and maintains connexin 43 at the
plasma membrane in keratinocytes. Scott, H., Dong, L., Stevenson, S.,
MacDonald, A.l., Srinivasan, S., Massimi, P., Banks, L., Martin, P.E., Johnstone,
S.R., Graham, S.V. J Cell Sci (2023) 136 (11).

https://doi.org/10.1242/jcs.259984

10


https://doi.org/10.1242/jcs.259984

Acknowledgment

I would firstly like to say a massive thank you to my supervisors, Prof Sheila
Graham and Dr Patricia Martin. | have been extremely lucky to benefit from
their knowledge and advice throughout this project. | am also grateful to Prof

Malcolm Hodgins for the keen insight he has provided during this time.

| would also like to acknowledge the current and past members of the Graham
group, including Andy, Anna, Ilaria, Chris and Maddie. | am incredibly grateful to
be able to work in such a positive, helpful and friendly environment. This
especially applies to Andy and Anna, whose help and advice has been
appreciated immensely over the last three years. | am grateful to Sanzida for
her contribution to this project. Thank you to the members of the
histopathology service and to Colin for his patience with microscopy-related
issues. Thank you to Amit for her advice on protein expression and purification.
Thank you to Max for his help with the Incucyte. Thanks also to Marino,
Boatemaa and Kate at Glasgow Caledonian University for their help with various

projects.

| am grateful to both the friends | have met through this project and those
outside of it for their support. Thanks to Matt, who provided useful advice on
AlphaFold. Special thanks to Kerr, who is a great friend and also happens to have
access to a 3D printer. Finally, thank you to my family for their continuous
encouragement and to Kira, who has been endlessly supportive throughout this

project and who | appreciate more each day.

11



Author’s Declaration

| declare that, except where explicit reference is made to the contribution of
others, that this Thesis is a result of my own work carried out at the University
of Glasgow and at Glasgow Caledonian University. This work has not been
submitted for any other degree at the University of Glasgow or any other

institution. All external sources have been accordingly referenced.

Printed Name: HARRY SCOTT

Signature:

12



Abbreviations

AACt- Delta delta cycle threshold

ACt- Delta cycle threshold

2xYT- 2x yeast extract tryptone

AKT- Protein kinase B

AP-1- Activator protein-1

AP-2- Adapter protein complex-2

APC- Adenomatous polyposis coli

Arf6- ADP-ribosylation factor 6

ATP- Adenosine triphosphate

Ca?*- Calcium ion

CaMKlII- Calcium-calmodulin dependent protein kinase Il family
CASK- Calcium/calmodulin dependent serine protein kinase
CBX- Carbenoxolone

CDK- Cylcin-dependent kinase

cDNA- Complementary DNA

CIP75- Connexin 43 interacting protein of 75kDa

Co-IP- Coimmunoprecipitation

Crb- Crumbs protein

CV- Coefficient of variance

Cx43- Connexin 43

DAPI- 4’ 6-diamidino-2-phenylindole

DFU- Diabtetic foot ulcer

dH,0- Distilled H.0

Dlg1/SAP97- Discs large homologue-1/Synapse associated protein 97
DMEM- Dulbecco’s modified eagle’s medium

DMSO- Dimethylsulfoxide

DTT- Dithiothreitol

EB1- End binding 1

EDTA- Ethylenediaminetetraacetic acid

EEA1- Early endosome antigen 1

ER- Endoplasmic reticulum

13



ERAD- Endoplasmic reticulum associated degradation
ERGIC- ER-Golgi intermediate compartment

Esp15- Epidermal growth factor receptor pathway substrate 15
FBS- Fetal bovine serum

FFPE- Formlain-fixed paraffin-embedded

FRET- Fluorescence resonance energy transfer
GAPDH- Glyceraldehyde 3-phosphate dehydrogenase
GFP- Green fluorescent protein

GJA1- Gap junction alpha 1

GJA1-11k- Gap junction alpha 11kDa

GJA1-20k- Gap junction alpha 20kDa

GJIC- Gap junctional intercellular communication
GST- Glutathione S-transferase

GTEx- Genotype-Tissue Expression

GUK- Guanylate kinase domain

HEK293- Human embryonic kidney cells

HPV- Human papillomavirus

IGF-1- Insulin-like growth factor-1

IgG- Immunoglobulin G

IL-10- Interleukin-10

JAK/STAT- Janus kinase/signal transducers and activators of transcription
JNK kinase- c-Jun N-terminal kinase

K*- Potassium ion

L27- Lin2/Lin7

LAMP-2- Lysosome-associated membrane glycoprotein-2
LDS- lithium dodecyl sulfate

Lgl- Lethal giant larvae

M1- Manders’ colocalisation coefficient

MAGUK- Membrane associated guanylate kinase
MAPK- Mitogen-activated protein kinase

MES- 2-ethanesulfonic acid

MgCl- Magnesium chloride

MgS04- Magnesium sulfate

MMC- Mitomycin C

MMP- Matrix metalloproteinase
14



MST- Microscale thermophoresis

mTOR- mammlian target of raamycin

MTT- (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
NAD*- Nicotinamide adenine dinucleotide

NEDDA4- Neural precursor cell-expressed developmentally downregulated gene 4
NH4Cl- Ammonium chloride

NIKS- Normal immmortal keratinocytes

NMDA- N-methyl-D-aspartate

NMR- Nuclear magnetic resonance

ODDD- Oculo-dento-digital dysplasia

PAE- Predicted aligned error

Par- Partitioning defective

PBS- Phosphate-buffered saline

PBST- PBS Tween

PCR- Polymerase chain reaction

PDZ- Postsynaptic density protein of 95 kDa (PSD95), Drosophila disc large tumor
suppressor (Dlg), and zonula occludens-1 protein (ZO-1)

PFA- Paraformaldehyde

PKC- Protein kinase C

PLA- Proximity ligation assay

pLDDT- Predicted local distance difference test

PSF- Polypyrimidine tract-binding protein-associated splicing factor
PTEN- Phosphatase and tensin homolog

pTM- predicted Template modelling

gRT-PCR- quantitative Reverse transcription PCR

Rab11- Ras-related protein 11

Rab5- Ras-related protein 5

RhoG- Ras-homology growth-related

RT- Room temperature

RWD- Relative wound density

SEC- Size exclusion chromatography

SGEF- SH3-containing guanine nucleotide exchange factor

SH3- Src homology 3

siRNA- small interfering RNA

SP-1- Specificity protein-1
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Src- Proto-oncogene tyrosine-protein kinase Src

STAT3- Signal transducer and activator of transcription 3
TGFB- Transforming growth factor 8

TGN- Trans-Golgi network

TNT- Tunnelling nanotube

VEGF- Vascular endothelial growth factor

W12T- W12 tumour

Wnt- Wingless-related integration site

Z0-1- Zonula occludens-1

aCT1- Alpha carboxyl-terminus 1
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Chapter 1: Introduction

1.1 Function of the Skin in Health and Disease

The skin acts as a crucial barrier against the external environment. The role of
this barrier is to protect the body against external threats including pathogens,
UV light, temperature extremes and mechanical trauma (Abdo, Sopko and
Milner, 2020). The skin is composed of three compartments: the hypodermis,
dermis and epidermis. The hypodermis and dermis are made up of connective
tissue, while the epidermis is mainly composed of keratinocytes in five distinct
ascending sublayers: stratum basale, stratum spinosum, stratum granulosum,
stratum lucidum (only present in thick skin such as palms and soles) and stratum
corneum (Randall Wickett and Visscher, 2006). As keratinocytes ascend from the
stratum basale towards the upper layers, they follow a terminal differentiation
pathway, eventually resulting in cell death to form part of the stratum corneum

and subsequent shedding from the top of the epidermis (Abdo et al., 2020).

Alterations in normal skin physiology are associated with many different
pathologies, including chronic inflammatory conditions such as non-healing
wounds, atopic dermatitis and psoriasis. The presentation of such conditions is
largely heterogeneous but often includes itchiness and swelling. Skin diseases
tend to involve a complex interplay of genetic and environmental factors. In
particular, dysregulation of the immune system is an important driver of skin
pathology, with autoimmunity being implicated in many different skin diseases
(Avalos-Diaz and Esparza, 2013). In addition to the symptoms of the disease
itself, patients suffering from skin diseases are predisposed to mental health
conditions and skin infections. This, in addition to the massive global health and
economic burden imposed by skin diseases and their treatment emphasises the

importance of skin research (Hay et al., 2014).
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1.2 The Epidermal Wound Healing Process

Repair of the skin whenever breached is essential in order to protect against
pathogens and restore homeostasis. The wound healing process is comprised of
four main overlapping processes: haemostasis, inflammation, proliferation and
maturation. A summary of the normal wound healing timeline is shown in Figure
1.1. Directly following injury, the process of haemostasis begins in order to
prevent haemorrhage. Constriction of surrounding blood vessels to restrict blood
flow to the affected area is one of the initial events in this stage. Through the
detection of exposed collagen fibres caused by the injury, circulating platelets
adhere to the damaged surface and begin to aggregate, which will eventually
cause the formation of a fibrin clot to prevent further haemorrhage. Detection
of damaged collagen also causes the platelets to become activated, which
promotes release of a variety of signals and growth factors that ultimately
promote wound healing. Examples of these factors include ADP and fibrinogen,
which participate in a positive feedback loop to allow recruitment and activation
of greater numbers of platelets. Platelet activation also causes release of
epidermal growth factor, transforming growth factor B (TGFB) and calcium,
which plays a key role in promoting coagulation (Golebiewska and Poole, 2015).
A further role of the aggregation of platelets is to form an extracellular matrix
scaffold for immune cells, which are crucial to remove pathogens in the

following stages of wound healing.
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Figure 1.1: Timeline of normal wound healing events. The wound healing
process is separated into 4 main stages: haemostasis (red), inflammation
(yellow), proliferation (green) and tissue remodelling (brown). Stage of wound
healing is shown on the y-axis, time is shown on the x-axis. Several stages
overlap in time. Adapted from Opneja, Kapoor and Stavrou, 2019.
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Neutrophils are the first circulating inflammatory cells to reach a wound site and
are recruited through certain chemokines secreted by keratinocytes and
fibroblasts in response to wounding (MacLeod and Mansbridge, 2016). These
immune cells are involved in defence against pathogens through the release of
antimicrobial peptides, proteases and reactive oxygen species (Wilgus, Roy and
McDaniel, 2013). These proteases include certain matrix-metalloproteases
(MMPs) such as MMP-8, which digest damaged type | collagen found in the wound
area (Cabral-Pacheco et al., 2020). Neutrophils also cause amplification of the
immune response via release of inflammatory factors that recruit other immune
cells to the affected area such as monocytes, which then undergo differentiation
to become macrophages. These macrophages are responsible for phagocytosis of
both invading pathogens and neutrophils, which undergo apoptosis following
completion of their role. Following successful clearance of pathogens,
macrophages progress from a pro-inflammatory phase to an anti-inflammatory
phase, releasing anti-inflammatory molecules such as IL-10 (Murray and Wynn,
2011). A portion of the macrophages will undergo apoptosis as with neutrophils.
This is a key regulatory phase in wound healing, as failure to progress past the
inflammatory phase is associated with chronic inflammation and stalling of the

wound healing process (Schilrreff and Alexiev, 2022).
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The proliferation phase of wound healing overlaps with the preceding
inflammatory phase, with some factors released by anti-inflammatory
macrophages encouraging the proliferation of keratinocytes and fibroblasts, as
well as the creation of new blood vessels via the process of angiogenesis. These
include TGFB, insulin-like growth factor (IGF-1) and vascular endothelial growth
factor (VEGF) (Krzyszczyk et al., 2018). A crucial component of the proliferative
phase is replacement of the fibrin clot formed in the initial stages with
granulation tissue, which is composed of fibroblasts, blood vessels, newly-
synthesised collagen, neutrophils and macrophages (Landén, Li and Stahle,
2016). This stage is largely dependent on fibroblast migration from the dermis
into the wound area, where these cells proliferate and deposit extracellular
matrix components. The new granulation tissue more closely mimics unwounded
skin through some structural and functional qualities not observed in the fibrin
clot. Re-epithelialisation is the other major component of the proliferation
phase and is orchestrated by keratinocytes of the wound-edge, which begin to
proliferate and migrate into the wound to facilitate wound closure. Migration of
wound-edge keratinocytes usually occurs first out of these two processes and is
stimulated by a lack of contact inhibition which usually restricts migration. This
is then followed by proliferation of keratinocytes of the basal layer 2-3 days

after initial wounding to repopulate the area (Landén et al., 2016).

The final stage of wound healing is the remodelling phase, which begins two to
three weeks after wounding and can last upwards of a year depending on
environmental and genetic factors (Gonzalez et al., 2016). The main purpose of
this stage is to recover tensile strength and return the wounded area to a similar
state to unwounded tissue. This involves constant remodelling of the granulation
tissue, resulting in scar formation and a decrease in cell and blood capillary
density. A major focus of this stage also hinges on replacement of type Il
collagen (which is deposited in the early stages of wound healing) with type |
collagen, which is the main collagen type found in unwounded skin (Schultz et
al., 2011). This eventually results in scar tissue which retains most of the tensile
strength of unwounded tissue, although full strength is never recovered due to

factors such as altered orientation of collagen fibres (Marshall et al., 2018).
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1.3 Chronic Wound Healing

When the wound healing process does not progress as normal, chronic non-
healing wounds can develop. Chronic wounds are defined as any wound that
does not progress through the stages of wound healing in a predictable amount
of time (Igbal et al., 2017), instead tending to remain in a state of prolonged
inflammation with low levels of associated growth factors (Yamakawa and
Hayashida, 2019) and high levels of matrix metalloproteinases (MMPs) (Lobmann
et al., 2002). Chronic wounds are frequently observed in patients with diabetes,
a condition that has a multifactorial impact on the wound healing process
through peripheral neuropathy and vascular disease, among other properties
(Dinh and Veves, 2005). Diabetic patients are estimated to have a lifetime risk
of 25% of developing a diabetic foot ulcer (DFU), a form of chronic wound
(Boulton and Whitehouse, 2020). In ~25% of DFU cases, surgical amputation of
the affected limb is required, leading to an increased risk of mortality in the
years following (Chang and Nguyen, 2021). Management and treatment of
wounds currently represents a massive burden on both global finances and
health, with an estimated annual cost of £8.3B in the UK alone in the year 2017-
2018 (Guest, Fuller and Vowden, 2020). Much of this cost stems from the limited
efficacy of current treatments, which often require a prolonged treatment
period and are ineffective at preventing recurrence. This, coupled with the
ageing population and the fact that the incidence of diabetes is predicted to rise
sharply over the next few decades, cements chronic wounds as an area of
research requiring new and improved treatment options (Becker, Thrasivoulou
and Phillips, 2012).

1.4 Introduction to Connexin 43 and Structure

Mammalian cell to cell junctions are crucial sites of interaction between cells
and can be broadly separated into three main types: anchoring, tight and gap

junctions. Anchoring junctions (which include adherens junctions, desmosomes
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and hemidesmosomes) are involved in tethering of the cell cytoskeleton to the
cytoskeleton of adjacent cells or the extracellular matrix. Tight junctions are
instead responsible for maintaining apicobasal polarity of cells and forming
impermeable areas between adjacent cells to prevent free diffusion of
macromolecules through the extracellular space (Zihni et al., 2016). Finally, the
gap junction family of proteins constitute one of the major forms of cell-cell
signalling via the creation of direct intercellular channels between adjacent
cells. Gap junction channels are composed of transmembrane connexin proteins,
such as Connexin 43 (Cx43), which congregate at discrete regions of the plasma
membrane to form areas known as gap junction plaques. Formation of gap
junction channels permits the sharing of various factors of <1kDa in size,
including ions, metabolites, secondary messengers and microRNAs (Aasen et al.,
2019a). Through this role, connexins are known to impact many fundamental
processes, including tissue homeostasis, apoptosis, cell proliferation and
differentiation (Gao et al., 2021; Au et al., 2020).

There are currently 21 known connexin genes in humans, which are split into
subgroups depending on genetic similarity. These subgroups are: alpha, beta,
gamma, delta and epsilon (Vinken, 2015). For example, as the first alpha
connexin protein described, Cx43 protein is coded for by the GJAT gene. GJAT
consists of two exons (the first being untranslated) separated by an 11kb intron,
with the second exon singularly containing the sequence coding for full-length
Cx43 protein (Pace et al., 2019). A single promoter region has been described
for the human GJA71 gene, containing binding sites for AP-1 and SP-1
transcription factors (Oyamada, Takebe and Oyamada, 2013). In this
investigation, the Cx43 protein name is primarily used in place of the GJAT gene

name.

Connexin proteins are named according to their respective molecular weights
and have surprisingly short half-lives compared to other transmembrane
proteins, being between 1-4 h (Berthoud et al., 2004). The turnover rate of

connexins can vary depending on cell type, with early pulse-chase experiments
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being instrumental in demonstrating the rapid turnover of these proteins (Laird,

Puranam and Revel, 1991). All connexins share the same basic structure (

Figure 1.2), containing cytoplasmic N- and C-termini, four a-helical
transmembrane domains, two extracellular loops and a cytoplasmic loop (Laird,
2006). All connexins possess a certain degree of structural homology, with the N-
terminus, as well as the transmembrane domains and the extracellular loops
being well-conserved between the different connexin family members, with
some variation in the cytoplasmic loop which is involved in channel gating (Xu et
al., 2012). However, most of the heterogeneity between the different connexins
is contained within the cytoplasmic C-terminal tail, which is longer in the alpha
subgroup (including Cx43) and therefore allows interaction with many other
proteins both prior to, and following transport of the protein to the plasma
membrane (Leithe, Mesnil and Aasen, 2018). This means that connexin functions
can be roughly divided into two main sections of channel-dependent and
channel-independent roles, with each of these contributing to the diverse

processes connexins can influence.

Gap junction formation begins with oligomerisation of six individual connexin
proteins during trafficking to the plasma membrane to form a connexon, which
on docking with an opposing connexon on a neighbouring cell creates a fully

functional gap junction channel (

Figure 1.2). There is a level of variety in this process, as connexons can be
formed of either six of the same connexin protein (homomeric), or different
compatible types of connexins (heteromeric). This diversity is conserved at the
channel level, where docking connexons may be identical (homotypic) or varied
(heterotypic) based on compatibility (Koval, 2006). Different connexin proteins
can alter various properties of the overall gap junction channel they are part of,
including channel permeability and gating, which results in a complex system

allowing fine-tuned control over gap junction signalling. There are however
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some limits to this variation, such as alpha and beta connexins being unable to
form heteromeric connexons (Koval, Molina and Burt, 2014). In addition to
forming gap junctions, individual connexons localised to the plasma membrane
can act as hemichannels which communicate with the extracellular
environment, releasing factors such as ATP and NAD* (Bruzzone et al., 2001;
Cotrina et al., 1998). Hemichannels are usually closed but are induced to open
under conditions of cell stress (Wang et al., 2013). Connexin function is further
modulated through the existence of many different post-translational
modifications that can affect protein function, particularly phosphorylation and
ubiquitination (Solan and Lampe, 2009; Totland et al., 2020).

Gap junction
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Figure 1.2: General structure of individual connexin protein, a connexon and
a gap junction intercellular channel. Connexin 43 contains four a-helical
transmembrane domains, two extracellular loops, a cytoplasmic loop and
cytoplasmic N- and C-termini. A connexon is formed of six connexin proteins,
which can be either homomeric or heteromeric depending on individual connexin
protein compatibility. Individual connexons inserted into the plasma membrane
can also act as hemichannels to release certain factors to the extracellular
environment. Docking of two apposing connexons on the surfaces of different
cells causes formation of a fully functional gap junction channel. Adapted from
Aasen et al., 2019.

Cx43 is a 382 amino acid long protein and is the most well-documented member
of the connexin family in humans, owing to its important functions and its

possession of the widest connexin expression profile in the human body (Zhang
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and Cui, 2017). Cx43 is known to be expressed in a diverse range of cells, which
includes keratinocytes (Kamibayashi et al., 1993), cardiomyocytes (Beyer, Paul
and Goodenough, 1987), neurons (Nadarajah et al., 1997) and retinal glial cells
(Goodenough, Goliger and Paul, 1996). Within the tissues these cells make up,
Cx43 has been shown to be play roles in wound healing, propagating the action
potential between cardiomyocytes and facilitating electrical synapse formation

between neurons.

In addition to its role as a channel-forming protein, Cx43 possesses channel-
independent functions which are mainly enabled through interaction of the
cytoplasmic C-terminal tail with a diverse range of other proteins. Study of
these channel-independent roles is complicated by the modulation of Cx43
through post-translational modifications, particularly phosphorylation, which
controls interactions between Cx43 and other proteins, as well as interactions
which are necessary for its normal lifecycle as a channel-forming protein.
Phosphorylation of Cx43 is achieved through many different kinases, including
protein kinase C (PKC) and MAP kinase (MAPK) (Axelsen et al., 2013). The
existence of six internal translation sites within the GJA7 gene coding for Cx43
further complicates matters. These internal translation sites produce various
sizes of N-terminally truncated Cx43 protein lacking the complete
transmembrane domains of the full-length protein (Figure 1.3). These isoforms
are increasingly being recognised to have distinct functions from full-length
Cx43, with the most prominent, GJA1-20k, interestingly being involved in
forward trafficking of full-length Cx43 to the plasma membrane (Smyth and
Shaw, 2013; Basheer et al., 2017). This role has been found to be reliant on
GJA1-20k stabilising polymerised actin to allow subsequent trafficking of Cx43-
containing vesicles. A further isoform, GJA1-11k, localises to the nucleus and
inhibits cell cycle progression (Epifantseva et al., 2020). The levels at which
each of these internal translation sites are utilised, which is controlled by the
mTOR pathway (Smyth and Shaw, 2013), constitutes a further regulatory
mechanism of Cx43 (Leithe et al., 2018).

The importance of connexin function is best emphasised through the phenotypes

of patients with mutated connexin proteins, which can range from
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nonsyndromic/syndromic deafness to cardiopathies and cataracts (Garcia et al.,
2016). Many different mutations in Cx43 specifically are associated with
oculodentodigital dysplasia (ODDD), which is a mostly autosomal dominant
inherited disease affecting the eyes, teeth and digits (McLachlan et al., 2008).
This disease frequently presents as syndactyly/camptodactyly and/or

craniofacial abnormalities, demonstrating the necessity of proper Cx43 function.

r 43k | 32k 20k ]l 26k 20k 11k

Figure 1.3: N-terminally truncated isoforms of Cx43 resulting from internal
translation initiation sites in the GJA1 gene. Isoforms are named according to
their predicted molecular weights which are shown in Da (e.g. GJA1-32k=32kDa).
Methionine translation initiation sites on the GJA1 gene are shown in the lower
half. GJA1-20k and GJA1-11k have been shown to have distinct functions from
full-length Cx43. Adapted from Leithe et al., 2018.

1.5 Cx43 in Epidermal Wound Healing

Of the 21 known connexin genes in humans, at least 10 are expressed in the skin
(Cx26, Cx30, Cx30.3, Cx31, Cx31.1, Cx32, Cx37, Cx40, Cx43, and Cx45), with
known roles in keratinocyte migration, proliferation and differentiation (Zhou

and Jiang, 2014; Di et al., 2001). Expression of the connexin protein family
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members varies depending on the sublayer of the epidermis (Di et al., 2001)
(Figure 1.4A). For example, Cx26 is expressed within the spinous and granular
layers (Garcia-Vega et al., 2021), while Cx43, the most well-documented
connexin in the skin, is expressed mainly in the basal and spinous layers, as well
as the dermis (Salomon et al., 1994). There is little expression of connexins in
the cornified layer. These differences in expression may be due to, or be
involved in controlling the stage of the differentiation pathway that the cells in

each layer reside in (Langlois et al., 2007).

Unsurprisingly given their roles in many fundamental cellular processes,
significant changes in the expression patterns of connexins occur over the course
of normal epidermal wound healing (Figure 1.4B). These changes are specific to
each connexin family member, further emphasising the diverse range of
connexin functions. Within the first 24h after a wound is sustained, Cx30/Cx26
levels are enhanced and expression is expanded to include all nucleated layers
of the epidermis (Kretz et al., 2003), while Cx43, Cx31 and Cx31.1 levels
decrease in cells of the wound-edge (Brandner et al., 2004; Coutinho et al.,
2003). Despite this, Cx43 expression is maintained in cells that are distant from
the wound-edge and is even upregulated in dermal fibroblasts (Coutinho et al.,
2003). This suggests that Cx43 impacts the wound healing process in distinct
ways depending on cell type. These observations led to the proposal that Cx43
expression may be down-regulated in keratinocytes of the wound-edge to allow
migration into the wound area to promote closure. Supporting this theory,
inducible deletion of the Cx43 coding region in a transgenic mouse model
resulted in increased wound closure rates (Kretz et al., 2003). Additionally,
targeting Cx43 expression using both antisense oligodeoxynucleotides and siRNA
demonstrated increased keratinocyte migration (Mori et al., 2006; Faniku et al.,
2018). Further studies which reduced plasma membrane levels of Cx43 through
the use of connexin mimetic peptides showed an increase in keratinocyte and
fibroblast migration rates (Wright et al., 2009; Faniku et al., 2018). As these
mimetic peptides target Cx43 plasma membrane localisation rather than
expression, it was suggested that Cx43 removal in cells of the wound-edge may

be to restrict channel-dependent functions, rather than channel-independent
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functions which rely on interactions with other proteins. Cx43 levels begin to
increase around 48h after wounding and return to normal following closure of
the wound (Coutinho et al., 2003). In addition to Cx43 expression levels,
phosphorylation status also appears to play an important early role in wound
healing, with sequential phosphorylation of S373, $279/5282 and S368 being
associated with initial growth of gap junction plaques and subsequent
internalisation of Cx43 (Solan and Lampe, 2018). Changes in Cx43
phosphorylation during wounding also differ between sublayers of the epidermis,
as phosphorylation on serine residue 368 is increased in cells of the basal layer
24h after wounding, while simultaneously being almost undetectable in the
other layers of the epidermis (Richards et al., 2004). Phosphorylation of S368
has been tied to a reduction in gap junctional signalling, which may indicate
Cx43 phosphorylated on S368 is involved in proliferation of basal keratinocytes
through a channel-independent function. As with unphosphorylated Cx43
expression, this change is transient, with levels returning to normal 72h after
wounding (Richards et al., 2004).
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Figure 1.4: Expression patterns of connexin proteins in the epidermis under
unwounded (A) and wounded conditions (B). (A) Connexin expression in
unwounded epidermal layers and the dermis. Individual gap junctions are shown
as coloured channels between cells. Cx43=red, Cx31.1=purple, Cx40=blue,
Cx31=green, Cx37=grey and Cx30/Cx26=yellow. Layers of the epidermis are
shown on the left-hand side. Adapted from Churko and Laird, 2013. (B) Connexin
expression is altered in wounded epidermal layers and dermis. Layers and
connexin colours are as shown in (A).
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1.6 Cx43 in Chronic Epidermal Wound Healing

Compared to normal wound healing progression, chronic wounds are associated
with altered expression of a variety of factors. These include upregulation of
MMPs (Lobmann et al., 2002) and downregulation of various keratins, including
keratin 6 and keratin 17 (Charles et al., 2008), which are usually upregulated
during wound healing and are associated with activation of wound-edge
keratinocytes (Mazzalupo et al., 2003). In contrast to the normal wound healing
process, Cx43 is upregulated in wound-edge cells of chronic wounds (Brandner et
al., 2004). Such upregulation has been shown for various types of chronic wound,
including venous leg, diabetic foot and pressure ulcers (Sutcliffe et al., 2015a).
This emphasises the importance of downregulation of Cx43 in cells of the wound-
edge to promote normal wound healing. Due to studies showing that targeting of
Cx43 leads to faster wound healing in both normal (Qiu et al., 2003) and chronic
wounds (Ghatnekar et al., 2015), Cx43 has become a promising therapeutic
target to improve wound healing rates, with one treatment currently undergoing
a phase lll clinical trial (Montgomery et al., 2018). Existing strategies to target

Cx43 in wound healing are discussed further in Chapter 4.

1.7 The Interactions of Cx43

Due to the ~150aa long cytoplasmic C-terminal tail of Cx43, interaction with a
large number of other proteins is possible (
Figure 1.5), massively expanding the functions of Cx43. Many of these

interactions are involved in the normal lifecycle of Cx43 (for a full description of
the lifecycle see Chapter 3). An important example of this is the interaction
with both a- and B-tubulin, which may have several functions (Giepmans et al.,
2001b). While not a requirement for localisation of Cx43 to the plasma
membrane, a certain proportion of Cx43 is trafficked to the cell surface via the
microtubule network and interaction with tubulin may be involved in direct
targeting of Cx43 to adherens junctions (Johnson et al., 2002; Shaw et al.,

2007). This form of direct targeting is likely reliant on export from the Golgi in
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vesicles and trafficking along microtubules through interaction with cargo
receptors such as consortin and motor proteins such as kinesin (Epifantseva and
Shaw, 2018; del Castillo et al., 2010). There is also some evidence that
interaction of Cx43 and tubulin aids stabilisation of the microtubule network in
cells communicating via gap junctions (Giepmans, Verlaan and Moolenaar, 2009).
Interaction with tubulin is surprisingly specific to Cx43 within the connexin
family, as other members do not possess the binding site located between
residues 234-243 (Giepmans et al., 2001b). Binding of the two proteins has also
been found to be regulated through post-translational modifications, with
phosphorylation at residue Y247 abolishing the interaction (Saidi Brikci-Nigassa
etal., 2012).

The carboxyl terminal tail of Cx43 also interacts with Drebrin, which is an F-
actin binding protein with two main isoforms produced from a single gene. One
of these isoforms, Drebrin A, is expressed primarily in the brain, while Drebrin E
is expressed more widely, including in the skin (Shirao and Sekino, 2017).
Interaction between Drebrin E and Cx43 was originally confirmed in murine brain
tissue and was shown to be important for stabilisation of Cx43 in gap junctions,
as knockdown of Drebrin via siRNA resulted in relocation of Cx43 from the cell
membrane to the cytoplasm, as well as an increase in Cx43 degradation
(Butkevich et al., 2004). Drebrin has since been shown to aide trafficking of
Cx43 to the plasma membrane by indirectly tethering it to F-actin, with the
main Drebrin binding site of Cx43 being located between residues 264-275
(Ambrosi et al., 2016). As this region is targeted by other Cx43-interacting
proteins such as c-Src, which can cause internalisation of Cx43 through
phosphorylation of several sites on the carboxyl tail including Y265 (Giepmans et
al., 2001a), it is suggested that Drebrin may stabilise Cx43 at the cell membrane

through steric inhibition of these interactions.

The most well-characterised interaction of Cx43 is with the zonula occludens-1
protein (Z0O-1) (Toyofuku et al., 1998). Z0O-1 is a member of the membrane

associated guanylate kinase (MAGUK) family of proteins, which share a modular
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structure including one or several postsynaptic density protein of
95kDa/Drosophila Discs large tumour suppressor/Z0-1 (PDZ) domains, a Src-
homology 3 (SH3) domain and a guanylate kinase-like (GUK) domain (Te Velthuis,
Admiraal and Bagowski, 2007) (Error! Reference source not found.). Through
interactions with diverse protein partners, MAGUK proteins have roles in cell
polarity, signal transduction and junctional communication between cells
(Reissner and Missler, 2014). In particular, ZO-1 is involved in the formation of
tight junctions between epithelial cells, acting as a molecular scaffold for other
tight junction proteins (McNeil, Capaldo and Macara, 2006). However, it has also
been shown that ZO-1 plays a key role in the regulation of Cx43 gap junctions
(Hunter, Jourdan and Gourdie, 2003). The interaction between ZO-1 and Cx43
takes place through interaction of the ZO-1 second PDZ domain with the
extreme C-terminal amino acids of Cx43 and has been found to negatively
regulate the incorporation of newly-synthesised Cx43 into gap junctional plaques
(Giepmans and Moolenaar, 1998; Rhett, Jourdan and Gourdie, 2011). Rhett and
colleagues showed that disruption of this interaction via either siRNA targeting
of Z0-1 or a Cx43 mimetic peptide which binds to the PDZ2 domain of ZO-1
resulted in larger gap junction plaques and increased gap junctional
communication, thus providing a direct mechanism of modulating gap junctional

communication between cells.
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Figure 1.5: The sequence of the Cx43 C-terminus and sites of interaction
with binding partners. (A) Topographical representation of Cx43 protein
inserted in the plasma membrane. Amino acid residues are shown as circles with
one-letter abbreviations. The Cx43 cytoplasmic C-terminus is enlarged and
colour-coded to denote residues involved in interaction with certain binding
partners. Combinations of colours indicate overlapping binding regions between
several proteins. Pink=tubulin, lime green=CIP85, dark blue=Drebrin, olive=AP-2
red=c-Src/PTEN/Csk, cyan=NEDD4, purple=14-3-3, orange=70-1 (B)
Corresponding table of the Cx43 interaction sites with other proteins. Adapted
from Leithe, Mesnil and Aasen, 2018.
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Figure 1.6: The domain structure of MAGUK protein family members.
CACNB=Calcium Voltage-Gated Channel Auxiliary Subunit Beta 1, MPP=MAGUK
P55 Scaffold Protein, CARMA=CARD recruited membrane associated protein,
DLG=Discs large, CASK=calcium/calmodulin-dependent serine protein kinase, ZO-
1 zonula occludens, MAGI=Membrane-associated guanylate kinase inverted. Red
rounded rectangles=GUK domain, blue indented circles=PDZ domains, yellow
rounded rectangles=CaM kinase domains, turquoise arrow=WW domains, orange
hexagon=SH3 domain, purple squares=CARD domain, green squares=ZU5 domain,
light green indented diamond=L27 domains. ?= Domains of Dlg1 which may
interact with Cx43, other members of the Dlg1 family are not known to interact
with Cx43. *= PDZ2 domain of Z0O-1 which interacts with Cx43. Adapted from

Oliva and Sierralta, 2018.
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1.8 Human Discs Large Homologue-1 (Dlg1)

In addition to ZO-1, Cx43 has been found to interact with a further MAGUK
protein, human Discs large homologue-1 (Dlg1) (MacDonald et al., 2012). Dlg1
(also known as synapse-associated protein 97 or SAP97) is a key regulator of
epithelial cell polarity and signal transduction and localises to areas of cell-cell
contact. Recruitment to these sites is directed by E-cadherin and is required for
adherens junction formation (Laprise, Viel and Rivard, 2004; Reuver and Garner,
1998). Dlg1 protein is encoded by the DLG1 gene and maintains the core MAGUK
structure of a PDZ, SH3 and inactive GUK domain, however it also contains an
additional 2 PDZ domains (for a total of 3) and an L27 domain (Error! Reference
source not found.). The PDZ, SH3 and GUK domains all serve as regions for
protein-protein interactions, with these being joined by linker regions which
confer flexibility and allow the protein to act as a molecular scaffold for other
proteins. An important regulatory area known as the HOOK region lies between
the SH3 and GUK domains and has been implicated in mediating interaction of
the SH3 and GUK domains to modulate Dlg1 function (Reissner and Missler,
2014). The N-terminal L27 domain is only present in certain MAGUK family
members and controls  subcellular localisation of  Dlg1 and
homo/heterodimerisation with itself and other L27-containing MAGUK proteins
(Nakagawa et al., 2004; Wu et al., 1998). Upon original characterisation of the
human protein, at least four Dlg1 isoforms were reported to be generated
through alternative splicing (Lue et al., 1994). Further research revealed at least
six insertions in the Dlg1 protein exist across two main sites (Mori et al., 1998).
The first of these is between the L27 and PDZ1 domains (I1A and 11B) and these
insertions have been found to regulate multimerisation of Dlg1 and interaction
with other SH3 domain-containing proteins through the formation of SH3-binding
motifs. The second site is located between the SH3 and GUK domains (12, I3, 14
and 15), with 12 being shown to target Dlg1 to the nucleus, while I3 instead
targets Dlg1 to sites of cell-cell contact. In contrast, the functions of the 14 and
I5 insertions remain unclear (McLaughlin et al., 2002). Dlg1 protein can also be
produced with certain combinations of these insertions, with expression of all

isoforms varying based on the tissue type (Mori et al., 1998).
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Preliminary knowledge of Dlg1 came from studies of its Drosophila homologue,
Dlg. In these investigations, Dlg was highlighted as a tumour suppressor protein,
as mutation of the DLG gene resulted in uncontrolled proliferation and tumour
formation (Woods and Bryant, 1989). Dlg was also shown to be required for
establishment of correct apicobasal polarity in Drosophila epithelial cells (Woods
et al., 1996). While only one DLG gene exists in Drosophila, five are present in
humans (DLG1, DLG2, DLG3, DLG4 and DLG5), with a level of functional
redundancy proposed due to the proteins being highly related (Andolfi, Tiribelli
and Pascut, 2022). Importantly however, the proteins differ in their subcellular
localisation in mammalian epithelial cells, suggesting they likely have diverse

functions (Van Campenhout et al., 2011).

One of the main roles of Dlg1 is to function together with the Scribble and
Lethal giant larvae (Lgl) proteins as part of the Scribble polarity module, which
is crucial for the establishment and maintenance of correct apicobasal polarity.
The three proteins localise to the basolateral domain of epithelial cells to
regulate cell polarity, proliferation and junction formation, while other protein
complexes such as Crumbs (Crb) and partitioning-defective (Par) localise to the
apical domain and maintain polarity in this area (Su et al., 2012). Mutation of
any of the three members of the Scribble polarity module in Drosophila leads to
a similar phenotype of loss of cell organisation and changes to cell shape,
suggesting they act together to maintain polarity (Bilder, Li and Perrimon,
2000).

As with Drosophila Dlg, Dlg1 has been reported to have a tumour suppressor
function through its interactions with APC and PTEN proteins (Makino et al.,
1997; Sotelo et al., 2012). PTEN functions as a phosphatase and targets
phosphoinositide 3-kinase (3IPK) to regulate downstream targets of this pathway
such as mammalian target of rapamycin (mTOR) (Song, Salmena and Pandolfi,
2012). APC instead inhibits the Wnt signalling pathway through interaction with
B-catenin (Aoki and Taketo, 2007). Further indirect evidence for a tumour

suppressor function comes in the form of Dlg1 being targeted by several
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oncogenic viruses, including human T-cell leukaemia virus and adenovirus type 9
(James and Roberts, 2016). Dlg1 is also targeted by the oncogenic E6 protein of
certain high-risk human papillomaviruses (HPVs) (Thomas et al., 2016; Vande Pol
and Klingelhutz, 2013), which are the primary cause of cervical cancer but also
cause other cancers of the anogenital region, as well as cancers of the head and
neck (Graham, 2017). Despite these data for a tumour suppressor function, some
evidence also exists for an oncogenic role of Dlg1 in promoting cell invasion
(Massimi et al., 2012), suggesting the function of Dlgl as a tumour

suppressor/oncogene is likely context dependent.

1.9 Previous Work on the Cx43/DIig1 Interaction

The interaction between Cx43 and Dlg1 was initially discovered through tandem
mass spectrometry analysis of rat kidney cells (Singh and Lampe, 2003). This
interaction was of interest in HPV-associated cancer, as gap junctional
communication is frequently disrupted during cancer progression (including
cervical cancer) and the HPV oncogenic E6 protein targets Dlg1 for degradation
via the proteasome (Gardiol et al., 1999; Aasen et al., 2019a). In order to study
gap junctional communication during the different stages of HPV-associated
cancer progression, the Graham group utilised the immortal but untransformed
W12NT cervical epithelial cell line, which harbours integrated HPV16 DNA and
was originally derived from the W12E parent cell line from a patient with low-
grade cervical intraepithelial neoplasia (Sterling et al., 1990). Selection of cells
with a transformed phenotype through culturing of W12NT cells in basic media
lacking normal supplements resulted in the generation of the W12T cell line,
which exhibit increased E6 expression relative to W12NT cells (Aasen et al.,
2003). Coimmunoprecipitation experiments subsequently demonstrated that
Cx43 and Dlg1 could interact in both the W12NT and W12T cell lines Table 1.1
(MacDonald et al., 2012). Macdonald and colleagues also found that Cx43 and
Dlg1 colocalised at the cell membrane in untransformed cells, with both proteins
relocating to the cytoplasm in transformed cells. This effect was specific to

Cx43, as Cx26 and Cx30 plasma membrane localisation was unaffected by the
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transformation process, presumably due to their short carboxyl termini and lack
of binding domains. Further work by the Graham group confirmed that the
interaction was conserved in vivo in normal cervical mucosal epithelial tissue by
proximity ligation assay and also showed that HPV E6 was responsible for
controlling Cx43 distribution in transformed cells (Sun et al., 2015). Depletion of
E6 via siRNA in transformed cells resulted in redistribution of both Cx43 and Dlg1
to the cell membrane. Furthermore, expression of HPV E6 containing a mutated
Dlg1-binding motif in HPV-negative cells did not cause relocation of Cx43/Dlg1 to
the cytoplasm, suggesting the interaction between E6 and Dlg1 was necessary to
induce Cx43 relocation. This led to the proposal that Cx43, Dlg1 and E6 may

exist as a complex in these cells.

Having established the importance of the Cx43/Dlg1 interaction in HPV-positive
cancer cell lines, the Graham group next explored whether the interaction was
conserved in vitro in HPV-negative cells. This involved use of three different
human cell lines: HaCaT (immortalised keratinocytes), HEK293 (human
embryonic kidney cells) and NIKS (normal immortal keratinocytes).
Coimmunoprecipitation experiments showed that Cx43 and Dlg1 interact in each
of these cell lines, emphasising the importance of the interaction in normal
epithelial cells (Table 1.1) (Dong, 2021).

Previous studies have also worked towards defining the molecular determinants
of the Cx43/Dlg1 interaction. Given the well-established interaction between
the Cx43 extreme C-terminus and the PDZ2 domain of a related MAGUK protein,
Z0-1, it was presumed that Cx43 and Dlg1 may interact in a similar fashion.
However, studies of Dlg1 interaction with a different connexin, Cx32, found that
the C-terminal tail of Cx32 bound to the SH3/HOOK/GUK domains of Dlg1 (Duffy
et al., 2007). This suggested that the regions involved in Dlg1/Cx43 interaction
may be distinct from those which are crucial for ZO-1/Cx43 interaction. Indeed,
the terminal 5 amino acids of Cx43, essential for ZO-1 interaction, were found to
be dispensable for binding to DIg1 (MacDonald et al., 2012). Instead, the Cx43 C-

terminus was observed to bind to both the N-terminus (residues 1-122) and the
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C-terminus (residues 560-911) of Dlg1, suggesting multiple interaction sites and a
distinct interaction from Cx43/Z0-1. Further research showed through deletion
mutations that a Dlg1 binding site was contained within residues 348-377 of Cx43
(Dong, 2021). Given that Cx43 binds both the N- and C-termini of Dlg1, there are
also likely additional interaction sites yet to be defined. The effect of mutations
at specific residues of Cx43 to mimic unphosphorylated serine were also
investigated. Results from this showed that mutation of certain sites (5255,
S262, 5279, S368 and S373) inhibited the interaction with Dlg1, while mutation
of S282 conversely enhanced the interaction (Dong, 2021). This suggests a
complex relationship between Cx43 post-translational modifications and

interaction with Dlg1.

While significant progress has been made on understanding the specifics of the
Cx43/Dlg1 interaction, several questions remain unaddressed. For example, the
specific function of Dlg1 during the normal lifecycle of Cx43 is yet to be fully
elucidated. The role of Dlg1 in wound healing requires further study and it is
also currently unknown whether the interaction between Cx43 and Dlg1 is
conserved in human skin. Finally, the exact binding sites of Cx43 and Dlg1 are
unknown. Therefore, this investigation sought to further investigate the
Cx43/Dlg1 interaction.
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Table 1.1: Properties of epithelial cell lines where the Cx43/Dlg1 interaction
has been previously studied

Cell Line Cancer Status HPV Status Reference

HaCaT Non-cancerous -ve Dong, 2021

HEK293 Non-cancerous -ve Dong, 2021

NIKS Non-cancerous -ve Dong, 2021

W12NT (W12G) Non-cancerous +ve Macdonald et
al., 2012

W12T (W12GPXY) Cancerous +ve Macdonald et
al., 2012

C33a Cancerous -ve Sun et al.,
2015

C33aEé6 Cancerous E6 expressing Sun et al.,
2015

1.10 Aims

The present gaps in knowledge this thesis aims to address are as follows:

Aim 1: Investigate how the Cx43 lifecycle is altered in vitro

in cells where Dlg1 has been depleted.

e Assess whether Cx43 mRNA levels are altered when Dlg1 is knocked down.

e Analyse changes in Cx43 protein subcellular localisation when Dlg1 is
depleted.

e Investigate changes in Cx43 degradation when Dlg1 is knocked down.

e Establish whether Dlg1 knockdown affects other junctional structures/cell
membrane integrity.

e Determine whether DIlg1 controls gap junctional communication.

e Define the specific role of Dlg1 in the Cx43 lifecycle.
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Aim 2: Determine the role of Dlg1 in the wound healing

process/keratinocyte migration and proliferation.

Evaluate the effectiveness of a 3D printed wound mask in reducing
variation between individual scratch wounds.

Determine how Dlg1 knockdown affects wound closure in scratch assays
and assess whether any observed change is due to an effect on cell
proliferation and/or migration.

Observe how Cx43 and Dlg1 move and colocalise in live cell scratch wound
experiments.

Establish whether the interaction between Cx43 and Dlg1 is conserved in
skin tissue keratinocytes/dermal cells/adipocytes and whether this is

altered in diabetic skin.

Aim 3: ldentify the molecular determinants of the Cx43/Dlg1

interaction.

Use AlphaFold modelling software to predict potential interaction sites of
Cx43 and Dlg1.

Using information from this AlphaFold model, produce recombinant Cx43
and Dlg1 protein and determine the regions of Cx43 which are required
for interaction with Dlg1.

Investigate the effect of Cx43 mutations mimicking phosphorylation of

certain residues on the Cx43/Dlg1 interaction.
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Bacterial Cells

The following bacterial cell lines were utilised in this study:
e Stellar competent E. coli cells used for maintenance of recombinant
plasmid DNA were obtained from Takara Bio (Takara, CA, USA, 638951).
e BL21 Gold E. coli cells used for expression of recombinant proteins were
kindly gifted from Dr Amit Meir, MRC-University of Glasgow Centre for

Virus Research, Glasgow, UK.

2.1.2 Cell Lines

The following cell lines were utilised in this study:
e HaCaT cells- human spontaneously immortalised HPV-negative
keratinocytes (Boukamp et al., 1988). (https://cls.shop/HaCaT/300493).
e HEK293 cells- human embryonic kidney cells, HPV-negative (ATCC,

https://www.atcc.org/products/crl-1573).

e W12T cells (previously referred to as W12GPXY)- transformed and invasive
HPV16-positive human cervical epithelial cells (Aasen et al., 2003).

e Hela Ohio- Human cervical cancer cells, HPV18-positive (Sigma, Poole,
UK, https://www.sigmaaldrich.com/GB/en/product/sigma/cb_84121901).
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2.1.3 Antibodies

Primary antibodies used in immunofluorescence and western blot experiments
are summarised in Table 2.1. Secondary antibodies used are shown in Table 2.2.
Cx43 antibody was kindly gifted by Dr Edward Leithe, Oslo University Hospital,
Norway (Rivedal et al., 1996).

Table 2.1: Information on primary antibodies used in this investigation,

including application, species, dilution and manufacturer

Antibody | Application | Species Dilution Manufacturer | Reference
Number
Cx43 IF/WB Rabbit | 1:1000 (1:500 | N/A (Rivedal N/A
for skin tissue) | et al., 1996)
Dlg1 IF/WB Mouse | 1:250 (1:50 for | Santa Cruz sC-9961
skin tissue) | Biotechnology
GAPDH WB Mouse 1:1000 Meridian Life | 18L34316
Sciences
B-catenin IF Mouse 1:200 BD 610154
Transduction
Laboratories
Calnexin-1 IF Rabbit 1:100 Enzo Life ADI-SPA-
Sciences 860
58K IF Mouse 1:100 Abcam ab27043
Cytopainter IF N/A | Manufacturer’s Abcam ab139483
Golgi Instructions
Staining Kit
EEA1 IF Mouse 1:200 Abcam ab15846
LAMP-2 IF Mouse 1:100 Proteintech | 66301-1-Ig
Z0-1 IF Mouse 1:500 ThermoFisher 610966
Scientific
Rabbit IgG IF Rabbit 1ug/ml Abcam Ab37415
GST WB Rabbit 1:1000 Sigma G7781
FLAG WB Mouse 1:1000 Sigma F3165
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Table 2.2: Information on secondary antibodies used in this investigation,
including application, species, dilution and manufacturer

Antibody Application | Species | Dilution | Manufacturer Reference
Number
Alexa Fluor IF Donkey | 1:500 Life A21202/A21206
488 Technologies
(anti-
mouse/rabbit)
Alexa Fluor IF Donkey 1:500 Life A21207/
594 (anti- Technologies A-11032
rabbit/mouse)
Dylight 680 WB Goat 1:2000 | ThermoFisher 35568
(anti-rabbit) Scientific
Dylight 800 WB Goat 1:2000 | ThermoFisher SA535521
(anti-mouse) Scientific

2.1.4 Plasmids

The pegfp-C1 mammalian expression plasmid containing the sequence
coding for rat Dlg1 with a GFP-tag on the N-terminus was kindly gifted by
Dr Lawrence Banks and Dr Miranda Thomas, International Centre for
Genetic Engineering and Biotechnology, Trieste, Italy (Marziali et al.,
2017).

The pmCherry-N1 plasmid containing sequence coding for human Cx43
with a C-terminal mCherry-tag was previously generated in the Graham
lab by Andrew Stevenson, MRC-University of Glasgow Centre for Virus
Research, Glasgow, UK.

The pFLAG3xCMV10 plasmid containing the sequence coding for the
human Cx43 C-terminus (aa236-382) which was used for site-directed
mutagenesis and expression studies in mammalian cells was previously
generated in the Graham lab by Dr Li Dong and Andrew Stevenson, MRC-

University of Glasgow Centre for Virus Research, Glasgow, UK.
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2.1.5 Primers and Probes

Primers and probes used for the amplification and detection of Cx43 and GAPDH
in RT-gPCR are shown in Table 2.3. The primers used to amplify sequences to be
cloned into the pGEX2T vector for expression of recombinant protein in bacterial
cells are shown in Table 2.4. The primers used to amplify sequences to be
included in the pFLAG3xCMV10 vector for recombinant protein expression in

mammalian cells are shown in Table 2.5.

Table 2.3: Primers and probes for the amplification and detection of Cx43
and GAPDH in RT-gPCR

Target Primer/Probe Sequence
Forward 5’-CTGGGTCCTGCAGATCATATTT-3’
Cx43 Reverse 5’-GGCAACCTTGAGTTCTTCCT-3’
Probe-FAM 5’-CCCACACTCTTGTACCTGGCTCAT-3’
Forward 5’-GAAGGTGAAGGTCGGAGT-3’
GAPDH Reverse 5’-GAAGATGGTGATGGGATTTC-3’
Probe-HEX 5’-CAAGCTTCCCGTTCTCAGCC-3’
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Table 2.4: Primer sequences for bacterial cell expression studies

Target Fwd | Sequence
/Rv
pGEX2T Fwd | 5’-CCGGGAATTCATCGTGACTGACT-3’
Rv 5’-GGATCCACGCGGAACCAGA-3’
Cx43 Fwd | 5’-GTTCCGCGTGGATCCTTCTTCAAGGGCGTTAAGGATCGG-3’
C-
terminus
Rv 5’-ACGATGAATTCCCGGCTAGATCTCCAGGTCATCAGGCC-3’
(aa232-
382)
Cx43 Fwd | 5’-GTGGGTCTACCGCTCCCCTCTCGCCTATG-3’
C_
terminus
Rv 5’-GAGCGGTAGACCCACAGTCTTTGGCAGG-3’
Deletion A
(A263-274)
Cx43 C- Fwd | 5’-GCAATTACGCTAATTACAGTGCAGAACAAAATC-3’
terminus
Deletion B
Rv 5’-AATTAGCGTAATTGCGGCAAGAAGAATTG-3’
(A302-310)
Cx43 C- Fwd | 5’-GTCGTGCCCTGGAGATCTAGCCGGGAATTCA-3’
terminus
Deletion C
Rv 5’-TCTCCAGGGCACGACTGCTGGCTCT-3’
(A372-379)
Dlg1 SH3/ | Fwd | 5’-GTTCCGCGTGGATCCATTAGTTCAGGGTCAGGTTCTCT-3’
HOOK/
pGUK
(22569 Rv 5’-ACGATGAATTCCCGGTCAAGTCACAAAATGATAATCTCTT-3’
aab69-
764)
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Z0-1 PDZ2
(aa150-
312)

Fwd

5’-GTTCCGCGTGGATCCAGGAGTGAGAAGATTTGGCCGA-3’

Rv

5’-ACGATGAATTCCCGGTCACCGGCTGCGGCGGGGA-3’

Table 2.5: Primer sequences for mammalian cell expression studies

Target Fwd/Rv | Sequence
Cx43 C- Fwd 5’-GAAACAATCATGCACAGCCTTTTGATTTCCC-3’
terminus
Deletion D
(4296-330) Rv 5’-GTGCATGATTGTTTCTGTCGCCAGTAACC-3’
S255E Fwd 5’-TGCGCTGGAACCTGCCAAAGACTGTGGGTC-3’
Rv 5’-GCAGGTTCCAGCGCACCACTGGTCGC-3’
S262E Fwd 5’-CTGTGGGGAACAAAAATATGCTTATTTCAATGGCT-3’
Rv 5’-TTTTGTTCCCCACAGTCTTTGGCAGG-3’
S279E Fwd 5’-TCCCCTCGAACCTATGTCTCCTCCTGGGTACAAG-3’
Rv 5’-ATAGGTTCGAGGGGAGCGGTTGGTGAG-3’
S282E Fwd 5’-GCCTATGGAACCTCCTGGGTACAAGCTGG-3’
Rv 5’-GGAGGTTCCATAGGCGAGAGGGGAGCG-3’
S368E Fwd 5’-CAGAGCCGAAAGTCGTGCCAGCAGCAGACC-3’
Rv 5’-CGACTTTCGGCTCTGCTTGAAGGTCGCT-3’
S373E Fwd 5’-TGCCAGCGAAAGACCTCGGCCTGATGACC-3’
Rv 5’-GGTCTTTCGCTGGCACGACTGCTGGC-3’
Y265E Fwd 5’-TCAAAAAGAAGCTTATTTCAATGGCTGCTCC-3’
Rv 5’-TAAGCTTCTTTTTGAGACCCACAGTCTTTGGC-3’
Y265F Fwd 5’-TCAAAAATTTGCTTATTTCAATGGCTGCTCC-3’
Rv 5’-TAAGCAAATTTTTGAGACCCACAGTCTTTGGC-3’
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2.1.6 Kits

Kits used in this study are summarised in Table 2.6.

Table 2.6: Kits used in this study

Kit Manufacturer Reference Number
RNeasy Qiagen 74104

Maxima™ First Strand ThermoFisher Scientific | K1641

cDNA Synthesis

NucleoSpin™ Gel and Macherey-Nagel 740609.50

PCR Clean-up Kit

In-Fusion® HD Cloning Takara 638945

Kit

2.1.7 Human tissues

Formalin-fixed human abdominal skin tissue blocks from six patients (three
diabetic, three non-diabetic) taken during replacement of breast tissue
following mastectomy, were obtained with ethical permission (GCU Skin Tissue
Bank, REC Reference 21-WS-0088, in association with NHS GG&C Biorepository)

(https://www.gcu.ac.uk/aboutgcu/academicschools/hls/research/researchgrou

ps/molecularmechanismsoflongtermconditions/gcuskinresearchtissuebank).

Informed consent was obtained for all tissue donors, and all clinical
investigations were conducted according to the principles expressed in the

Declaration of Helsinki.
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2.2 Methods

2.2.1 Cell Culture

HaCaT, HEK293, W12T and HelLa Ohio cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco, Renfrew, UK, ref no 31966-021) containing 10 %
(v/v) FBS (Gibco, Renfrew, UK, ref no 10270-106) and 1 % (v/v) penicillin-
streptomycin (Gibco, Renfrew, UK, ref no 15140-122). Cells were maintained in
a humidified incubator with 5 % CO; at 37 °C. Cell were detached from plates
using 0.05 % trypsin-EDTA (Gibco Renfrew, UK, ref no 25300-054) and passaged

three times a week at either 1:5 or 1:10 dilution depending on growth rate.

2.2.2 Cell Treatments

For siRNA transfections, cells were cultured as described above in either 6 or 12-
well plates until they reached 30-50 % confluency, at which point transfection
with siRNA against Dlg1 (ON-TARGETplus SMARTpool siRNA; Dharmacon, L-
009415-00-0010) or control oligonucleotides (siGLO, Dharmacon, D-001630-01-0)
was carried out using Lipofectamine RNAiMax transfection reagent
(ThermoFisher Scientific, 13778075). siRNA sequences targeting Dlg1 are shown
in Table 2.7. Briefly, siRNAs and 2.5 pl lipofectamine per sample (5 pl when
using 40 nM siRNA) were diluted in Opti-MEM medium (Gibco, 31985070) before
addition of lipofectamine to each siRNA tube. Transfection mixes were
incubated at RT for 15 min before being added to wells. The final concentration
of siRNA in each well was 20 nM or 40 nM. siGLO control oligonucleotide was

used as a non-target oligonucleotide and to assess transfection efficiency.

Lysosomal inhibition was carried out by treatment of cells with 10 mM NH4Cl
(Sigma) for 8 h at 37 °C.
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For determination of optimum mitomycin C (MMC) concentration for HaCaT
scratch wound assays, HaCaT cells were treated with final concentrations of
MMC (Sigma, M4287) ranging from 4 x 10% - 4 x 10 ug/ml and incubated for 5
minutes. Cells were then washed twice in PBS and incubated in fresh media for
24 h at 37 °C. Medium was collected and floating cells were counted using a

haemocytometer.

For MTT assay following MMC treatment, MTT powder (Abcam, Cambridge, UK,
ab146345) was dissolved in PBS to a concentration of 5 mg/ml and filter
sterilised. MMC treatment was carried out as above in a 96-well plate. Medium
was removed following 24 h incubation and 50 pl MTT substrate, as well as 50 pl
fresh media were added to each well. 50 yl MTT and 50 yl media were also
added to wells containing no cells for background signal controls. The plate was
incubated at 37 °C for a further 3 h. To dissolve formazan crystals formed by
MTT, 150 pl DMSO (Sigma, D1435) was then added to each well and the plate was
wrapped in foil to protect from light before being placed on a rotating orbital
shaker for 15 min. Following dissolution of formazan crystals, absorbance was
measured at a wavelength of 595 nm by a Multiskan™ FC Microplate Photometer
(ThermoFisher Scientific, 11590685). Background values from wells containing
only 50 ul MTT + 50 pl media were subtracted from test samples. Values were

then normalised against control HaCaT cells to give final results.

Table 2.7: ON-TargetplusSMARTpool siDIg1 target sequences

siDlg1 SMARTpool Target Sequences | Target Sequence

siRNA No.

J-0009415-05 GAUCGUAUUAUAUCGGUAA
J-0009415-06 CCAUAGAACGGGUUAUUAA
J-0009415-07 GUACUGGUCAACACAGAUA
J-0009415-08 AAAACGAGAUUAUGAGGUA
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2.2.3 Preparation of Cell Stocks

Cells were removed from the culture vessel using trypsin as described in Section
2.2.1. Cells were counted using a haemocytometer and centrifuged at 1000 rpm
for 5 min. Supernatant was removed and the cell pellet was resuspended in
media + 10 % (v/v) DMSO (Sigma) to give a concentration of 1 x 10° cells/ml.
Cells were stored in 1 ml aliquots at -80 °C overnight before being moved to a

liquid nitrogen tank for long-term storage.

2.2.4 Protein extract preparation and western blotting

Plates containing cells were placed on ice and washed twice in ice-cold PBS
before being lysed in NUPAGE™ lithium dodecyl sulfate (LDS) sample buffer
(Invitrogen). Protein extracts were syringe-passaged through a 22-gauge needle
10 times then sonicated in a Sonibath (Kerry Ultrasonics, Hitchin, UK) for 30 s,
followed by 30 s resting on ice 3 times. The samples were boiled at 100 °C for 5
min before loading on a 12 % NuPAGE gel (Invitrogen) and electrophoresed at 200
V for 45 min in 1x MES buffer (NUPAGE MES Running Buffer 20x, ThermoFisher,
NP0002). Proteins were transferred to a nitrocellulose membrane using an
iBlot™2 transfer system (Invitrogen, IB22001) and iBlot™2 Gel Transfer Stacks
(Invitrogen, 1B23001) as per the manufacturer's instructions. Membranes were
blocked in 5 % (w/v) milk powder (Marvel, Tesco, UKFFOO5MC) in PBST (PBS
containing 0.1 % (v/v) Tween 20) at room temperature with rotation for 1 h.
Blots were incubated with primary antibodies (Table 2.1) diluted in PBST with 5
% (w/v) milk powder with rotation for 1 h at RT or overnight at 4°C. The blots
were washed three times in PBST for 5 min. They were then placed in tubes
containing secondary antibodies diluted in PBST 5 % (w/v) milk powder and
incubated with rotation for 1 h (Table 2.2). Tubes were wrapped in tinfoil
during this stage to protect from light. Blots were washed 3 times in PBST for 5
min before imaging using a LI-COR Odyssey imager (LI-COR Biosciences, NE,
U.S.A.). Signal intensity for Cx43 and Dlg1 bands was quantified and normalised
against the signal for GAPDH loading control.
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2.2.5 qRT-PCR and analysis

Dlg1 depletion in HaCaT cells was carried out as in Section 2.2.2. RNA was
prepared from siRNA-transfected cells using a Qiagen RNeasy extraction kit
(Qiagen, Manchester, UK) exactly as described in the manufacturer's protocol.
cDNA was synthesised using a Maxima cDNA synthesis kit (ThermoFisher
Scientific, UK) with DNase digestion according to the manufacturer's protocol.
Cx43 and GAPDH primer and probe sets are shown in Table 2.3 (Eurofins,
Livingston, UK). Fluorescent reporters were FAM for Cx43 and HEX for GAPDH.
The final concentrations of primer and probe in each reaction were 900 nM and
100 nM respectively. gqRT-PCR was carried out using an ABI 7500 Real Time PCR
System (ThermoFisher Scientific) with the following conditions: 1 cycle of 50 °C
for 2 min, 1 cycle of 95 °C for 3 min, then 40 cycles of 95 °C for 10 s followed by
60 °C for 1 min. GAPDH was included for each sample as an internal control
gene. Each sample was run in triplicate. ACt values were calculated as the
difference in Ct between internal control GAPDH and Cx43 Ct values. AACt
values were then calculated as the difference in ACt between control-treated
cells and 20 nM siDlg1-treated cells. The average expression ratio of Cx43 cDNA
in cells depleted of Dlg1 compared to control-treated cells was then calculated

as 2°84Ct,

2.2.6 Confocal immunofluorescence microscopy and quantification

Cells were grown on sterile 13 x 13 mm coverslips until 90% confluent, then
washed twice with PBS. For Cx43 and LAMP-2 colocalisation, cells were fixed
with 4 % (w/v) paraformaldehyde (PFA) for 15 min at room temperature. For all
other experiments, cells were fixed with 100 % ice-cold methanol for 10 min at 4
°C. Cells were permeabilised in acetone for 1 min followed by three 5 min
washes in PBS and incubation at room temperature for 1h with PBS 10 % (v/v)
donkey serum to block. Primary antibodies (Table 2.1) were diluted using PBS 5
% (v/v) donkey serum and incubated for either 1h at room temperature or

overnight at 4 °C. Coverslips were washed five times with PBS. Alexa Fluor
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secondary antibodies (Table 2.2) were diluted in PBS 5 % (v/v) donkey serum
and added to the coverslips for 1h, protected from light. Coverslips were washed
5 times in PBS, followed by one wash in distilled (d)H20. Coverslips were
mounted on glass slides with ProLong™ Gold Antifade Mountant with DAPI
(Invitrogen, P36935). Control samples which were incubated with secondary
antibodies but no primary antibodies were included in each experiment. For
experiments focusing on colocalisation of Cx43 and Calnexin-1, both primary
antibodies were derived from rabbits, which can generate cross-signal through
secondary antibodies targeting both primary antibodies. Therefore, sequential
staining was carried out. Samples were incubated with Cx43 primary antibody
followed by incubation with secondary antibody Alexa Fluor 594. Samples were
then blocked in PBS 10 % (v/v) donkey serum for a further 1 h before incubation
with Calnexin-1 primary antibody, followed by incubation with secondary
antibody Alexa Fluor 488. In this experiment, an extra control sample was
included without Calnexin-1 primary antibody incubation to assess if cross-signal

was generated through Alexa Fluor 488 binding to Cx43 primary antibody.

For staining of paraffin-embedded human skin tissue, sections on slides were de-
paraffined, and antigen retrieval was performed using sodium citrate (10 mM, pH
6.0). Sections were then washed gently in PBS before blocking for 1 h as above.
Incubation with Cx43 (1:500) and Dlg1 (1:50) (Table 2.1) primary antibodies was
carried out overnight at 4 °C. Subsequent steps were performed as above.
Control samples including secondary antibodies with no primary antibodies were
included, with an additional control of 1 pug/ml rabbit I1gG in place of primary
antibody. Samples were examined using a Zeiss LSM 710 confocal microscope
(Zeiss, Oberkochen, Germany) and Zen black software (Zeiss) was used for

capturing images.

Quantification of colocalisation was performed using Zen blue software (Zeiss).
As Cx43 signal levels were expected to vary between untreated and siRNA-
treated cells, threshold setting and colocalisation measurements were selected
to be as independent of signal intensity as possible, while allowing an

appropriate background signal level to be set. Thresholds for colocalisation were
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set using single stains of Cx43, calnexin-1, LAMP-2, Golgi Tracker, 58K and EEA1
imaged in both red and green channels under the same conditions as in the test
samples. Cells were outlined using the Zeiss software drawing tool, and Manders’
colocalisation coefficient (M1) was measured for each outlined cell (Manders et

al., 1993); 50 individual cells were analysed for each treatment group.

Quantification of the proportion of total Cx43 on the plasma membrane was
performed using ImageJ/Fiji® software (Schindelin et al., 2012). Using the free-
hand drawing tool, two outlines were created for each cell, one surrounding the
entire cell and the other covering the cell minus the plasma membrane (as
indicated by B-catenin plasma membrane staining). The proportions of Cx43
staining were analysed using integrated density values obtained from each of
these outlines. To account for background signal, three areas with no Cx43
staining were selected in each image and the average value of these areas were
subtracted from the raw values. Cx43 signal level on the plasma membrane was
calculated by subtracting the value of the outline not containing the plasma
membrane from the outline containing the plasma membrane. The resulting
value was then divided by the value of the outline covering the entire cell to
give the proportion of total cellular Cx43 on the plasma membrane; 50 individual

cells were analysed for each treatment group.

2.2.7 Parachute assay

Parachute assays were based on the previously described technique (Donnelly et
al., 2012). A summary of the parachute assay procedure is shown in Figure 2.1.
Donor cells (three plates of HaCaT cells, one plate of HeLa Ohio cells) were
grown in 60 mm plates until they reached 30-50 % confluence, at which point
one plate of HaCaT cells was treated with siRNA targeting Dlg1. Cells were
incubated for a further 24 h before being treated with 2.5 yM calcein-AM
(ThermoFisher Scientific, C1300MP) diluted in PBS plus 1 mM Ca?* at 37 °C for 30
min with gentle rocking every 5 min. Calcein-AM is a membrane permeable

compound which is converted intracellularly into green fluorescent calcein
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(molecular weight = 623 Da), which can pass through gap junctions. Cells were
washed three times in PBS plus 1 mM Ca?* and incubated at 37 °C for 30 min in
fresh medium. Following this, donor cells were washed twice and incubated with
1 UM CellTracker™ CM-Dil (molecular weight = 1051.5 Da) (ThermoFisher
Scientific, C7000) for 5 min at 37 °C after which they were wrapped in tinfoil to
protect from light and incubated for a further 15 min at 4 °C. CM-Dil is a red
fluorescent dye that binds to intracellular membranes and cannot freely diffuse
through gap junctions due to its size, therefore allowing distinction of red and
green ‘donor’ cells from green ‘acceptor’ cells. Cells were washed three times
and trypsinised before being pelleted by centrifugation at 283 g for 5 min. Cells
were resuspended and pelleted as before and then resuspended and counted.
Carbenoxolone (50 upM) (CBX; Sigma, C4790-1G) was added to HaCaT cells from
one of the donor plates and incubated for 30 min to block communication
through gap junctions. Donor cells (HaCaT cells, HaCaT cells + siDlg1, HaCaT
cells + CBX, HelLa Ohio Cells) were ‘parachuted’ onto 80 % confluent ‘acceptor’
HaCaT cells (cultured in a 12-well plate) at a donor:acceptor cell ratio of 1:20.
Each condition was run in triplicate. Cells were incubated at 37 °C for 4 h 30 min
to allow dye transfer to take place followed by imaging on an AMG EVOS imaging
microscope at 20x magnification (Invitrogen). Gap junctional communication was
assessed as the average number of acceptor cells receiving dye from a donor cell
(total number of acceptor cells receiving calcein green dye from a directly
adjacent donor cell divided by total number of donor cells). Each group was then
normalised to the control HaCaT cell group to give final values. At least 140

donor cells were analysed per treatment group.
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Figure 2.1: Parachute assay protocol. Donor cells (HaCaT cells, HaCaT+siDlg1,
HaCaT+CBX or HelLa Ohio cells) are treated with Calcein-AM (green) and CM-Dil
(red). Calcein is capable of being passed through gap junctions, while CM-Dil
becomes trapped within the cell. This allows donor cells (green+red) to be
distinguished from acceptor cells (green). Note that this figure does not
accurately portray the cellular distribution of the dyes and the cells are only
coloured to differentiate between labelled and unlabelled cells. Donor cells are
treated with trypsin and ‘parachuted’ onto HaCaT acceptor cells at a
donor:acceptor ratio of 1:20. Following incubation for 4 h 30 min, results are
quantified as the number of adjacent acceptor cells dye is directly passed to
from donor cells. Examples of quantification are shown. Figure made using
Biorender.
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2.2.8 AQuantification of Cell Confluence following Depletion of Dig1

Assessment of cell confluence after siDlg1 treatment was performed using an
Incucyte® S3 Live-Cell Analysis System (Sartorius, Gottingen, Germany), which is
an insert for a cell incubator which is able to take images of cells while
maintaining normal incubator conditions. HaCaT cells were seeded at a density
of 5 x 103 cells per well in an Incucyte® Imagelock 96-well Plate (Sartorius) and
incubated for 24 h at 37 °C. Imagelock plates contain markings which allow
consistent orientation of the plate within the live-cell analysis system and
imaging of the same area of cells at each individual timepoint. siRNA treatments
were carried out as described above and the plate was immediately transferred
to the live-cell analysis system for imaging. Images were captured every 2 h,

with the final timepoint being at 96 h.

Quantification of cell confluence was performed using the Incucyte® Base
Analysis Software (Sartorius). Values were collated and exported to calculate

average confluence values for each treatment group at each timepoint.

2.2.9 Design of a 3D-printed Wound Mask for use in in vitro 2D Scratch
Wound Experiments

For use in 2D wound healing experiments, a wound mask to cover a 35 mm plate
was designed using NX10 software (Siemens, Munich, Germany) (Figure 2.2A)
before being exported and processed using Ultimaker Cura software (Ultimaker,
Utrecht, Netherlands) to create code for 3D printing. The mask was printed
using an Ultimaker S5 3D printer (Ultimaker). The gap in the mask was designed
to allow a sterile 200 pl pipette tip through with minimal room for movement to

limit variation in wound size (Figure 2.2B-D).
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Figure 2.2: A 3D-printed wound mask for use in scratch wound assays. (A)
Technical drawing of the 3D-printed wound mask from various angles, with
dimensions shown in mm. Dashed lines represent hidden details. (B) and (C) 3D
renders of the wound mask in an upright and upturned position respectively. The
wound mask is placed over a 35mm cell culture dish in the orientation of (B) and
a 200pl pipette tip is inserted through the gap of the top face of the mask for
wounding. (D) Top view of the final wound mask with a marker pen for scale.
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2.2.10 Scratch Wound Assay

For experiments utilising the 3D-printed wound mask, HaCaT, HEK293 and W12T
cells were seeded in 35 mm plates at a density that would allow them to reach
100 % confluence in 24 h (0.6 x 10°), or 4 h/8 h (1.2 x 106 cells) in experiments
to assess impact of cell-cell attachment on wound variability. Cells were
wounded using a sterile Starlab 200 pl pipette tip either free-hand or by placing
the wound mask over the plate and using it to guide the pipette tip. Cell
medium was removed and cells were washed twice in PBS before adding fresh
media. Scratch wounds were immediately imaged using an EVOS™ M5000
microscope (Invitrogen). Wound size and variation were evaluated using the
ImageJ/Fiji® Wound Healing Size plugin tool produced by Suarez-Arnedo et al.
(Suarez-Arnedo et al., 2020; Schindelin et al., 2012). This tool is capable of
measuring both average wound size and standard deviation of size within the

wound.

For scratch wound experiments using the Incucyte® S3 Live-Cell Analysis System
(Sartorius), 0.4 x 10° HaCaT cells were seeded in each well of a 6-well plate.
There were four treatment groups, HaCaT control, 20 nM siDlg1-treated, 40 nM
siDlg1-treated and 100 nM ZPC-treated. ZPC is a stable analogue of the GAP27
Cx43 mimetic peptide (molecular weight = 795.92 Da, formulation priority
Zealand Pharma IP 068-DK-NOR-01). Following 24 h incubation, siRNA treatment
was carried out as described above. Three biological replicates were included in
each treatment group. Cells were then incubated for a further 20 h before being
transferred to wells of a Incucyte® Imagelock 96-well Plate (Sartorius) at a fixed
cell density of 0.08 x 10° cells per well. Cells were incubated for 4 h to allow
attachment to the plate. 30 min prior to reaching the 4 h mark, the ZPC group
was treated with 100 nM ZPC. In mitomycin C-treated groups, MMC was added to
a final concentration of 4 x 102 ug/ml 5 min prior to wounding. Wounds were
created using the Incucyte® Woundmaker Tool (Sartorius), which is a device
composed of a tray plate and a plate containing 96 pins. The 96-well plate lid
was removed and the plate was placed in the tray, with the pin board positioned
over the wells. The button on the pin board was then pressed down to move the
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pins across the cell monolayer, creating wounds in each well of the plate. Cell
medium was removed and cells were washed twice using PBS before adding fresh
media. ZPC was again added to the ZPC-treated group to a final concentration of
100 nM and the plate was placed in the live-cell analysis system for imaging.
Images of initial wound area were captured and subsequently images were taken

in each well every 2 h. The final timepoint was 48 h post-wounding.

Quantification of wound area in all wells at each timepoint was performed using
the Incucyte® Scratch Wound Analysis Software Module (Sartorius). Use of the
Incucyte Woundmaker Tool occasionally resulted in the generation of an uneven
wound where a much larger area of cells was removed than intended. Wells
containing these wounds were excluded from further analysis. Relative wound
density % (RWD %) values were exported and average RWD % was calculated for

each treatment group at each timepoint.

2.2.11 AlphaFold Models

AlphaFold2 models were generated using an AlphaFold ColLab online server:

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/bet

a/AlphaFold2_advanced.ipynb (Jumper et al., 2021). Steps were followed in a

sequential fashion as listed on the server. For individual models, full amino acid
sequences for Cx43 (1-382) or Dlg1 (1-904) were entered into the sequence input
field. For the complex model, the sequences for the Cx43 C-terminus (232-382)
and DIlg1SH3/HOOK/pGUK (569-764) were entered together separated by a colon
to allow them to be modelled as a complex. Five models were generated for
each input sequence, with a maximum number of 3 recycles (no. of times
structure is fed back into neural network to alter structure prediction). Models
were ranked according to their predicted template modelling (pTM) scores,
which is a measure of the structural congruence of the model (Zhang and
Skolnick, 2004). The top-ranked models of Cx43, Dlg1 and the two proteins
together were evaluated in this investigation. In addition to protein models,

plots of pLDDT (per-residue confidence score, from 0 being low confidence to
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100 being high confidence) and PAE values (confidence in the placement of
domains relative to other domains in a 3D space, from 0 being low error to 30
being high error) were generated for each model. Results were exported to
Chimera X software for analysis (Pettersen et al., 2021). Domains of each
protein were coloured according to the UniprotkKB annotation system for each
protein (Vasudevan et al., 2011). Contacts were set at a maximum distance of
4A between atoms, which is generally accepted to be an appropriate limit on
contacts (Furmanova et al., 2018; Ofran and Rost, 2003; Zubek et al., 2015).

2.2.12 Bacterial Cell Culture and Buffers

Stellar competent E. coli cells and BL21 Gold E. coli cells were used for plasmid
maintenance and GST-tagged recombinant protein expression respectively. L-
broth (10 g NaCl, 16 g Bactopeptone, 5 g yeast extract in 1 litre H20, pH 7.5)
and agar plates made of 1.5% (w/v) agar in L-Broth were used to grow bacteria.
Where necessary, 100 pg/ml ampicillin was added to agar plates or broth.
Autoinduction of protein expression in BL21 Gold E. coli cells was carried out
using autoinduction media composed of 2xYT media (16 g tryptone, 10 g yeast
extract, 5 g NaCl in 1 litre H,0) supplemented with 1 ml 1 M MgSO4, 20 ml 50 x
5052, 50 ml 20x NPS and 1 ml ampicillin.

For recombinant protein purification, breaking buffer was composed of 4 mM
MgCl, 1 mM DTT (ThermoFisher, 20290), 0.1 mg/ml lysozyme (ThermoFisher,
J60701.03), 20 pl DNase (ThermoFisher, EN0521) and one cOmplete™ mini
protease inhibitor cocktail tablet for every 10 ml buffer (Sigma, 04693124001).
Binding buffer was PBS, 1 mM DTT. Elution buffer was 50 mM Tris, 10 mM
glutathione (Sigma, G4251-1G), 0.15 M NaCl, 1 mM DTT. Buffers were adjusted
to pH 7.0 for Cx43 purification.
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2.2.13 Preparation of Bacterial Stocks

Bacterial stocks were prepared by adding 500 ul 50% glycerol (Sigma, G5516) to

500 pl bacterial cell culture. Bacterial stocks were stored at -80 °C.

2.2.14 Generation of pGEX-2T Plasmids Containing Sequences of Interest

Primers for the Cx43 C-terminus, Dlg1 SH3/HOOK domain and ZO-1 PDZ2 domain
were designed using the In-Fusion Primer Design Tool

(https://www.takarabio.com/learning-centers/cloning/primer-design-and-

other-tools) (Table 2.4). Previously designed primers to amplify and sequence
the pGEX-2T vector were also utilised. Desired fragments were amplified from
HaCaT cell DNA extracts using appropriate primers and the following conditions;
35 cycles of 98 °C for 10 s, 55 °C for 5 s, 72 °C for 5 s per kilobase. PCR
products were then purified using a NucleoSpin™ Gel and PCR Clean-up Kit
(Macherey-Nagel, Duren, Germany) according to the manufacturer’s instructions.
Size of PCR products was checked by gel electrophoresis before cloning of
fragments into the pGEX-2T vector using an In-Fusion® HD Cloning Kit (Takara

Bio) according to the manufacturer’s instructions.

2.2.15 PCR-mediated Site Directed Mutagenesis

For expression of recombinant protein in bacterial cells, the pGEX-2T-Cx43 C-
terminus plasmid was used as the template for PCR-mediated site directed
mutagenesis with primers designed as above to delete interaction regions A, B
and C (Table 2.4). Conditions for PCR reactions were as above. Following PCR,
parental DNA was degraded by Dpn1 (ThermoFisher ER1701) treatment for 15
min at 37 °C. Amplification of products was checked via gel electrophoresis,

however these PCRs were unsuccessful.
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For expression of recombinant protein in mammalian cells, the pFLAG3xCMV10-
Cx43 C-terminus plasmid was used as the template for PCR-mediated site
directed mutagenesis with primers designed as above to delete the entire main
a-helix of Cx43 (Deletion D) as well as to cause substitution mutations of
residues of interest (Table 2.5). Following PCR, parental DNA was degraded by
Dpn1 (ThermoFisher) treatment for 15 min at 37°C.

2.2.16 Stellar E. coli Transformation and Sequencing of Cloned DNA
Fragments

pGEX-2T and pFLAG3xCMV10 vectors containing sequences of interest were
transformed into stellar competent E. coli cells according to instructions from
the manufacturer (Takara Bio, Shiga, Japan). Transformation reactions were
incubated on agar plates overnight at 37 “C containing 100 pg/ml ampicillin to
select transformed cells. Resulting colonies were grown in 5 ml liquid culture
containing 100 pg/pl ampicillin overnight with shaking at 220 rpm before DNA
extraction. PCR was performed for the fragment of interest and PCR product
size was confirmed by gel electrophoresis. Plasmid DNA was also sent to Eurofins

for sequencing (Eurofins, Livingston, UK).

2.2.17 Expression of recombinant protein in BL21 E. coli cells

Plasmids containing successfully sequenced PCR fragments were transformed
into BL21 Gold E. coli cells. DNA (~50 ng) was added to 50 pl E.coli cells and
incubated on ice for 30 min. Transformation reactions were heat-pulsed at 42 °C
in a water bath for 20 s and immediately placed back on ice for 2 min, followed
by addition of 450 pl of SOC media (which was preheated to 42 °C) to each
transformation reaction. Reactions were incubated at 37 °C for 1 h with shaking
at 220 rpm. Cells were concentrated by centrifugation at 200 g for 5 min before
plating of 20 pl transformation reaction + 80 pl H20 on an agar plate containing

100 pg/ml ampicillin. Plates were incubated overnight at 37 °C.
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For expression of recombinant GST-tagged protein, a single colony was picked
from each transformation plate and grown in 5 ml LB broth overnight at 37 °C
with rotation at 220 rpm. As an uninduced control sample, 500 pl of overnight
culture was collected and pelleted at 14,000 rpm for 1 min. Supernatant was
discarded and the cell pellet was frozen at -20 °C. For induced samples,
overnight culture was diluted in autoinduction media 1:50 to a final volume of 5
ml. Samples were incubated overnight at either 20 °C or 24 °C with shaking at
220 rpm (maximum 16 h). Bacterial cells were pelleted by centrifugation of 1.5
ml culture at 14,000 rpm for 1 min. Medium was removed and bacterial cells
were lysed in 300 pl breaking buffer for 30 min. Samples were centrifuged at
14,000 rpm for 25 min and supernatant containing protein was moved to a fresh
tube. LDS sample buffer (Invitrogen) was added to supernatant tubes and
samples were boiled for 3 min at 100 °C prior to gel electrophoresis. Success of
induction and purification were confirmed by western blotting with an anti-GST

antibody.

2.2.18 Glutathione Affinity Chromatography

For production of a sufficient quantity of recombinant protein to purify by
glutathione affinity chromatography, the above protocol for recombinant protein
expression was scaled up to a 1L culture. BL21 Gold E. coli containing the
plasmid for expressing the Cx43 C-terminus were incubated at 20 °C with
shaking at 220 rpm overnight. Bacterial cells were pelleted at 14,000 rpm for 1
min and the pellet was transferred to a new tube. The cell pellet was
resuspended in 100 ml breaking buffer and incubated with rotation for 30 min at
4 °C. Sample was then sonicated on ice for 3 min in cycles of 10 s on, 10 s off
before centrifugation at 21,000 rpm for 30 min to pellet cell debris. The sample,
as well as binding and elution buffers were filtered and degassed. Glutathione
affinity chromatography was performed using a GSTrap 1 ml column (Cytiva, MA,
USA, GE17-5281-01) according to the manufacturer’s instructions. Flow rates of
sample onto column/elution flow rates were 0.7 ml/min and eluted sample was
collected in 1.5 ml fractions. Fractions were run on a gel and subsequently

stained with Coomassie brilliant blue G-250 (Sigma). Briefly, following
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electrophoresis, the gel was transferred to a container and incubated for 1 h
with Coomassie solution (0.05 % (w/v) Coomassie brilliant blue R-250 (Sigma,
1125530025), 50 % v/v methanol, 10 % v/v acetic acid, 40% H,0) with rotation.
Coomassie solution was then removed and the gel was incubated for a further 1
h with destaining solution (10 % v/v methanol, 10 % v/v acetic acid, 80 % H20)
with gentle rotation. Fractions containing recombinant Cx43 C-terminus were

pooled for size exclusion chromatography.

2.2.19 Size Exclusion Chromatography

Appropriate Cx43 C-terminus fractions from glutathione affinity chromatography
were concentrated using a 6 ml Vivaspin®, 10 kDa MWCO polyethersulfone tube
(Sigma, GE28-9323-63). The sample was then loaded onto a Superdex 200
increase column (Cytiva, 28990944). Size exclusion chromatography was
performed according to the manufacturer’s instructions. Fractions were run on a
gel and stained with Coomassie brilliant blue dye and protein levels were
measured using a Nanodrop One (Thermo). Fractions containing Cx43 C-terminus

were frozen in liquid nitrogen and stored at -80 °C.

2.2.20 Transfection of HEK293 Cells with Cx43 C-terminal Mutant Constructs

HEK293 cells were cultured in 6 well-plates until reaching 80% confluency. Cx43
C-terminus construct DNA (1 pg) and 2.5 pl lipofectamine 2000 (ThermoFisher,
11668030) were each diluted in separate tubes of 250 pl Opti-MEM media (Gibco)
and incubated for 5 min at RT. DNA and lipofectamine tubes were combined and
incubated for 20 min at RT. Transfection mix (500 pl) was added to each well
and cells were incubated for 48 h at 37 °C. Cells were lysed and protein

expression was checked by western blot using the protocol described above.

2.2.21 Live Cell Experiments
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HEK293 cells in a 35 mm plate were transfected as above using 1 pug Cx43-
mCherry, 1 pg Dlg1-GFP DNA and 5 pl lipofectamine 2000. Cells were incubated
for 24 h at 37 °C followed by scratch wounding using the wound mask as
described above. Cells were then moved to the environmental chamber of a
Zeiss Axio Observer Z1 microscope (Zeiss) which had been pre-incubated at 37
°C 5% CO;. Images were captured every 10 min for a period of 66 h, at which

point wound closure was almost 100%.

2.2.22 Statistical Analysis

An unpaired two-tailed t-test was used to assess significance in the
colocalisation analyses. For western blots, Dlg1 and Cx43 values were normalised
to GAPDH for each sample. For the lysosomal inhibition experiment, significance
was assessed using a two-tailed Mann-Whitney U-test. For gqRT-PCR, an unpaired
two-tailed t-test was performed on 2724t values to assess significance. For the
parachute assay, results were expressed as the average number of acceptor cells
receiving dye from a directly adjacent donor cell. Significance was assessed
using a Kruskal-Wallis test followed by Dunn's post-hoc test to determine
differences between the individual treatment groups. Data shown are the result

of at least three biological replicates.

For the comparison of scratch wounds made either free-hand or using the 3D-
printed wound mask at different timepoints, an unpaired two-tailed t-test was
performed to assess significance. Analysis of knockdown of Dlg1 in scratch
wound assays was performed using a Kruskal-Wallis test followed by Dunn’s post-
hoc test. This test was also used for experiments testing the effect of Dlg1
knockdown on cell proliferation. For the determination of mitomycin C
concentration for use in scratch wound assays, a one-way ANOVA was performed
followed by Tukey’s test to determine differences between the individual

treatment groups.
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Chapter 3: The Role of DIg1 in the Cx43 Lifecycle

3.1 Introduction

3.1.1 The Connexin 43 Lifecycle

The Cx43 lifecycle begins with transcription of mRNA from the GJAT gene. Like
other connexins, Cx43 mMRNA is translated on the ribosomes, then co-
translationally inserted into the membrane of the endoplasmic reticulum (ER)
(Figure 3.1) (Segretain and Falk, 2004). During this stage, folding of connexin
proteins occurs, with regulatory mechanisms in place to remove any misfolded
connexin proteins that could lead to dysfunctional gap junctional intercellular
signalling (Epifantseva and Shaw, 2018). Following folding checks, connexins are
trafficked in vesicles through the ER-Golgi intermediate compartment (ERGIC).
Early post-translational modification of Cx43 can occur in the ER or the Golgi in
the form of phosphorylation (Puranam, Laird and Revel, 1993). Despite this, the
majority of Cx43 post-translational modifications take place later in the lifecycle
and phosphorylation at this stage is not known to be required for oligomerisation
or delivery to the plasma membrane (Dunham et al., 1992). Oligomerisation to
form connexons also occurs in the ERGIC for most connexins, however Cx43
atypically oligomerises later in the trans-Golgi network (TGN) (Koval, 2006). The
reason for this discrepancy between Cx43 and other connexins is currently
unknown, however one theory proposes that this is to regulate heteromeric

connexon formation (Hesketh, Van Eyk and Tomaselli, 2009).

Connexons are mainly targeted to the plasma membrane to fringes of areas
containing gap junctions and then diffuse laterally along the plasma membrane
to join plaque edges (Lauf et al., 2002). The degree to which connexins are
delivered to specific areas of the cell membrane following export from the TGN

is currently subject to some debate, with certain groups arguing that the rapid
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turnover time of connexins points to targeted delivery to specific sites at the
cell membrane, rather than random accumulation in plaques over time
(Epifantseva and Shaw, 2018). Evidence to support this comes in the form of
several microtubule-related proteins, such as EB1, being required for efficient
trafficking of Cx43 to the plasma membrane (Smyth and Shaw, 2013). Disruption
of microtubules via nocodazole treatment also impaired connexin vesicle
movement and gap junctional communication (Martin et al., 2001). In this
model, Cx43 exits the Golgi in vesicles and can bind directly to tubulin through
the Cx43 C-terminus. Tubulin itself is anchored to adherens junctions through B-
catenin, allowing quick transportation of Cx43 to areas adjacent to gap junction
plaques (Shaw et al., 2007). Drebrin is also involved in this stage of the
trafficking pathway by directly binding the Cx43 C-terminus and attaching it to
actin filaments, acting together with tubulin to tether Cx43 to the cytoskeleton
(Ambrosi et al., 2016). On reaching the plasma membrane, Cx43 interacts with
Z0-1, which as previously mentioned negatively regulates the incorporation of
newly synthesised Cx43 into gap junction plaques (Giepmans and Moolenaar,
1998; Rhett et al., 2011). Once inserted into the plasma membrane,
hemichannel and gap junctional activity are regulated by many different
environmental factors, with hemichannels remaining closed under normal
conditions (Wang et al., 2013). Intracellular calcium (Ca?*) levels are an
important regulator of gap junctional signalling (Loewenstein, Nakas and
Socolar, 1967), with higher Ca?* levels causing decreased gap junctional
communication through binding of calmodulin to the cytoplasmic loop and C-
terminus of Cx43 (and other connexins) which results in channel closure (Zheng
et al., 2020). Other factors affecting channel opening include pH and

transjunctional voltage (Peracchia, 2004).

As with other stages of the lifecycle, internalisation and degradation of gap
junctions is an efficient process. Gap junctions are internalised from the cell
membrane as double-membraned organelles termed annular gap junctions or
connexosomes, which surprisingly can consist of cell membranes containing
entire gap junctions from the two communicating cells, as opposed to lone
connexons from a single cell (Jordan et al., 2001). There is some evidence that

connexosomes can recycle back to the plasma membrane following
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internalisation (Carette et al., 2015), however the majority eventually fuse with
lysosomes to facilitate digestion of the protein. Cx43 internalised from gap

junctions can also be degraded by the proteasome (Leithe and Rivedal, 2004a).
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Figure 3.1: The general lifecycle of connexins. 1: Nascent connexin protein is
co-translationally inserted into the endoplasmic reticulum. 2: A portion of
newly-synthesised connexins are degraded by the proteasome following
interaction with CIP75 and other mechanisms. 3: Connexins oligomerise to form
connexons in either the ER-Golgi intermediate compartment (most connexins) or
the trans-Golgi network (Cx43). Trafficking of Cx43 is partially dependent on
microtubules and motor proteins. 4: Upon reaching the plasma membrane,
connexons are incorporated into gap junction plaques where they dock with
compatible connexons on apposing cells and form fully functional intercellular
channels. 5: Alternatively, connexons can exist as lone hemichannels which open
under stress to release factors such as ATP and NAD* 6: Full gap junctions are
regularly removed from the membrane via endocytosis, which produces double-
membraned connexosomes. 7: Connexosomes can be degraded by autophagy. 8:
In a separate pathway, connexosomes can be remodelled into early endosomes
9: Connexons follow the lysosomal pathway and are degraded. 10: Occasionally,
connexons may be recycled to the membrane from endosomes. 11: Endosomes
containing connexons may fuse with the plasma membrane to release exosomes
into the extracellular environment. 12: The membrane may also bud outwards
from the cell to form extracellular microvesicles containing connexons. Adapted
from Aasen et al., 2019.
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3.1.2 Control of Cx43 mRNA Transcription

Due to the short half-life of connexins (1-4 h) and the dynamic control of their
activity, their expression is unsurprisingly tightly regulated by many different
factors at three broad levels; transcription, translation and post-translational
(Aasen et al., 2019a). At the transcriptional level, the adherens junction protein
B-catenin promotes transcription of Cx43 from the GJA71 gene directly by
localising to the nucleus as part of the Wnt signalling pathway (Ai et al., 2000).
B-catenin also interacts with Cx43 at gap junction sites, which is thought to
sequester B-catenin and prevent nuclear translocation, creating a negative
feedback loop of Cx43 transcription (Spagnol et al., 2018). On the other hand,
there is also some evidence that under certain conditions Cx43 hemichannels can
promote Cx43 gene expression through activation of JNK kinase in a positive
feedback loop (Li et al., 2013). Cx43 mRNA expression is also increased following
activation of the JAK/STAT pathway, where phosphorylated STAT3 protein
localises to the nucleus and promotes transcription of the GJAT gene (Ozog et
al., 2004). The JAK/STAT pathway plays a key role in a variety of processes,
including but not limited to cell migration, proliferation and differentiation
(Rawlings, Rosler and Harrison, 2004). The pathway is also involved in promoting
inflammation in response to viral infection (Ezeonwumelu, Garcia-Vidal and
Ballana, 2021). Further important transcription factors regulating Cx43 mRNA
expression include activator protein-1 (AP-1) and specificity protein-1 (SP-1)
(Echetebu et al., 1999; Geimonen et al., 1996).

As with other genes, histone modifications and DNA methylation are additional
factors which can affect Cx43 mRNA transcription (Vinken, 2016). Acetylation of
histones has been demonstrated to contribute to Cx43 mRNA transcription, as
inhibition of histone deacetylases in prostate epithelial cells increased Cx43
transcription (Hernandez et al., 2006). In contrast, the majority of studies on
GJA1 gene methylation, which is mainly associated with transcriptional
repression, have focussed on cancer cells (Yi et al., 2007). This means it is
currently unknown to what degree this mechanism is employed to augment Cx43

MRNA transcription in normal cells. As with all forms of Cx43 regulation, the
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effects of these modifications are likely to be highly dependent on cell-type and

cancer status.

3.1.3 Control of Cx43 mRNA Translation

Recent work has shown that following transcription, Cx43 mRNA is regulated by
several additional factors. MicroRNAs (miRNAs), a class of non-coding RNAs that
bind to the 3’ region of target mRNAs and inhibit translation or promote
degradation, are important controllers of Cx43 expression (Oyamada et al.,
2013). Regulation of Cx43 in this fashion has been implicated in several types of
cancer, including melanoma (Wang et al., 2019) and prostate cancer (Li et al.,
2012). Further regulation occurs through six internal translation sites within the
GJA1 gene which produce various sizes of N-terminally truncated Cx43 protein
with distinct functions from full-length Cx43 (see Chapter 1) (Epifantseva et al.,
2020).

3.1.4 Post-translational control of Cx43 Protein

Cx43 protein can be degraded through the proteasomal, endosomal/lysosomal or
autophagy pathways (Totland et al., 2020). As mentioned previously, a certain
portion of newly synthesised Cx43 will be misfolded and subsequently degraded
due to quality checks within the ER. An example of such a check is through
interaction with connexin-interacting protein of 75kDa (CIP75), which is a
member of the ubiquitin-like ubiquitin-associated domain family of proteins and
interacts preferentially with misfolded Cx43 (Li et al., 2008), promoting its exit
from the ER and subsequent ER-associated degradation (ERAD) via the
proteasome (Su et al., 2014). This process is unusual in that it does not involve
ubiquitination of Cx43, while ERAD of other connexin proteins does (Gemel et
al., 2014). While this is currently the most well-defined mechanism of Cx43

ERAD, other mechanisms also contribute to degradation via this pathway.
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Degradation of Cx43 through the lysosomal pathway in the stages before

reaching the plasma membrane has also been reported (Qin et al., 2003).

As with almost all sections of the Cx43 lifecycle, internalisation of gap junctions
is influenced through post-translational modifications, which include
phosphorylation (Solan and Lampe, 2014), ubiquitination (Totland et al., 2020),
SUMOylation (Kjenseth et al., 2012) and acetylation (Meraviglia et al., 2015).
Phosphorylation on specific residues of Cx43 (mainly in the C-terminus) is
associated with reduced gap junctional communication, with examples of
interacting kinases being MAPK (Warn-Cramer et al., 1998) and PKC (Lampe et
al., 2000). The oncogenic Src kinase protein also inhibits gap junctional
communication through phosphorylation at residues Y247 and Y265 (Toyofuku et
al., 2001). In contrast, phosphorylation at other amino acid residues by different
kinases such as AKT is associated with increased stabilisation of gap junctions
(Dunn et al., 2012). Ubiquitination also plays a critical role in Cx43 degradation
and has been associated with channel closure/internalisation (Leithe and
Rivedal, 2004a) and trafficking from early endosomes to lysosomes (Leithe et
al., 2009). An example of an E3 ubiquitin ligase enzyme that interacts with Cx43
is Nedd4, which ubiquitinates Cx43 in gap junctions in a phospho-dependent
manner (Leykauf et al., 2006), with this modification subsequently promoting
recruitment of other factors such as Esp15 to allow internalisation of Cx43
(Girao, Catarino and Pereira, 2009). Cx43 is mainly monoubiquitinated as

opposed to polyubiquitinated (Leith and Rivedal, 2004).

Despite the vast number of studies contributing to knowledge of the Cx43
lifecycle over the last few decades, many details remain to be elucidated. For
example, the role that Dlg1 plays in the Cx43 lifecycle is incompletely
understood. The interaction between the two proteins is known to play a
significant role in human epithelial cell lines (Dong, 2021) and also in human
papillomavirus (HPV)-associated cancer, with the oncogenic E6 protein targeting
Dlg1 for degradation via the proteasome and thereby decreasing Cx43 levels (Sun
et al., 2015). However, no work to date has focused on defining the specific

section of the Cx43 lifecycle that Dlg1 controls in normal epithelial cells. In this
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chapter, the effect of depleting Dlg1 via siRNA is assessed in a human
spontaneously immortalised HPV-negative keratinocyte cell line (HaCaT), both in
terms of Cx43 levels/localisation and gap junctional communication/cell
membrane integrity. This work provides insight into what stage(s) of the Cx43

lifecycle Dlg1 participates in.

Aims:

e Determine the effect of siRNA targeting Dlg1 on Cx43 mRNA and protein
levels.

e Investigate the role of Dlgl in the Cx43 lifecycle through
immunofluorescence experiments to determine localisation of Cx43 when
Dlg1 is depleted.

e Quantify how Cx43 is degraded when Dlg1 is depleted.

e Assess whether knockdown of Dlg1 results in changes to cellular junctions
or cell membrane integrity.

e Evaluate whether Dlg1 controls gap junctional intercellular

communication.

3.2 Knockdown of DIg1 reduces Cx43 protein levels but
does not affect Cx43 mRNA levels

Previous work has shown that knockdown of Dlg1 via 40nM siRNA results in
reduced Cx43 protein at the cell membrane and lower levels of both Dlg1 and
Cx43 protein in HaCaT, HEK293, NIKS and NIKS16 keratinocyte cell lines
(MacDonald et al., 2012; Dong, 2021). As the focus of this study was to define
the role of Dlg1 in the Cx43 lifecycle in normal human keratinocytes, HaCaT
cells were selected and used for all experiments in this chapter. It was
frequently observed during previous studies that Cx43 was difficult to visualise
by immunofluorescence in siDIlg1 cells due to removal of 72% of the total Cx43
protein (Dong, 2021). Therefore, for investigations into the localisation of Cx43
in Dlg1-depleted cells it was decided that 20nM of siRNA should be used instead
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of the previous 40nM concentration. Consequently, it was important to quantify
whether 20nM siRNA retained the ability to effectively knock down Dlg1 and if
there was any effect on Cx43 protein levels. To address this, a western blot was
performed with cell lysates from HaCaT cells treated with 20nM siDlg1 and
protein levels were compared to cells transfected with an unrelated
oligonucleotide, siGLO (Error! Reference source not found.A). Levels of Cx43 and
Dlg1 were normalised to GAPDH as a protein loading control. While Cx43 can
produce several protein bands on western blots due to different phosphorylation
states, these bands are not consistently detected in HaCaT cells and therefore
only the base PO Cx43 band was quantified in this study. Dlg1 also produced
several protein bands, which likely represent the different isoforms of Dlg1
generated through alternative splicing (discussed in Chapter 1, Section 1.8), as
has been previously observed in keratinocytes (Roberts et al., 2007). As these
bands are consistently detected in HaCaT cells, all Dlg1 bands were quantified.
The results show that Dlg1 level was reduced by 42% in 20nM siDlg1 cells, with
Cx43 levels also being reduced by 28% (Error! Reference source not found.B-C).
This finding, in addition to the previous data using 40nM siRNA raised the
question of whether Dlg1 controls Cx43 mRNA expression. To answer this
question, quantitative reverse-transcriptase PCR was carried out on extracts of
HaCaT cells which had been treated with 20nM of siRNA against Dlg1 (Error!
Reference source not found.D). mRNA levels were expressed as the fold change
in Cx43 mRNA relative to the change in GAPDH mRNA (as described in Chapter
2, Section 2.2.5). These results were then normalised to control-treated cells.
No significant difference was observed between control-treated cells and cells
treated with 20nM siDlg1, suggesting that Dlg1 does not control Cx43 mRNA

expression and therefore loss of Cx43 is at the protein level.
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Figure 3.2: Treatment of HaCaT cells with 20nM siRNA targeting DIg1 results
in lower protein levels of Cx43 and DIg1 but no changes to Cx43 mRNA levels.
(A) Representative western blot of Cx43, Dlg1 and GAPDH loading control levels
following treatment with 20nM siDlg1. Phosphorylation states of Cx43 protein
bands are indicated by PO, P1, P2 and P3. As phosphorylation bands are not
reliably detected in HaCaT cells, only the PO band was quantified (indicated by
asterisk). (B-C) Quantification of results from (A) for Dlg1 and Cx43 respectively.
Cx43 and Dlg1 levels are normalised against GAPDH levels and then further
normalised against control-treated cells. Graphs show the meants.d from three
separate experiments. (D) gRT-PCR analysis shows no change in Cx43 mRNA
levels following 20nM siDlg1 treatment. Results are shown as changes in Cx43
MRNA relative to changes in GAPDH mRNA and normalised to control-treated
cells (2722¢t), Graph shows the meanis.d from three separate experiments.
ns=p>0.05. Significance was assessed by a two-tailed unpaired t-test.
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3.3 Knockdown of Dig1 results in altered Cx43
localisation

While knockdown of Dlg1 is well-documented to result in reduced Cx43 plasma
membrane localisation (MacDonald et al., 2012; Dong, 2021), this effect has not
been quantified previously. Therefore, using confocal microscopy, the levels of
Cx43 on the cell membrane in mock-treated and 20nM siDlg1 HaCaT cells were
assessed using B-catenin as a marker of the plasma membrane (Figure 3.3A).
Consistent with its role as an adherens junction protein, B-catenin localised to
sites of cell-cell contact in both mock-treated and siDlg1-treated cells (Figure
3.3A, middle panels). In agreement with previous data, less Cx43 was evident
on the cell membrane of siDlg1 cells, instead being mainly localised to the
cytoplasm (Figure 3.3A, left panels). Using ImagelJ software, the total
proportion of Cx43 present on the cell membrane was then determined for each
cell and compared for the two treatment groups, with 50 cells being included in
each group (Figure 3.3B). Importantly, as this method considers the proportion
of total cellular Cx43 on the plasma membrane, as opposed to the raw Cx43
signal levels on the plasma membrane, the inherently lower levels of Cx43
present in siDlg1 cells are controlled for. The results showed a significant
decrease in the proportion of Cx43 on the cell membrane from 54% in mock-
treated cells to 38% in siDlg1-treated cells, representing a relative reduction of
29% less Cx43 membrane staining compared to mock-treated cells. Together
with previous data, this further demonstrates the importance of Dlg1 in the Cx43
lifecycle, as knockdown of Dlg1 restricts a portion of Cx43 from localising to the

cell membrane.

As Cx43 was reduced at the cell membrane upon depletion of Dlg1, it was logical
to determine whether this reduction was associated with accumulation of Cx43
in other subcellular compartments. Therefore, knockdown of Dlg1 was
performed as before and colocalisation of Cx43 with markers of various
organelles were assessed using Manders colocalisation coefficient. The first

marker used in comparison of mock-treated and siDlg1 samples was Calnexin-1,
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which is a marker of the ER (Figure 3.4A, middle panels). As before, Cx43
mainly localised to the cell membrane in mock-treated cells (Figure 3.4A, top
left panel) but was relocated to the cytoplasm in siDlg1-treated samples (Figure
3.4A, bottom left panel), with Calnexin-1 displaying perinuclear staining
characteristic of the ER in both treatment groups. A limited amount of
colocalisation was observed between the two proteins in both mock-treated and
siDlg1-treated samples, with no clear visual change in overlap in the siDlg1-
treated cells. Quantification of these results by calculating the proportion of
Cx43 that colocalised with Calnexin-1 per cell revealed there was a small but
significant decrease in the overlap of the two signals in siDlg1-treated cells,
which was reduced from 24% to 18% (Figure 3.4B). This illustrates that Cx43 is

not localised to the ER in cells where Dlg1 is depleted.

Next, the colocalisation of Cx43 with 58K (also known as p58 or p58K), a marker
of the Golgi, was determined using the same approach (Figure 3.5A). 58K
staining was more diffuse than Calnexin-1 staining, with brighter regions in the
perinuclear area typical of the Golgi, and some wider cytoplasmic staining
(Figure 3.5A, middle panels). In these samples an increase in colocalisation of
Cx43 with 58K in siDlg1-treated cells compared to mock-treated cells was
observed (Figure 3.5A, right panels). This was confirmed by quantification,
which demonstrated there was a significant increase from 29% colocalisation in
mock-treated cells to 49% colocalisation in siDlg1 cells (Figure 3.5B). This
finding was also recapitulated using a direct Golgi staining kit (Figure 3.6).
Compared with 58K, direct Golgi staining was less diffuse and was mainly limited
to the perinuclear region in both mock-treated and siDlg1-treated cells (Figure
3.6A, middle panels). An increase in colocalisation between the Golgi and Cx43
in siDlg1-treated cells was evident (Figure 3.6A, right panels), which was
confirmed by quantification to be a significant increase from 30% colocalisation
in mock-treated cells to 56% in siDlg1-treated cells (Figure 3.6B). These results
indicate that an increased proportion of Cx43 resides in the Golgi of siDlg1-

treated cells.
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Figure 3.3: Assessment of plasma membrane levels of Cx43 following 20nM
siDIg1 treatment. (A) Immunofluorescent staining of Cx43 (red) and B-catenin
(green) in mock-treated and siDlg1 HaCaT cells. Blue staining denotes cell
nuclei. Images are representative of three separate experiments. Scale
bars=10um. (B) Quantification of (A). The proportion of Cx43 on the plasma
membrane was assessed in cells from three biological replicates (mock replicate
1 24 cells, replicate 2 16 cells, replicate 3 10 cells; siDlg1 replicate 1 22 cells,
replicate 2 11 cells, replicate 3 17 cells), with a final combined total of 50 cells
being considered for each treatment group. Graph shows each cell as an
individual data point. Horizontal line=mean. ****=p<0.0001. Significance was
assessed by a two-tailed unpaired t-test.
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Figure 3.4: Cx43 colocalisation with Calnexin-1, a marker of the endoplasmic
reticulum, is significantly decreased following 20nM siDIg1 treatment. (A)
Immunofluorescent staining of Cx43 (red) and Calnexin-1 (green) in mock-
treated and siDlg1 HaCaT cells. Blue staining denotes cell nuclei. Areas enclosed
by white boxes are shown enlarged on the right-hand side. Images are
representative of three separate experiments. Scale bars=10um. (B)
Quantification of (A). Manders’ colocalisation coefficient was calculated for cells
from three biological replicates (mock replicate 1 18 cells, replicate 2 17 cells,
replicate 3 15 cells; siDlg1 replicate 1 21 cells, replicate 2 13 cells, replicate 3
16 cells), with a final combined total of 50 cells being considered for each
treatment group. Graph shows each cell as a single data point. Horizontal
line=mean. ***=p<0.001. Significance was assessed by a two-tailed unpaired t-
test.
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Figure 3.5: Cx43 colocalisation with 58K, a marker of the Golgi, is
significantly  increased following 20nM  siDIg1 treatment. (A)
Immunofluorescent staining of Cx43 (red) and 58k (green) in mock-treated and
siDlg1 HaCaT cells. Blue staining denotes cell nuclei. Areas enclosed by white
boxes are shown enlarged on the right-hand side. Images are representative of
three separate experiments. Scale bars=10um. (B) Quantification of (A).
Manders’ colocalisation coefficient was calculated for cells from three biological
replicates (mock replicate 1 15 cells, replicate 2 18 cells, replicate 3 17 cells;
siDlg1 replicate 1 15 cells, replicate 2 23 cells, replicate 3 12 cells), with a final
combined total of 50 cells being considered for each treatment group. Graph
shows each cell as a single data point. Horizontal line=mean. ****=p<0.0001.
Significance was assessed by a two-tailed unpaired t-test.
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Figure 3.6: Cx43 colocalisation with the Golgi (as stained by Cytopainter) is
significantly  increased following 20nM  siDlIg1 treatment. (A)
Immunofluorescent staining of Cx43 (red) and the Golgi (green) in mock-treated
and siDlg1 HaCaT cells. Blue staining denotes cell nuclei. Areas enclosed by
white boxes are shown enlarged on the right-hand side. Images are
representative of three separate experiments. Scale bars=10um. (B)
Quantification of (A). Manders’ colocalisation coefficient was calculated for cells
from three biological replicates (mock replicate 1 22 cells, replicate 2 10 cells,
replicate 3 18 cells; siDlg1 replicate 1 19 cells, replicate 2 18 cells, replicate 3
13 cells), with a final combined total of 50 cells being considered for each
treatment group. Graph shows each cell as a single data point. Horizontal
line=mean. ****=p<0.0001. Significance was assessed by a two-tailed unpaired t-
test.
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Due to the reduced level of Cx43 protein in siDlg1-treated cells, it was of
interest to study the proportion of Cx43 localised to organelles associated with
Cx43 internalisation and degradation. Therefore, the colocalisation between
Cx43 and early endosome antigen-1 (EEA1) was assessed (Figure 3.7A). EEA1 was
observed throughout the cell in both treatment groups (Figure 3.7A, middle
panels). No clear change was visible in colocalisation between control-treated
and siDlg1-treated cells (Figure 3.7A, right panels). Surprisingly, quantification
of these results showed there was a significant decrease in colocalisation
between the two proteins from 5.4% in control-treated cells to 0.9% in siDlg1-
treated cells (Figure 3.7B). This suggests that less Cx43 is present in the early
stages of the endosomal/lysosomal pathway in siDlg1 cells. However, compared
to the other markers used in this study, the staining with the EEA1 antibody was

of a lower quality and therefore these data were somewhat equivocal.

Finally, the proportion of Cx43 localised to a later stage of the degradation
pathway, the lysosomes, was determined using lysosome-associated membrane
protein 2 (LAMP2) as a marker (Figure 3.8A). Lysosomal staining was very
diffuse, with some brighter spots around the perinuclear region observed in both
treatment groups (Figure 3.8A, middle panels). Overlap between Cx43 and
LAMP2 in all samples was low (Figure 3.8A, right panels), with only 1.8% of
Cx43 colocalising with LAMP2 in mock-treated cells (Figure 3.8B). Colocalisation
in siDlg1-treated cells was also very low at just 2.6%. While this difference was
minor, it represents a ~50% increase in the proportion of Cx43 localised to the
lysosomes in siDlg1-treated samples (Figure 3.8C), suggesting that more Cx43 is

degraded through the lysosomal pathway in these cells.
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Figure 3.7: Cx43 colocalisation with EEA1, a marker of endosomes is
significantly = decreased following 20nM  siDIg1 treatment. (A)
Immunofluorescent staining of Cx43 (red) and the EEA1 (green) in mock-treated
and siDlg1 HaCaT cells. Blue staining denotes cell nuclei. Areas enclosed by
white boxes are shown enlarged on the right-hand side. Images are
representative of three separate experiments. Scale bars=10um. (B)
Quantification of (A). Manders’ colocalisation coefficient was calculated for cells
from three biological replicates (mock replicate 1 19 cells, replicate 2 15 cells,
replicate 3 16 cells; siDlg1 replicate 1 14 cells, replicate 2 22 cells, replicate 3
14 cells), with a final combined total of 50 cells being considered for each
treatment group. Graph shows each cell as a single data point. Horizontal
line=mean. ****=p<0.0001. Significance was assessed by a two-tailed unpaired t-
test.
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Figure 3.8: Cx43 colocalisation with LAMP2, a marker of lysosomes is
significantly  increased following 20nM  siDIg1 treatment. (A)
Immunofluorescent staining of Cx43 (red) and the LAMP2 (green) in mock-
treated and siDlg1 HaCaT cells. Blue staining denotes cell nuclei. Areas enclosed
by white boxes are shown enlarged on the right-hand side. Images are
representative of three separate experiments. Scale bars=10um. (B)
Quantification of (A). Manders’ colocalisation coefficient was calculated for cells
from three biological replicates (mock replicate 1 23 cells, replicate 2 10 cells,
replicate 3 17 cells; siDlg1 replicate 1 11 cells, replicate 2 16 cells, replicate 3
23 cells) with a final combined total of 50 cells being considered for each
treatment group. Graph shows each cell as a single data point. Horizontal
line=mean. (C) Results of (B) normalised to mock-treated cells. Error bar=#s.d..
**=p<0.01. Significance was assessed by a two-tailed unpaired t-test.
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3.4 DIg1 knockdown results in increased lysosomal
degradation of Cx43

Previous work by the Graham group demonstrated that Cx43 is mainly degraded
through the lysosomal pathway and not the proteasomal pathway in normal
HaCaT cells, as treatment with NH4Cl (inhibitor of the lysosomal pathway
(Misinzo, Delputte and Nauwynck, 2008)) increased Cx43 levels while treatment
with MG132 (inhibitor of the proteasomal pathway) had no effect (Dong, 2021).
In this study, it was suggested that due to the increased proportion of Cx43
localised to the lysosomes in siDlg1-treated cells, increased lysosomal
degradation of Cx43 may be taking place. Therefore, a western blot was carried
out to investigate Cx43 and Dlg1 levels in mock-treated or siDlg1-treated HaCaT
cells which had additionally been treated with 10mM NH4Cl (Figure 3.9A). siGlo-
treated samples were included as a non-target oligonucleotide transfection
control. There was a clear increase in Cx43 levels in the NH4Cl-treated group
compared to the no treatment group for mock-treated, siGlo and siDlg1-treated
cells (Figure 3.9A), suggesting that blocking the lysosomal pathway prevented
degradation of Cx43. This difference was not observed for Dlg1. As before,
knockdown of Dlg1 resulted in decreased levels of both Cx43 and Dlg1 protein.
Stronger bands for Cx43 were present in the siDlg1+NH4Cl-treated group
compared to the siDlg1-treatment only group. Quantification of these results via
analysis in ImageJ confirmed that Cx43 levels were significantly higher in NH4Cl-
treated cells in both the mock-treated and siDlg1 groups (Figure 3.9B).
Interestingly however, treatment with NH4Cl in the siDlg1-treated group restored
Cx43 protein to 1.81 fold mock-treated -NH4Cl levels, which was very similar to
the 1.67 fold difference observed between the mock-treated +NH4Cl group and
the mock-treated -NH4Cl group. This meant that there was a larger fold change
in Cx43 protein levels between the siDlg1-treatment only group and the siDlg1
+NH4Cl-treated group than there was between the mock-treated only group and
the mock-treated +NH4Cl-treated groups (1.7x difference compared to 2.8x
difference). In agreement with the immunofluorescence data (Figure 3.8A-C),
these results strongly suggest that more Cx43 is degraded through the lysosomal

pathway in siDlg1 cells and therefore treatment with NH4Cl blocks this effect.
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Figure 3.9: Degradation of Cx43 through the lysosomal pathway is increased
in siDIg1 cells. (A) Western blots of HaCaT cell extracts showing Dlg1 and Cx43
levels +/- 24h 20nM siDlg1 treatment and +/- 8h 10mM NH4Cl treatment
(lysosomal pathway inhibitor). GAPDH was included as a loading control. (B)
Quantification of Cx43 levels from (A). Results are normalised to GAPDH
expression and then normalised to mock no treatment Cx43 levels. NT=No
treatment. Control samples were treated with 40nM siGlo as a transfection
control. Multiplication symbols represent the fold change in Cx43 levels between
NT and NH4Cl for each group. Results are representative of three separate
experiments. p<0.05 where shown. Significance was assessed by a two-tailed
Mann-Whitney U-test.
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3.5 Dlig1 knockdown does not affect adherens and tight
junction formation or cell membrane integrity

As a key cell polarity and scaffolding protein, depletion of Dlg1 may be expected
to result in changes to cell shape and cell membrane integrity, which could
account for the differences in Cx43 localisation observed in this investigation. To
test this, further immunofluorescence staining was carried out using Calnexin-1
to determine any apparent differences in distribution of this protein (Figure
3.10A). No changes were detected in Calnexin-1 localisation following siDlg1
treatment, which was localised to the perinuclear region (Figure 3.10A, left
hand panels). This suggests that intracellular membranes are unaffected by
knockdown of Dlg1. Next, staining of the adherens junction protein, B-catenin,
was compared in mock-treated and siDlg1-treated cells (Figure 3.10A, middle
panels). In both groups, B-catenin localised mainly to sites of cell-cell contact,
which is consistent with its role as a junctional protein (Spagnol et al., 2018).
Lastly, the distribution of ZO-1, a tight junction protein which is structurally
related to Dlg1 and interacts with Cx43 at the cell membrane, was investigated
(Figure 3.10B). As with the other markers, no difference was noted in ZO-1
distribution on Dlg1 knockdown, which was localised to the plasma membrane in
both groups. Taken together, these data indicate that membrane integrity, as
well as adherens and tight junction formation, are maintained under conditions
where Dlg1 is depleted. This means changes in Cx43 localisation are due to a

specific effect of Dlg1 on the Cx43 lifecycle.
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Figure 3.10: Knockdown of DIg1 with 20nM siDIg1 does not affect cell shape
or cell membrane integrity. (A) Immunofluorescent staining of Calnexin-1
(green) and B-catenin (red) in mock-treated and siDlg1 HaCaT cells. (B)
Immunofluorescent staining of ZO-1 (green). Blue staining denotes cell nuclei.
Images are representative of three separate experiments. Scale bars=10um.

3.6 Dlg1 controls gap junctional communication

As reduced levels of Cx43 protein are found on the cell membrane of siDlg1-
treated cells, it was important to address whether Dlg1 controlled gap junctional
communication. To address this, a parachute assay was performed (Donnelly et
al., 2012). Briefly, a parachute assay requires two groups of cells: ‘donor’ and
‘acceptor’ cells. Donor cells are treated with a dye, in this case calcein-AM,
which is a cell-permeable molecule that upon entering cells is cleaved to
produce fluorescent calcein. Once cleaved, calcein is no longer able to diffuse
out of the cell but can spread to other cells via gap junctions (molecular weight
= 623 Da). In contrast, acceptor cells are unstained. Donor cells are then
removed from their original culture vessel and ‘parachuted’ onto acceptor cells
at a given donor: acceptor cell ratio and dye spread is assessed after a period of
4h 30min. Donor cells with intact gap junctions should therefore be observed to

have increased dye spread to acceptor cells compared to cells which are
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deficient in gap junctional signalling. For a full description of this procedure,

see Chapter 2, Section 2.2.7.

In this study, donor cells were either mock-treated HaCaT cells, 40nM siDlg1-
treated cells, HaCaT cells which had been treated with 50uM of carbenoxolone
(CBX), a general gap junction inhibitor, or HeLa Ohio cells, which are deficient
in gap junctional signalling (Elfgang et al., 1995). In contrast, acceptor cells
were kept constant as untreated HaCaT cells. siDlg1 was used at 40nM in this
experiment to observe the effect of removal of a greater portion of Dlg1 and
consequently, Cx43 protein (73% and 72% decrease in cellular levels) (Dong,
2021). Clear spread of calcein green dye from the original donor cells to
acceptor cells was apparent in the mock-treated group, implying that functional
gap junctional channels were formed between the HaCaT cells (Figure 3.11A).
This was in contrast to the siDlg1-treated, CBX-treated and HelLa Ohio cells,
which had greatly reduced dye transfer (Figure 3.11B-D). These results were
quantified as the average number of acceptor cells receiving dye directly from a
given donor cell. At least 140 individual donor cells were analysed for each
treatment group. These values were then normalised to the mock-treated HaCaT
group to give a relative measure of gap junctional communication (Figure
3.11E). The data show that 40nM siDIg1 treatment significantly reduced the
average number of acceptor cells to receive dye, with a reduction of 55%
compared to mock-treated cells. This was comparable to the inhibitory effect of
CBX treatment, which caused a 65% reduction in dye spread between cells. In
keeping with the inability to form gap junctions, HeLa Ohio cells exhibited an
85% reduction in dye spread compared to mock-treated cells. Overall, these
results demonstrate that Dlg1 is an important positive regulator of gap
junctional communication in epithelial cells and therefore depletion of Dlg1

results in vastly reduced gap junctional communication.
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Figure 3.11: Knockdown of DIg1 through 40nM siDIg1 treatment significantly
reduces gap junction intercellular communication by parachute assay in
HaCaT cells. (A-D) Representative images of calcein dye transfer from donor (A)
HaCaT control cells, (B) HaCaT siDlg1 cells, (C) HaCaT cells+carbenoxolone to
block gap junctions and (D) Hela Ohio cells to HaCaT acceptor cells. (E)
Quantification of the average number of acceptor cells receiving calcein dye
from each donor cell, normalised to HaCaT control cells. At least 140 individual
donor cells were analysed for each treatment group. ****=p<0.0001. Significance
was assessed using a Kruskal-Wallis test followed by Dunn’s post-hoc test.
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3.7 Discussion

As a critical cell-cell communication protein with a high turnover rate, Cx43
interacts with, and is regulated by, a myriad of other proteins during its
lifecycle. Dlg1 has previously been shown to interact with Cx43 in several
keratinocyte cell lines in vitro and cause a reduction in Cx43 protein levels when
depleted through siRNA treatment (Dong, 2021). Due to previous difficulties
visualising residual Cx43 in immunofluorescence experiments where Dlg1 was
knocked down, it was necessary for the concentration of siRNA targeting Dlg1 to
be reduced from 40nM to 20nM in this investigation. Despite this reduction, 20nM
of siRNA resulted in decreased levels of both Dlg1 (42% reduction) and Cx43 (28%
reduction). The decrease in Cx43 protein levels in siDlg1 cells raised the
question of whether Dlg1 could control Cx43 mRNA levels. While Dlg1 has not
been reported to have direct transcriptional activity, it is capable of localising
to the nucleus and binding to proteins such as protein-associated splicing factor
(PSF) in HEK293 cells, which is involved in transcription and mRNA processing
(Sabio et al., 2010). Dlg1 also controls expression of certain schizophrenia risk-
associated genes in mice hippocampi (Gupta et al., 2018). In this study, mRNA
levels of Cx43 in HaCaT cells remained unchanged following Dlg1 treatment,
meaning the loss of Cx43 was at the protein level alone. This strongly indicates
that Dlg1 has a functional role in the Cx43 lifecycle following production of Cx43

protein.

Under baseline conditions, Cx43 is mainly degraded through the lysosomal
pathway and not the proteasomal pathway in HaCaT cells (Dong, 2021). Here, it
was revealed that lysosomal inhibition resulted in a larger increase in Cx43
levels in siDlg1 cells than in mock-treated cells. Immunofluorescence data
similarly showed a ~50% increase in Cx43 colocalisation with the lysosomes in
siDlg1 cells. Taken together, these results indicate that Cx43 degradation
through the lysosomal pathway is increased when Dlg1 is depleted. Degradation

through this pathway can take place either following translocation of Cx43 from
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the ER/Golgi to lysosomes (Qin et al., 2003) or following internalisation of Cx43

from the plasma membrane (Berthoud et al., 2004).

Treatment with 20nM siDIlg1 resulted in a relative reduction of 29% in Cx43
localised to the plasma membrane compared to mock-treated cells. This shows
that even at lower concentrations, siRNA against Dlg1 results in a significant
drop in Cx43 plasma membrane levels. In addition, Dlg1 was shown to control
gap junctional intercellular communication, as 40nM siDlg1 treatment reduced
dye spread between HaCaT cells by 55%. The finding that dye spread in siDlg1-
treated cells was comparable to that of cells treated with a general gap junction
blocker (carbenoxolone) emphasises the importance of Dlg1 in normal gap
junction function. It is currently unknown whether Dlg1 controls plasma
membrane localisation of other connexin proteins, however it is known to
interact with at least one other connexin protein family member in Cx32 (Duffy
et al., 2007). While the effect of Dlg1 depletion on Cx32 levels and localisation
is yet to be determined, interestingly Cx32-null mice display reduced Dlg1
protein. It would be worthwhile to examine whether a similar decrease in Dlg1

takes place on knockdown of Cx43.

Next, as Cx43 has been reported to localise to the cytoplasm in siDlg1-treated
cells, the subcellular localisation of Cx43 was assessed in these cells. The results
of this section are summarised in Figure 3.12. Firstly, a modest decrease in
Cx43 association with the ER was observed. This suggests that knockdown in Dlg1
is not likely to result in any changes to Cx43 trafficking through the ER.
However, significantly increased association of Cx43 with two individual markers
of the Golgi was detected, meaning Cx43 accumulates in this compartment
following Dlg1 depletion. There could be several possible explanations for this
finding, with one being that alterations in Cx43 localisation are due to overall
changes in cell membrane and junctional integrity caused by knockdown of Dlg1.
However, there was no apparent change in these factors in this study as
localisation of Calnexin-1 (ER), B-catenin (adherens junctions) and ZO-1 (tight
junctions) were unaffected by Dlg1 knockdown. This was surprising in the case of

B-catenin given that Dlg1 has previously been reported to be required for
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formation of adherens junctions (Laprise et al., 2004). It is possible that at
lower levels of knockdown HaCaT cells retain enough Dlg1 protein for proper
adherens junction formation, or alternatively cells are able to compensate for
the loss of Dlg1 through other proteins. Despite no obvious changes to general
cell shape in siDlg1-treated cells in this study, it would also be useful to clarify
this experimentally in the future. This could be performed using image analysis
software such as FlowShape (van Bavel, Thiels and Jelier, 2023). Given the lack
of difference in the markers above, the changes in Cx43 localisation in siDlg1
cells are likely due to a specific effect of Dlg1 on the Cx43 protein lifecycle. This
leads to two main hypotheses for the role of Dlg1, with the more straightforward
theory being that Dlg1 is involved in forward trafficking of Cx43 from the Golgi
to the plasma membrane. In support of this, Dlg1 is a cytoskeletal protein and is
involved in the polymerisation of actin (Round et al., 2005), also interacting
indirectly with microtubules (Asaba et al., 2003). This means that Dlg1 could
help tether Cx43 to the cytoskeleton, allowing it to undergo efficient, targeted
delivery to adherens junctions. Furthermore, Dlg1 is involved in the forward
trafficking of other membrane proteins (Fourie, Li and Montgomery, 2014),
indicating it may perform a similar role in Cx43 trafficking. On the other hand,
the lack of colocalisation between Cx43 and Dlg1 in the cytoplasm suggests that

interaction may be limited to the cell membrane in regular keratinocytes.

The second potential role of Dlg1 is in stabilisation of Cx43 at the plasma
membrane. The C-terminus of Cx43, which binds the N- and C-termini of Dlg1
(MacDonald et al., 2012) as well as other proteins, has been previously shown to
be responsible for the stability of Cx43 gap junctions (Stout, Snapp and Spray,
2015). In this working model, loss of Dlg1 leads to Cx43 internalisation from the
plasma membrane and recycling to the Golgi, where a portion is subsequently
exported and degraded through the lysosomal pathway. Recycling of a different
cell membrane protein to the Golgi, E-cadherin, has been documented under
conditions where Scribble, a PDZ polarity protein which can complex with Dlg1,
is knocked down (Lohia, Qin and Macara, 2012). This model is intriguing, as
retrieval and maintenance of a Golgi-localised pool of Cx43 under conditions
where stabilisation at the cell membrane is disrupted could allow rapid

reformation of gap junctions on return to homeostasis. Indeed, gap junctions are
93



known to be swiftly reestablished even in the presence of a protein synthesis
inhibitor, probably due to the recycling of connexosomes to the cell membrane
(Tadvalkar and Pinto da Silva, 1983). This Golgi-localised pool of Cx43 could
therefore comprise an additional method of gap junction reestablishment
following disruption of certain factors such as Dlg1. Drebrin, an actin-binding
protein, has also been implicated in stabilisation of Cx43 at the cell membrane
(Butkevich et al., 2004). Butkevich and colleagues knocked down Drebrin via
siRNA, which resulted in reduction of Cx43 protein and cell membrane
localisation. While colocalisation of Cx43 and the Golgi was not specifically
addressed, the remaining Cx43 protein was localised to the perinuclear region of
knockdown cells, which could feasibly represent the Golgi. Proteins recycled
from the plasma membrane are usually internalised as endosomes which then
undergo retrograde transport (Seaman, 2012). It would therefore be expected
that Cx43 would display increased association with markers of early endosomes
when Dlg1 is depleted, however this was not the case in this study. Given the
diffuse cellular distribution of EEA1 observed in this investigation, the validity of
these data are questionable. Examination of Cx43 colocalisation with a further
marker of early endosomes, such as Rab5 (Shearer and Petersen, 2019), would

be of benefit in determining whether this is an EEA1-specific effect.

It is also feasible that Dlg1 is involved in both forward trafficking and
stabilisation of Cx43 at the plasma membrane. As neither model fits the entirety
of the current data, further work is needed to definitively address which of
these roles Dlg1 carries out. Experiments utilising endocytosis inhibitors, such as
dynasore, could prove useful in this context (Smyth et al., 2010). For example, if
the proportion of Cx43 on the plasma membrane remains similar when treated
with dynasore following siDlg1 treatment, it would suggest that DIlg1 functions in
forward trafficking of Cx43 rather than stabilisation at the plasma membrane.
Additionally, colocalisation of Cx43 with markers of recycling endosomes, such
as Rab11 (Grant and Donaldson, 2009) or Arfé6 (Kobayashi and Fukuda, 2013)
should be investigated to determine whether there is an increase on depletion of
Dlg1.
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Work from this chapter was collated and published in Journal of Cell Science
under the title ‘The human discs large protein 1 interacts with and maintains
connexin 43 at the plasma membrane in keratinocytes’ (Scott et al., 2023) (see
paper bound with thesis, https://doi.org/10.1242/jcs.259984).
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Figure 3.12: Summary of changes to the Cx43 lifecycle when Dlg1 is knocked
down. Black arrows indicate the regular path of Cx43. Red arrows indicate
increased (up)/decreased (down) levels of Cx43 in each stage of the lifecycle.
GJA1 is the Cx43 gene. Microtubules are shown in green. Actin filaments are
shown in pink. Connexons/hemichannels and gap junctions are shown in grey.
Vesicles are shown as circles. Figure was produced in Biorender.
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Chapter 4: The role of Dig1 in Wound Healing and
Keratinocyte Proliferation/Migration

4.1 Introduction

4.1.1 Scratch Wound Assay as a Technique to Study Wound Healing

Within the dermatological field, many different methods have been employed in
order to study the process of ex vivo wound healing using 2D and 3D cell model
approaches, all of these relying on the generation of a cell-free area (‘wound’)
that adjacent cells will respond to and attempt to fill. These techniques range
from relatively simple assays, such as the scratch wound assay, to far more
complex methods using 3D organotypic cultures or ex vivo skin models (Masson-
Meyers et al., 2020). While the more sophisticated methods may be used in
scenarios where accurately replicating the exact conditions of the skin is
paramount, the scratch wound assay has remained the most popular method of
studying wound healing. This is largely due to scratch assays being relatively
easy to perform, typically involving use of a pipette tip or scalpel to remove
cells from a certain area of the culture vessel. This results in an inexpensive
assay requiring very little in the way of lab resources or technical expertise,
with the option to develop a relatively high-throughput assay which has proved

useful in drug discovery (Hulkower and Herber, 2011).

While the scratch assay has been extremely valuable for generating basic
research data on the effect of many proteins and drugs in wound healing, there
are certain aspects of the technique which result in considerable variation
between any two given wounds. These include variations in the force applied by
the researcher through the instrument used to create the wound, the angle at

which the instrument is held and the steadiness of the researcher’s hand as the
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wound is made. These conditions have all been shown previously to affect wound
geometry and therefore migration rates of cells into the wound, impacting the
overall wound healing process (Fenu et al., 2019). While several research groups
and commercial companies have attempted to mitigate these issues in the past,
the solutions presented often have a high associated cost or require less
standard lab equipment, such as lasers (Tamada et al., 2007). Therefore, there
remains a need for low-cost approaches to improve standardisation of scratch

wound assays.

4.1.2 Previous Work on the Expression of Cx43 in Wound Healing

Immediately following damage to the skin, the process of wound healing is
triggered in order to prevent blood loss/infections and restore homeostasis (as
discussed in Chapter 1, Section 1.2). One of the main aims of this study was to
identify the role that Dlg1 plays during this process in keratinocytes, particularly
due to its ability to control Cx43 plasma membrane localisation (Chapter 3),
which is elevated in cells of the wound edge in chronic non-healing wounds
(Brandner et al., 2004). Such work on the basic function of Dlg1 may eventually
support the development of future therapeutics to improve wound healing rates,

either by targeting Dlg1 directly or by targeting the Cx43/Dlg1 interaction.

Much like their differing expression profiles in the sublayers of the epidermis,
connexins have been found to follow diverse expression patterns during wound
healing, suggesting that they play distinct roles in this process. As the most
widely expressed connexin in the skin, much of the work carried out on the role
of connexins in epidermal wound healing has focused on Cx43. During the initial
stages of epidermal wound healing in rodents, Cx43 is rapidly downregulated in
keratinocytes of the wound edge, as well as cells further back from the wound,
with this change being observed as early as 2h post-wounding (Goliger and Paul,
1995). This loss in expression is maintained as wound healing progresses, with
the most pronounced differences observed at 24h post-wounding, where Cx43 is

vastly reduced in cells of the wound edge and the surrounding area compared to
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unwounded tissue, before expression returns to normal in cells of the basal layer
around 48h post-wounding. Conversely, at 96h post-wounding, Cx43 is
upregulated, with expression observed in most sublayers of the epidermis. This
is then followed by downregulation and return to normal expression levels seven

days after wounding (Coutinho et al., 2003).

4.1.3 Cx43 as a Therapeutic Target in Chronic Wounds

Following the finding that Cx43 is downregulated in keratinocytes proximal to
the wound in the early wound healing process (Goliger and Paul, 1995), an
inducible Cx43 knockout mouse model was used to demonstrate that removal of
Cx43 could improve wound closure rate (Kretz et al., 2003). In contrast to acute
wound healing, chronic wounds, which don’t follow the typical progression of
wound healing and instead remain in an inflammatory state, strongly express
Cx43 in cells of the wound edge as well as further back from the wound
(Brandner et al., 2004). These observations led to the identification of Cx43 as a
strong candidate for therapeutic targeting. Initial experiments in mice proved
this to be the case, with inhibition of Cx43 expression via topical application of
an antisense oligodeoxynucleotide not only improving wound healing rates in
both excisional and incisional wounds but also reducing scar formation (Qiu et
al., 2003). Further research in this area explored the effect of Cx43 mimetic
peptides, which represent a second strategy to study Cx43 in wound healing
(with antisense oligonucleotides being the first). Connexin mimetic peptides
function through their complementarity to the sequence of Cx43 (Figure 4.1).
For example, the peptide GAP27 mimics the second extracellular loop region of
Cx43 (aa201-211) and will bind to this area, thereby forcing the closure of Cx43
hemichannels within minutes through a mechanism which is yet to be completely
defined (Evans and Leybaert, 2009). After a period of 30 minutes, the peptide
may additionally permeate the space within gap junction channels and inhibit
gap junctional communication (Evans, Bultynck and Leybaert, 2012).
Interestingly, GAP27-treatment results in phosphorylation of the Cx43 residue
serine 368, which may also be involved in the inhibition of gap junctional

communication (Pollok et al., 2011). GAP27 has been more recently shown to
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improve wound healing rates in keratinocytes, causing an increase in cell
migration but no changes in cell proliferation (Faniku et al., 2018; Wright et al.,
2012). While useful for experimental research, GAP27 is unstable and its
therapeutic potential is therefore limited. In search of a stable analogue of
GAP27, the Martin lab at Glasgow Caledonian University, in collaboration with
Zealand Pharma (Denmark), screened a variety of connexin mimetic peptides.
One of these ‘ZPC’ was found to be more stable than GAP27 and effectively
inhibited connexin hemichannel and gap junction function, in addition to
enhancing scratch wound closure in primary keratinocytes isolated from both
normal and diabetic individuals (Faniku, 2018, ZPC formulation priority Zealand
Pharma). A patent for this compound is filed and awaits additional exploration.
A further mimetic peptide, alpha connexin carboxyl terminus 1 (aCT1), mimics
the terminal 9 amino acids of the Cx43 C-terminus (aa374-382) and therefore
inhibits the interaction between Cx43 and ZO-1, as well as potentially affecting
other interactions at the extreme C-terminal end of Cx43. oCT1 has proven
extremely effective in promoting wound healing in vivo and reducing scar
formation, leading to its use in a phase lll clinical trial (Montgomery et al., 2018)
(https://clinicaltrials.gov/study/NCT02667327). In addition to their therapeutic

potential, these mimetic peptides have the added benefit of targeting Cx43
channel function rather than expression, which is useful experimentally in terms
of untangling the complexities of Cx43 channel-forming functions vs non-channel
functions, with these diverse functions potentially playing different roles during
wound healing. It is important to note that the therapeutic potential of Cx43 is
not limited to wound healing and it may additionally be a valuable target in

certain types of cancer and cardiac disease (Laird and Lampe, 2018).
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Figure 4.1: Existing mimetic peptides targeting Cx43. Full-length Cx43 (red)
is shown inserted into the plasma membrane (grey horizontal lines). NH,=N-
terminus, COOH=C-terminus. Areas which mimetic peptides have been derived
from are highlighted in different colours, purple=Gap26, green=Gap19,
yellow=Gap27 and blue=aCT1. Gap26 and Gap27 mimic extracellular loops 1 and
2 respectively, while Gap19 mimics the cytoplasmic loop and aCT1 mimics the
terminal 9 amino acids of the cytoplasmic C-terminus. Adapted from
Montgomery et al., 2018.

4.1.4 Existing Knowledge on the Role of DIg1 in Wound Healing

Compared to the wealth of knowledge on Cx43, very little is known about the
role of Dlg1 during the wound healing process. Due to its function as part of the
Scribble polarity complex in addition to its interactions with PTEN and APC to
inhibit cell cycle progression in epithelial cells (Sotelo et al., 2012), it seems
likely that Dlg1 would have some function in wound healing. In support of this
idea, O’Neill and colleagues previously demonstrated that Dlg1 is involved in
promoting cell migration during wound healing in mouse primary astrocyte
cultures through interaction of the third PDZ domain of Dlg1 with Protein Kinase
C a (PKCa). Depletion of Dlg1 via siRNA knockdown in H1703 cells (a squamous

lung cancer cell line) resulted in 20% less coverage of the wound area at a time
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of 16h post-wounding compared to control siRNA treatment (O’Neill et al.,
2011). The authors also demonstrated that Dlg1 could promote cell invasion in
several cancerous epithelial cell lines, raising questions as to whether it could
stimulate cell migration in normal keratinocytes. Based on the gaps in current
knowledge, further study of the role of Dlg1 in epithelial wound healing is

necessary.

4.1.5 Previous Study of the Cx43/Dlg1 Interaction

The interaction between Cx43 and Dlg1 has been previously studied in a variety
of cultured cell lines including both cancerous and untransformed cells. Firstly,
the interaction was investigated in HPV-positive cervical epithelial cell lines
(MacDonald et al., 2012), before shifting towards HPV-negative cell lines to
provide information on the importance of the interaction outside of cancer
(Dong 2021). In addition, the Cx43/Dlg1 interaction has also been confirmed in
human HPV-negative primary cervical mucosal epithelial cells via proximity
ligation assay, demonstrating the functional significance of the Cx43/Dlg1
complex both in vitro and in vivo (Sun et al., 2015). As the importance of Cx43
during the course of epidermal wound healing is well-documented, it is crucial
to establish if this interaction is conserved in situ in human skin tissue and may
contribute to this process, particularly as the role of Dlg1 in wound healing
remains understudied. This represents a gap in the wound healing field, as Dlg1
is a known tumour suppressor protein in Drosophila and is also a suspected
tumour suppressor in humans (Sotelo et al., 2012). This, coupled with results of
the previous chapter demonstrating the role of Dlg1 in controlling Cx43 plasma
membrane localisation (Chapter 3) highlights the potential of Dlg1 as a
therapeutic target in chronic non-healing wounds. Intuitively, knocking-down
Dlg1 would be expected to result in an increase in cell proliferation due to the
loss of its interaction with APC and PTEN, which arrests the cell cycle in G1/G;
phases (Brandmaier, Hou and Shen, 2017). In addition, the depletion of Dlg1
would limit Cx43 plasma membrane localisation, which would be expected to
have a similar effect to targeting Cx43 directly in non-healing wounds as

previous treatments have (Montgomery et al., 2018; Wright et al., 2009; Pollok
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et al., 2011; Faniku et al., 2018), resulting in increased migration of cells into
the wound area and potentially improved wound healing rates. Taken together,
Dlg1 and the Cx43/Dlg1 interaction are promising preliminary therapeutic
targets and consequently the role that Dlg1 plays in wound healing is an

important area of research.

Aims:

e Evaluate the use of a 3D-printed wound mask in standardisation of scratch
wound assays.

e Determine the optimum concentration of mitomycin C for use in
preventing cell proliferation in HaCaT cell wound assays.

e Through siRNA depletion, assess the role of Dlg1 in wound healing in a
keratinocyte cell line (HaCaT cells) and whether this role is through an
effect on cell migration and/or cell proliferation.

¢ Investigate the molecular dynamics of Cx43 and Dlg1 in fluorescent live-
cell experiments.

e Determine if the interaction between Cx43 and Dlg1 is conserved in adult
human skin (keratinocytes/dermal cells/adipocytes) and assess whether
there are differences in protein levels/localisation between diabetic and

non-diabetic samples.

4.2 A 3D-printed wound mask reduces variation within
and between in vitro scratch wound assays

Due to some of the associated issues with traditional scratch wound assays
outlined in Section 4.1.1, a 3D-printed wound mask was generated in an
attempt to increase standardisation of wound healing experiments in this study.
The wound mask is circular in shape and was designed to fit around a 35mm cell
culture dish, with a 2.5mm wide gap in the middle of the mask matching the

width of a 200ul pipette tip, allowing the tip to follow a linear path as the
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wound is created and therefore minimising variation in the wound width and

orientation (for technical detail see Chapter 2, Section 2.2.9).

To test whether the 3D-printed wound mask was capable of reducing variation
between scratch wounds, wounds were created in three different cell lines
(HaCaT, HEK293 and W12T) either free-hand or using the wound mask (Error!
Reference source not found.A). The width of the wound as well as the standard
deviation of the width were measured using the wound healing plugin tool for
Image J (Suarez-Arnedo et al., 2020). Variance in wounds was determined using
the coefficient of variation (CV) ([standard deviation/mean]x100) (Error!

Reference source not found.B,C).

Overall, the coefficient of variation both within (variation of wound size within
an individual wound) and between wounds (variation of wound size between
various wounds) was low across the groups, however some differences were
observed between cell lines. W12T cell wounds had the lowest variation
between wounds (Error! Reference source not found.B) (CV of 1.89% FH vs 3.11%
W), while HEK293 cell wounds had the lowest variation within wounds (Error!
Reference source not found.C) (CV of 3.82% FH vs 2.71% W). In contrast, higher
variation was observed in the HaCaT cell wound group (CV of 14.82% FH vs
11.71% W between wounds and 5.07% FH vs 5.17% W within wounds). For both
measures, in most cases the wounds made with the wound mask showed reduced
variation compared to free-hand wounded samples, although this difference was
only significant when comparing variation within wounds in the W12T cells (CV
of 2.27% vs 6.39%). This could reflect differences in the cell lines (i.e. W12T
tumour cells vs untransformed HaCaT and HEK293 cells) which can affect the

uniformity of a wound on generation.

An important factor when considering the creation of a uniform scratch wound is
the degree of attachment between individual cells of the confluent monolayer.
In the experiment above, where cells were scratched 24h after seeding,

detachment of sheets of cells was frequently observed in the highly adherent
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HaCaT and HEK293 groups on wounding, often leading to uneven wounds (Error!
Reference source not found.D). This effect was noticeably absent in the W12T
cells, which as a tumour cell line are deficient in cell-cell contacts. As the only
significant difference between the 3D-printed wound mask and free-hand
wounds was observed in the W12T cells, it was possible that cell-cell contacts in
the other cell lines were obscuring the benefit of using the 3D-printed wound
mask. To address this, HaCaT cells were seeded at a fixed density of 1x10° cells
and wounded at timepoints of 4h or 8h post-seeding either free-hand or using
the 3D-printed wound mask to compare with the existing 24h post-seeding data
(Figure 4.3A-C). The results generally showed that both within and between
wounds, as time of wounding post-seeding increased, the coefficient of variation
also increased, supporting the theory that reduced time for formation of cell-
cell contacts between cell seeding and wounding is beneficial for standardisation
of scratch wound assays. While no significant differences were noted when using
the 3D-printed wound mask compared to creating wounds free-hand, at the 4h
wounding timepoint the mask reduced variation both between and within
wounds. This effect was especially pronounced in the between wounds groups,
where the CV more than halved from 11.16% to 4.61%. Surprisingly, this effect
was reversed for the 8h timepoint, where use of the 3D-printed wound mask was
associated with increased variation compared to free-hand wounds, again
particularly between wounds. The cell-cell attachment issue commonly seen in
the 24h post-seeding wound groups was also observed in one of the wounds
made at 8h post-seeding (Figure 4.3D), adding further evidence that this

problem was incubation time-dependent.

Overall, these data suggest that wound generation shortly after cell-seeding was
favourable in terms of reducing variation both between and within scratch
wounds. Despite the lack of a significant difference between the 3D-printed
wound mask and free-hand groups in most cell lines and timepoints included in
these two experiments, the majority of these data support a slight reduction in
variation of wounds (which was already low in this study) when using the wound
mask. Importantly, there were no drawbacks associated with use of the mask.
Based on these results, the wound mask was used in future experiments where

applicable.
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Figure 4.2: Evaluation of the effectiveness of a 3D-printed wound mask in
reducing variation between and within scratch wounds in various cell lines.
(A) Representative images of scratch wounds of HaCaT, HEK293 and W12GPXY
cells immediately following wounding with a 200ul pipette tip free-hand or using
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the wound mask. Five plates of cells were wounded for each cell line in each
group. Scale bar=750pm. (B-C) Quantification of coefficient of variance, CV, in
free-hand, FH, and wound mask, W, groups between and within wounds
respectively in HaCaT, HEK293 and W12GPXY cells (Graph shows mean, n=5 per
treatment group). Statistical testing and error bars representing s.d. are not
shown for (B) as it represents a comparison between the 5 separate wounds and
therefore only one CV value is generated following analysis. Significance in (C)
was assessed using an unpaired t-test (****=p<0.0001). Graph shows meanzs.d.
(D) Example of uneven wound generated due to extensive cell-cell attachment.
Red dotted line indicates area where cells are not attached to plate following
wounding but remain connected to other cells in a ‘sheet’ that folds over on
itself to create an uneven wound area. Scale bars=750um.
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Figure 4.3: Effectiveness of the 3D-printed wound mask in wounds made at
different timepoints after cell seeding. (A) Representative images of scratch
wounds made free-hand or with the wound mask 4 and 8h after seeding of

HaCaT cells. Scale bar=750um. (B-C) Quantification of coefficient of variance,
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CV, at different times after cell seeding in free-hand and wound mask groups
between and within wounds respectively in HaCaT cells (Graph shows mean, n=5
per treatment group at each timepoint). Error bars representing s.d. are not
shown for (B) as it represents a comparison between the 5 separate wounds and
therefore only one CV value is generated following analysis. Significance in (C)
was assessed using an unpaired t-test. Graph shows meanzs.d. (D) One of the
ten total wounds created at 8h post-cell seeding showed signs of extensive cell-
cell attachment as was frequently observed in wounds made 24h post-cell
seeding. Scale bars=750um.
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4.3 Knockdown of Dlg1 inhibits wound healing

To analyse the impact of Dlg1 during the wound healing process, a series of
scratch wound assays using HaCaT cells were performed using an Incucyte
wound-maker tool and immediately imaged using an Incucyte live cell analyser
unit. This technique has several advantages over other methods, including
standardisation of wound angle, force exerted through wounding instrument and
automated quantification of wound areas (Radstake et al., 2023). These images
were then analysed downstream to provide metrics such as relative wound
density (RWD), which is a percentage value representing the relative density of
cells within the wound compared to outside of the wound. This measure is seen
as preferable to traditional wound confluence measurements as it is self-
normalising for differences in cell density between samples. HaCaT cells with
and without 24h 20nM or 40nM siRNA treatment against Dlg1 were wounded and
images were captured of the wells every hour. HaCaT cells pre-treated for 30
minutes with 100nM ZPC (Zealand Pharma) were also included as a positive
control (Faniku, 2018; Martin P, personal communication). ZPC is a stable
analogue of the Cx43 mimetic peptide GAP27 which has previously been shown
to improve scratch wound healing rates (Faniku et al., 2018). Images were
collated and analysed to provide measurements of relative wound density at

different timepoints.

Observationally it appeared that ZPC-treated cells were the fastest in wound
closure, followed by control cells, 20nM siDlg-treated cells and finally 40nM
siDlg-treated cells (Figure 4.4, video files are also available attached to
thesis). When comparing the relative wound densities during the early stages of
wound healing (0-2h), little difference was observed between the treatment
groups, indicating that events early on in wound healing are not drastically
altered in cells treated with siDlg1 or ZPC (Figure 4.5A). However, by 4 h post-
wounding there was a marked difference between ZPC-treated cells, mock
treated cells and siDlg1-treated cells. As expected, ZPC-treated samples had a

higher RWD at this timepoint (20.7%), while interestingly siDlg1-treated cells
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(20nM 16.6%, 40nM 14.7%) exhibited reduced RWD compared to control HaCaT
cells (19.6%), suggesting wound healing was inhibited. This inhibition was dose
dependent, with 20nM-treated cells having higher RWD compared to 40nM-
treated cells. The gap between these treatment groups continued to widen
between 4-8h post-wounding, implying Dlg1 depletion had a cumulative
deleterious effect on the wound healing process. The largest differences
between the treatment groups were observed at 24h post-wounding (48h post-
siRNA treatment), where 40nM siDlg1-treated cells had a 15.4% lower RWD
compared to control cells (51.7% vs 67.1%), with ZPC-treated cells having a 7.5%
higher RWD compared to control (74.6% vs 67.1%) (Figure 4.5B). The relative
wound densities of the treatment groups then converged slightly up to the final
timepoint of 48h post-wounding (72h post-siRNA treatment), however the dose-
dependent effect on siDlg1-treated cells was still evident compared to control
cells. When comparing the control HaCaT cell group to the 40nM siDlg1-treated
group, a significant effect was first observed at 4h post-wounding (p<0.01) and
then continuing on throughout the rest of the experiment timepoints (Figure
4.5C). While 100nM ZPC treatment improved relative wound density compared
to control cells, this effect was not found to be significant, which may reflect
the lower replicate number for this treatment group (Figure 4.5D). The lack of
significant effect could also be due an insufficient dose of ZPC, as parallel
experiments with 100pM ZPC-treated HaCaT cells showed significantly faster

wound closure compared to control-treated cells (Martin, unpublished data).
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Figure 4.4: Representative images of HaCaT cells filling wounds created by an
Incucyte WoundMaker at different timepoints. Treatment groups are 100nM
ZPC, 20 and 40nM siDlg1. HaCaT Control are untreated samples for comparison.
ZPC treatment group was made up of three biological replicates with three
technical replicates of each for a total of nine samples. HaCaT Control, 20 and
40nM siDlg groups were made up of six biological replicates made up of three
technical replicates each for a total of 18 samples. Timepoints are shown on the
left-hand side. Purple line highlights the wound area at each given timepoint as
determined by the Incucyte analysis software. Scale bars=600um.
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Figure 4.5: Quantification of HaCaT scratch wound assay. (A) RWD% of
treatment groups at early timepoints (0-8h) (B) RWD% of treatment groups (O-
48h). (C) RWD% showing Control HaCaT had a significantly higher relative wound
density than siDlg1 (40nM) at various timepoints (*=p<0.05, **=p<0.01,
***=p<0.001). Graph shows meanzs.d. Statistical significance was assessed using
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a Kruskal-Wallis test followed by Dunn’s post-hoc test. (D) RWD% showing ZPC
had a higher relative wound density than Control HaCaT. Graph shows mean#s.d.
ZPC treatment group was made up of three biological replicates with three
technical replicates of each for a total of nine samples. HaCaT Control, 20 and
40nM siDlg groups were made up of six biological replicates made up of three
technical replicates each for a total of 18 samples.
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4.4 Knockdown of Dig1 inhibits cell proliferation in
unwounded HaCaT cells

Cell proliferation and migration are both important drivers of the wound healing
process, with cell migration being the major determinant of epidermal wound
healing rate under normal circumstances (Martin, 1997). With the significant
difference between relative wound density observed in control HaCaT cells
compared to 40nM siDlg1-treated samples, it was crucial to determine whether
this result was due to an effect on cell proliferation, cell migration, or a
combination of the two. To address this, it was first important to clarify whether
knockdown of Dlg1 affected cell proliferation in unwounded cells. For this, an
MTT assay was performed on HaCaT cells treated with siDlg1 for 24h and ODsgs
values were collected as a measurement of cell proliferation (Figure 4.6). As in
Chapter 3, siGlo samples were included as a non-target oligonucleotide
transfection control. Results for all treatment groups were normalised to control
HaCaT cell samples. The results showed that treatment with 40nM siGlo resulted
in a decrease of 12% in cell proliferation, however this difference was not
significant. Treatment with 20nM siDlg1 also caused a very small decrease of 4%
in ODs¢s value relative to control cells, suggesting this treatment had little effect
on cell proliferation. This was in contrast to 40nM siDlg1 treatment, which
resulted in a 25% decrease compared to control cells. This change was significant
compared to both control HaCaT cells and 20nM siDlg1-treated cells, implying

that siRNA against Dlg1 causes a dose-dependent inhibition of cell proliferation.

To confirm the anti-proliferative effect of treating HaCaT cells with siDlg1, a
cell proliferation assay was carried out using an Incucyte live cell analyser unit
as before (Figure 4.7). Using an Incucyte software analysis module, confluence
of cells was quantified over time and compared between treatment groups
(Figure 4.7A). Cell confluence was found to be almost identical between control
HaCaT cells and cells which had been mock transfected by adding Opti-MEM
serum-free media, with both groups reaching 90% confluence at the 36h

timepoint. Cells treated with 40nM siGlo displayed slightly lower cell confluence
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compared to control HaCaT cells, reaching 90% confluency at the 42h timepoint.
This effect was again not found to be significant. Results from these control
samples suggest that the conditions of transfection alone did not significantly
alter cell proliferation. As with the previous experiment, a dose-dependent
decrease in cell confluence was observed for cells treated with 20nM (90%
confluence at 48h timepoint) and 40nM siDlg1 (90% confluence at 54h
timepoint). While the previous experiment suggested siGlo treatment affected
cell proliferation more than 20nM siDlg1 treatment, this finding was reversed
here, with 20nM siDlg1-treated samples possessing lower cell confluence than
40nM siGlo-treated samples. Comparison of control HaCaT cells with each of the
20nM/40nM siDlg1-treated groups revealed a significant difference between the
two groups at the 36h, 42h and 48h timepoints (Figure 4.7B,C). Normalisation of
each treatment group to control HaCaT cells showed that the maximum effect of
siDlg1 was observed at the 42h timepoint, where there was a 7% decrease in cell
confluence in the 20nM siDlg1-treated group and a 10% decrease in the 40nM
siDlg1-treated group (Figure 4.7D). This effect was diminished at later

timepoints, which may reflect degradation of the siRNA.
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Figure 4.6: MTT assay of HaCaT cells treated with siRNA targeting DIg1. Cells
were transfected with siRNA 24h after seeding and were incubated for a further
24h. MTT solution was added and cells were incubated for 3h at 37°C. Following
dissolution of MTT formazan crystals, ODs¢s values were read in a plate reader.
Values were normalised against control HaCaT cells. siGlo samples were included
to test the effect of transfection of an unrelated oligonucleotide. 12 samples
were included for each treatment group, with a separate transfection being
carried out for each sample. Graph shows meansts.d. *=p<0.05, **=p<0.01.
Statistical significance was assessed using a Kruskal-Wallis test followed by
Dunn’s post-hoc test.
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Figure 4.7: siDIg1 treatment inhibits cell proliferation in HaCaT cells. (A)
Confluence % of treatment groups over time. Measurements are shown from 24h
timepoint which represents 24h post-siRNA transfection. HaCaT+Opti-MEM group
was included to test the effect of serum-free media on cell proliferation. siGlo
samples were included to test the effect of transfection of an unrelated
oligonucleotide on cell proliferation. Graph shows meants.d. 12 samples were
included for each treatment group, with a separate transfection being carried
out for each sample. (B) and (C) Cell confluence is significantly lower in 20nM
siDlg1-treated cells (B) and 40nM siDlg1-treated cells (C) compared to control
HaCaT cells at various timepoints. ns=not significant, **=p<0.01, ***=p<0.001,
****=p<0.0001. Statistical analysis was not carried out on timepoints after 48h
due to the control group becoming almost 100% confluent. Statistical
significance was assessed using a Kruskal-Wallis test followed by Dunn’s post-hoc
test. (D) Normalised cell confluence of treatment groups over time. Groups are
normalised to control HaCaT cells.
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4.5 Determination of mitomycin C concentration for use
in HaCaT cell scratch wound assays

Having established that depletion of Dlg1 results in decreased cell proliferation
in unwounded HaCaT cells, it was important to confirm if this effect was
responsible for the reduced wound healing rates shown in cells treated with
siDlg1. Mitomycin C (MMC) is a drug which, through its ability to cross-link DNA
complementary strands, prevents cell division of cultured cells and is used in
combination with other treatments for specific types of cancer therapy (Gad,
2014). MMC is commonly used in scratch wound assays to restrict cell
proliferation, removing this as a variable so that observed differences between
treatment groups result from differences in cell migration. However, cell
toxicity is an important factor to consider in MMC treatments, meaning the
appropriate MMC concentration must be determined for each given cell line.
Little literature exists on the toxicity of MMC in HaCaT cells, however one study
using clinical concentrations of MMC found that a 5 minute treatment with 4x102
and 4x10'ug/ml caused a dramatic decline in cell number over a 3 day time
period (Wang et al., 2012). For use in scratch wound assays, a concentration of
MMC which effectively inhibits cell proliferation while causing minimal toxicity is
required. Based on this, a dilution series of MMC from 4x10'-4x10“ug/ml was
prepared and used to treat HaCaT cells for a period of 5 minutes. Following this,
cells were washed twice, incubated for 24h in fresh media and subsequently
media was collected for a floating cell count to assess toxicity (Figure 4.8A). A
large number of floating cells were observed in cells treated with 4x10'ug/ml
MMC, indicating cell death due to toxicity of the MMC. By comparison,
progressively less floating cells were present in the 4x10° and 4x10'ug/ml
treatment groups, with this effect mostly levelling out at lower concentrations.
These data suggest a dose-dependent toxic effect of MMC on HaCaT cells at
higher concentrations, which subsides at concentrations of 4x10°%ug/ml or lower,

meaning MMC at this level may cause negligible cell death.

A further experiment to determine the optimum concentration of MMC for

HaCaT cell scratch assays was carried out in the form of an MTT assay (Figure
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4.8B). Here, treatments with MMC and 24h incubation in fresh media were
performed as before followed by addition of MTT and further incubation for 3h.
Formazan crystals were then dissolved using DMSO and subsequent readings were
taken at a wavelength of 595nm to determine cell viability. In this test, a wider
dilution range of MTT was employed (4x10%2-4x10°ug/ml) to more accurately
capture the range of effect of MMC on cell viability. Control samples were
included where the MTT assay was performed prior to MMC treatment of test
samples, representing the number of viable cells in test samples before addition
of MMC. Results of test samples were then normalised against these control
values to give a measure of viable cells in comparison to the starting number of
cells, with a value of 1 signifying an identical quantity of viable cells before and

after 24h incubation following MMC treatment.

Drastically reduced cell viability was apparent at a concentration of 4x102ug/ml
MMC, with cell viability reduced by 71% compared to control samples. By
comparison, cell viability was massively improved in cells treated with
4x10'ug/ml MMC, a trend which continued with the next dilutions in the series
before levelling off around 4x10-'ug/ml, which was the first group in the dilution
series to exceed a normalised ODs¢s value of 1. At the more dilute
concentrations, the effect of the MMC appeared to wear off, with cell viability
beginning to increase beyond a value of 1. Overall from these experiments, the
lowest concentration of MMC which blocked cell proliferation without affecting
cell viability was 4x102ug/ml and therefore this concentration of MMC was used

in future experiments.
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Figure 4.8: Assessment of optimum concentration of mitomycin C for use in
HaCaT scratch wound assays. (A) Floating cell count following mitomycin C
treatment. HaCaT cells were treated with various concentrations of mitomycin C
for 5 minutes, washed twice with PBS and incubated in fresh media for 24h at
37°C. Media was collected and the number of floating cells was calculated n=1
for each treatment. (B) MTT assay of HaCaT cells following mitomycin C
treatment. HaCaT cells were treated as in (A), however after 24h incubation
MTT solution was added and plates were incubated for 3h at 37°C. Following
dissolution of MTT formazan crystals, ODs9s values were read in a plate reader.
Control HaCaT cells were seeded at the same cell density as test samples and
used in MTT assay without 24h incubation as a baseline. Test samples were
normalised to control values to give a measure of viable cells compared to the
time of cell seeding i.e. a reading of 1=equal number of viable cells before/after
mitomycin C treatment and incubation. Graph shows meansts.d. n=3 for each
treatment group. Statistical significance was assessed using a one-way ANOVA
followed by Tukey’s test.
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4.6 Reduced wound healing rate in siDIlg1-treated cells is
due to inhibition of proliferation and not migration

With the optimum concentration of mitomycin C determined above, a further
scratch wound assay was carried out as before with the inclusion of a 5 minute
pre-treatment with 4x10-2ug/ml mitomycin C in order to block cell proliferation
and assess changes in cell migration alone (Figure 4.9, video files are also
available attached to thesis). Several differences were observed when
comparing the MMC groups with the previous scratch wound assay. As expected,
relative wound densities for the MMC-treated groups were lower than the non-
MMC groups, representing the contribution of cell proliferation to the wound
healing process (Figure 4.10A). At the final timepoint, 100nM ZPC-treated cells
had the highest RWD as before (68.7%), followed closely by the 20nM siDlg1-
treated group (66.9%), then closely again the 40nM siDlg1-treated group (63.4%)
and the control HaCaT group (61.6%) (Figure 4.10B). A surprising finding from
this experiment was that between 2-12h post-wounding, cells treated with 20nM
siDlg1 had a slightly higher relative wound density than ZPC-treated cells. At the
16h timepoint, 20nM siDlg1-treated cells had an identical relative wound density
value to ZPC-treated cells (40.8%), followed by control cells (35.9%), then finally
by 40nM siDlg1-treated cells (34.1%). Another apparent difference from the
previous experiment was that there was less distinction between 40nM siDlg1-
treated cells and control HaCaT cells, which was exemplified by the lack of a
significant difference between the groups at any timepoint during the
experiment (44.7%/44.3% vs 51.7%/67.1% at 24h timepoint) (Figure 4.10C).
Indeed, at the final timepoint of 48h, both siDlg1-treated groups had a higher
relative wound density than the control cells, though this difference was
minimal. In contrast, the ZPC-treated cells maintained the highest relative
wound density overall, with a similar disparity between this and control cells as
was observed in the previous experiment (53.9%/44.7% vs 74.6%/67.1% at 24h
timepoint) (Figure 4.10D). This suggests the effect of ZPC is conserved
irrespective of cell division and therefore is due to increased cell migration,
which is supported by previous studies on the mimetic peptide predecessor to
ZPC, GAP27 (Faniku et al., 2018). This differed from siDlg1 treatment, where
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cell migration was seemingly unaffected compared to control cells, meaning the
differences observed when comparing relative wound density of control and

siDlg1-treated cells in the previous experiment were due to a decrease in cell

proliferation.

HaCaT Control ZPC siDlg 20nM siDlg 40nM
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Figure 4.9: Representative images of 4x10-'ug/ml mitomycin C treated HaCaT

cells filling wounds created by an Incucyte WoundMaker at different

timepoints. Treatment groups are 100nM ZPC, 20 and 40nM siDlg1. HaCaT

Control are treated only with mitomycin C for comparison. ZPC treatment group

was made up of three biological replicates with three technical replicates of
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each for a total of nine samples. HaCaT Control, 20 and 40nM siDlg groups were
made up of six biological replicates made up of three technical replicates each
for a total of 18 samples. Timepoints are shown on the left-hand side. Purple
line highlights the wound area at each given timepoint as determined by the
Incucyte analysis software. Scale bars=600um.
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Figure 4.10: Quantification of 4x10'ug/ml mitomycin C-treated HaCaT
scratch wound assay. (A) RWD% of treatment groups at early timepoints (0-8h)
(B) RWD% of treatment groups (0-48h). (C) RWD% showing no significant
difference between Control HaCaT and siDlg1 (40nM). Graph shows meanss.d.
ns=p>0.05. Statistical significance was assessed using a Kruskal-Wallis test
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followed by Dunn’s post-hoc test. (D) RWD% showing ZPC had a higher relative
wound density than Control HaCaT. Graph shows mean#s.d. ZPC treatment group
was made up of three biological replicates with three technical replicates of
each for a total of nine samples. HaCaT Control, 20 and 40nM siDlg groups were
made up of six biological replicates made up of three technical replicates each
for a total of 18 samples.
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4.7 Cx43 and Dlg1 colocalise and are synergistic in live
cells

While the results of the previous section indicated that Dlg1 plays an important
positive role during the normal wound healing process of keratinocytes, there is
little knowledge about the dynamics of Cx43/Dlg1 complex movement and
function during wound healing. For instance, it is unknown whether Cx43 is
capable of maintaining localisation at the plasma membrane if Dlg1 is not also
localised to the same area, or if differences in the complex are observed in the
cells of the wound edge compared to cells further away from the wound area.
To address these questions, HEK293 cells were transfected with plasmids
containing the sequence for fluorescently-tagged Cx43 (mCherry) or Dlg1 (GFP)
and a scratch wound assay was performed, followed by live cell imaging of the
wound area at intervals of 10 minutes using a Zeiss Axio Observer Z1 microscope
(Figure 4.11A, video files are also available for all figures in this section,
attached to thesis). HEK293 cells were used in this section due to their
improved transfection efficiency compared to HaCaT cells. HEK293 cells were
observed to proliferate and migrate into the wound area, with the wound fully
closing around the final timepoint of 66h. Transfection efficiency in this
experiment was high, with both Cx43-mCherry and Dlg1-GFP being widely
expressed (~80%, clearest in figures without brightfield channel) and many cells
co-expressing the two proteins together. Removal of the brightfield channel to
better visualise Cx43 and Dlg1 revealed extensive colocalisation between the
two proteins in co-expressing cells, however no clear differences in Cx43/Dlg1
expression were observed in cells of the wound-edge compared to cells distal
from the wound (Figure 4.11B). Further evaluation of Cx43 and Dlg1 localisation
through focusing on the right-hand wound edge showed Cx43 puncta, which were
observed predominantly at the cell membrane and sites of cell-cell contact
(Figure 4.12A,B), with rapid alteration in cellular localisation between
timepoints. Cx43 was also observed in the nucleus. In contrast, DIg1 was shown
to be far more diffuse and localised to both the cytoplasm and the cell
membrane, with more subtle changes in localisation between timepoints.

Importantly, Dlg1 almost invariably colocalised with Cx43 at sites of cell-cell
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contact in co-expressing cells, with very little movement of Cx43 alone to these
areas. This further emphasises the importance of Dlg1 in controlling gap

junctional communication.

An interesting observation during the live cell experiment was that Cx43 and
Dlg1 often localised to cell protrusions resembling filopodia/tunnelling
nanotubes (TNTs) (Figure 4.13A, B). These structures are actin-rich and play
important roles in the processes of cell migration and direct cell-cell
communication over larger distances, meaning they are involved in the wound
healing process (Mattila and Lappalainen, 2008; Zurzolo, 2021). Cx43 localised to
the ends of these protrusions, with Dlg1 also being present in the full-length of
the structures (Figure 4.13A, B). Intriguingly, this may suggest that Dlg1 is
involved in establishment and/or maintenance of Cx43 in filopodia/tunnelling

nanotubes.

Cx43 and Dlg1 were additionally observed during the process of cell division
(Figure 4.14A, B). In this example, Cx43 was originally localised mainly to a
cellular protrusion at the leading-edge of the cell, while Dlg1 was instead widely
distributed throughout the cytoplasm, as well as in the leading-edge protrusion.
The cell then migrated forwards towards the direction of the protrusion (and the
wound area), while simultaneously the protrusion contracted in the direction of
the main cell body, eventually resulting in a rounded cell with Cx43 remaining
localised to the leading-edge. A pool of Dlg1 also appeared to localise to the
nucleus during this process. As the cell underwent cytokinesis, a pool of Cx43
was observed at the cleavage furrow between the two forming daughter cells.
Following conclusion of cell division, the two proteins were redistributed to their
original sites. This shows that the localisation of both Cx43 and Dlg1 are altered

during the process of cell proliferation.
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Figure 4.11: Live cell scratch wound of HEK293 cells transfected with Cx43-
mCherry and DIg1-GFP. (A) Images showing Cx43-mCherry (red channel), Dlg1-
GFP (green channel) and brightfield channel in HEK293 cells over the course of
scratch wound healing (0, 24, 48 and final 66h timepoints). Timepoint is shown
to the left-hand side of images. Colocalisation was detected between the two
proteins in co-transfected cells (yellow signal). Cells were imaged in 10 minute
intervals over a period of 66h. Scale bar=200um. (B) Images as shown in (A)
without brightfield channel to allow better visualisation of Cx43 and Dlg1.
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Figure 4.12: Zoomed live cell scratch wound of HEK293 cells transfected with
Cx43-mCherry and DIg1-GFP. (A) Movie showing Cx43-mCherry (red channel),
Dlg1-GFP (green channel) and brightfield channel in HEK293 cells over the course
of scratch wound healing. Image is zoomed in to allow visualisation of Cx43 and
Dlg1 subcellular localisation. Area of extensive colocalisation (yellow signal) is
highlighted by a white box in the bottom right-hand corner. Cells were imaged in
10 minute intervals over a period of 66h. Timestamp is shown in the bottom
right-hand corner. Scale bar=70um. (B) Image as shown in (A) without brightfield
channel to allow better visualisation of Cx43 and Dlg1.
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Figure 4.13: Zoomed live cell scratch wound of HEK293 cells transfected with

Cx43-mCherry and DIg1-GFP showing filopodium containing Cx43 and Dlg1.
(A) Images showing Cx43-mCherry (red channel), Dlg1-GFP (green channel) and
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brightfield channel in HEK293 cells. Numbering of images shows sequence of
events. Arrow in panel 3 points to the tip of a potential tunnelling nanotube.
Images are zoomed in to allow visualisation of Cx43 and Dlg1 subcellular
localisation. Cells were imaged in 10 minute intervals over a period of 66h.
Timestamp is shown in the bottom right-hand corner. Scale bar=20pm. (B)
Images as shown in (A) without brightfield channel to allow better visualisation
of Cx43 and Dlg1.
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Figure 4.14: Zoomed live cell scratch wound of HEK293 cells transfected with
Cx43-mCherry and DIg1-GFP showing a dividing cell. (A) Images showing Cx43-
mCherry (red channel), DIg1-GFP (green channel) and brightfield channel in
HEK293 cells. Numbering of images shows sequence of events. Dividing cell is
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indicated by a white box. Images are zoomed in to allow visualisation of Cx43
and Dlg1 subcellular localisation. Cells were imaged in 10 minute intervals over a
period of 66h. Timestamp is shown in the bottom right-hand corner. Scale

bar=30um. (B) Images as shown in (A) without brightfield channel to allow better
visualisation of Cx43 and Dlg1.
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4.8 Cx43 and DIg1 interact in keratinocytes/dermal
cells/adipocytes in non-diabetic and diabetic skin
tissue

Given the importance of Cx43 and Dlg1 in in vitro studies, it was important to
clarify the localisation of the two proteins in the skin. To address this, formalin-
fixed paraffin-embedded (FFPE) samples of non-diabetic human abdominal skin
tissue were obtained with ethical permission from three separate patients and
stained for the two proteins in immunofluorescence experiments (Figure
4.15A). Cx43 localised mainly to the cell membrane of keratinocytes, with some
cytoplasmic and nuclear staining observed. Similarly, Dlg1 was mainly localised
at the cell membrane and in the cytoplasm/nucleus. Both proteins were
expressed in all layers of the skin (including the cornified layer), with the most
pronounced staining in the spinous and granular layers. Colocalisation between
the two proteins was clear at the plasma membrane of cells in the lower layers
of the epidermis, suggesting the interaction is conserved in vivo in human

epidermal keratinocytes.

In addition to epidermal keratinocytes, both proteins were detected in dermal
cells and adipose tissue (Figure 4.15A,B), with colocalisation between the two
proteins observed. This provides evidence that the interaction between Cx43

and Dlg1 takes place in a number of different cell types in vivo.

As discussed previously in Chapter 1, diabetes is associated with impaired
wound healing, where Cx43 is upregulated at the cell membrane of cells at the
wound edge (Brandner et al., 2004). To determine whether any changes in the
Cx43 and Dlg1 interaction take place in diabetic tissue, FFPE abdominal skin
samples from unwounded regions were obtained from three diabetic patients
and stained for the two proteins (Figure 4.16A). Levels and localisation of Cx43
and Dlg1 were similar to non-diabetic tissue, with both proteins mainly
expressed at the cell membrane with some cytoplasmic staining. While staining

in the other layers of the epidermis was consistent with the non-diabetic
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samples, less staining of both Cx43 and Dlg1 were observed in the cornified layer
of diabetic skin. In addition, one diabetic sample clearly displayed more nuclear
Cx43 staining compared to all other samples (diabetic and non-diabetic) (Figure
4.16A Lower Panel). As with the non-diabetic tissue, Cx43 and Dlg1 were
additionally observed and colocalised in both dermal cells and adipocytes
(Figure 4.16A,B), further emphasising the importance of this interaction in
other cell types. Taken together, these data warrant further investigation of the
Cx43/Dlg1 interaction during the process of wound healing, particularly in

primary keratinocytes isolated from diabetic and non-diabetic biopsies.
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Figure 4.15: Cx43 and DIg1 coloclalise in vivo in human skin tissue. (A)
Immunofluorescent staining of Cx43 (red) and Dlg1 (green) in an FFPE skin block.
Blue staining denotes cell nuclei. A merge image of rabbit IgG negative control is
shown on the left-hand side. White dashed line illustrates the boundary between
epidermis, E, and dermis, D. Sites of colocalisation between Cx43 and Dlg1 in
the dermis are highlighted with white arrows. Areas enclosed by white boxes are
shown enlarged 2x on the right-hand side. Images are representative of three
tissue blocks from different patients, with the experiment repeated three times
for each. (B) Cx43 (red) and Dlg1 (green) colocalise in adipocytes of the same
FFPE tissue blocks. Blue staining denotes cell nuclei. Fat deposits outlined with
white dotted lines. Obvious site of colocalisation highlighted with white arrow.
Scale bars=20pm in regular images and 10pm in zoomed images.
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Figure 4.16: Cx43 and Dlg1 coloclalise in vivo in human diabetic skin tissue.
(A) Immunofluorescent staining of Cx43 (red) and Dlg1 (green) in FFPE skin
blocks from two separate diabetic patients. Blue staining denotes cell nuclei. A
merge image of rabbit IgG negative control is shown on the left-hand side. White
dashed line illustrates the boundary between epidermis, E, and dermis, D. Sites
of colocalisation between Cx43 and Dlg1 in the dermis are highlighted with white
arrows. Areas enclosed by white boxes are shown enlarged 2x on the right-hand
side. Note the increased nuclear staining of Cx43 in the lower of the two
samples. Images are representative of three tissue blocks from different
patients, with the experiment repeated three times for each. (B) Cx43 (red) and
Dlg1 (green) colocalise in adipocytes of the same FFPE tissue blocks. Blue
staining denotes cell nuclei. Fat deposits outlined with grey dotted lines.
Obvious site of colocalisation highlighted with white arrow. Scale bars=20um in
non-zoom images and 10pm in zoomed images.
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4.9 Discussion

The skin serves a fundamental role in protecting the body from the external
environment. Within the epidermis, Cx43 performs a vital function by forming
direct intercellular contacts to permit the sharing of ions, metabolites,
secondary messengers and microRNAs between adjacent cells. By comparison
Dlg1 remains vastly understudied in the skin. Therefore, one of the main aims of
this investigation was to clarify the effect of Dlg1 knockdown in wound healing
studies (including roles in cell migration versus cell proliferation), as well as

establish whether the Cx43/Dlg1 interaction is conserved in human skin.

Firstly, to address whether Dlg1 played any significant role in the wound healing
process, scratch wound assays using HaCaT cells were performed. The results of
this provided evidence that Dlg1 functions as a positive component of the
natural wound healing process and therefore depletion of Dlg1 via siRNA inhibits
wound healing. A cumulative inhibitory effect was observed when treating with
20nM and 40nM siDlg1, with the 40nM treatment group being significantly
impaired in wound healing compared to control samples. This infers that HaCaT
cells can compensate for loss of a certain level of Dlg1 protein (perhaps through
related polarity proteins such as Scribble), but at higher concentrations this
becomes inhibitory. In contrast to this, ZPC, which is a stable analogue of the
GAP27 mimetic peptide, improved wound healing relative to control cells as

previously reported in primary human keratinocytes (Faniku, 2018).

Through experiments on unwounded HaCaT cells, it was revealed that both 20nM
and 40nM siDlg1 treatment significantly inhibited cell proliferation, which may
have been responsible for the reduced wound healing rates of siDlg1-treated
cells. Indeed, MMC treatment to remove the contribution of cell proliferation to
wound healing resulted in abolition of the significant difference between control
HaCaT and 40nM siDlg1-treated cells observed in the previous scratch wound
assay. The inclusion of ZPC as a positive control was key for this experiment, as

GAP27 increases cell migration to improve wound healing rates (Faniku et al.,
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2018), meaning there should be a roughly equal difference between control
HaCaT and ZPC treated groups regardless of MMC treatment. This was indeed the
case in this study, although this effect was not found to be significant, which is
likely due to reduced sample numbers of ZPC-treated cells compared to the
other groups. A higher concentration of ZPC may also have further improved
wound healing rates, as other experiments utilising different concentrations of
ZPC (100nM and 100puM) found that both concentrations increased wound healing
rates compared to mock-treated cells, with a dose-response effect being

observed (Martin, unpublished data).

The effect of 40nM siDlg1 treatment in non-MMC groups was significant for the
timepoints representing the middle stages of healing (4h-24h), with the
maximum effect at 24h post-wounding (48h post-siRNA treatment in this
experiment). The early timepoints being unaffected by siDlg1 treatment agrees
with existing literature, which proposes that cell migration, not cell
proliferation, is the major driver of reepithelialisation during the time
immediately following wounding (Falanga, 2005), a process which seemed
unaffected by Dlg1 knockdown. The slight convergence of the treatment groups
at the 48h timepoint of the experiment may reflect either the final stages of
wounding being less reliant on the presence of Dlg1 protein or, more likely, the

loss of the transient effect caused by ZPC and siRNA in the treatment groups.

The results of the scratch wound assay in this investigation differ slightly from a
previous study on Dlg1 in wound healing, where depletion of Dlg1 via siRNA
resulted in a 20% decrease in wound healing due to inhibition of cell migration
(O’Neill et al., 2011). However, several key differences exist between the
methodologies employed in the two studies. Firstly, the cell line used by O’Neill
and colleagues was H1703 cells, a squamous lung cancer cell line. Dlg1 is
multifaceted in cancer progression, being a suspected tumour suppressor which
is targeted by several oncogenic viruses (Sun et al., 2015; Suzuki et al., 1999),
while also promoting cancer in other scenarios (Frese et al., 2006). This virtually
precludes the comparison of the two investigations, as Dlg1 is likely to play

different roles in the cell depending on cancer status (+ve or -ve) as well as
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cancer type. Other distinctions include the use of MMC in all experiments, which
means any effect of siDlg1 on cell proliferation is obscured, as well as the
different timescales used in the experiments (scratch wound made 72h after
siRNA transfection as opposed to 24h after in this study). While the data
presented in this study do not suggest a significant role for Dlg1 in cell migration
during wound healing, it would be useful to quantify migration rates and
directionality of individual untreated and siDlg1-treated cells in future
experiments to confirm the absence of an effect, for example through live cell

tracking experiments.

The inhibition of wound healing following siDlg1 treatment was surprising given
the status of Dlg1 as a suspected tumour suppressor in untransformed cells,
which would infer depletion of Dlg1 would increase proliferative capacity of
cells and promote wound closure. This result is even more puzzling given that
knockdown of Dlg1 removes a portion of Cx43 from the plasma membrane,
thereby preventing hemichannels and gap junctions which are widely accepted
to restrict cell migration in several animal models and clinical trials (Ghatnekar
et al., 2009, 2015; Kretz et al., 2003). This leads to the conclusion that removal
of Dlg1 must affect other pathways to such an extent that it outweighs any
positive benefit conferred by partial depletion of Cx43 on the plasma
membrane. Results from Chapter 3 showed no apparent effect of Dlg1 depletion
on formation of either tight or adherens junctions. Therefore, these data
suggest that the decrease in proliferation in this experiment is caused by partial
loss of an important function during cell division or knock-on effects of loss of
Dlg1 as a scaffolding and signal transduction protein. For example, knockdown of
Dlg1 would prevent its interaction with SGEF (RhoG-specific guanine nucleotide
exchange factor), with this complex normally functioning to enhance RhoG
activity and thereby promote cell proliferation and migration (Krishna Subbaiah
et al., 2012). Dlg1 is also recruited to the midbody between daughter cells
during cell division and loss of Dlg1 in these circumstances can result in arrest
during cytokinesis, which may partially explain the anti-proliferative effect of
siDlg1-treatment (Unno, Hanada and Chishti, 2008).
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Overall, the data presented here do not suggest Dlg1 as an attractive
therapeutic target in terms of improving wound healing rates, which is likely
attributable to its many different interactions with other proteins as a critical
cell polarity and scaffolding protein. This however does not eliminate the
potential benefit of targeting the Cx43/Dlg1 interaction using small molecule
inhibitors. Such inhibitors would require careful design in order to specifically
target the interaction of Cx43 and Dlg1, which would allow Dlg1 to maintain its
other roles while reducing Cx43 at the plasma membrane, theoretically

improving wound healing rates in conditions such as diabetic foot ulcers.

To further investigate the dynamics of Cx43 and Dlg1 during the wound-healing
process, the proteins were also visualised in a live-cell scratch wound
experiment. Throughout the process of wound healing, Cx43 was mainly
localised to the leading-edge of cells, where it was consistently accompanied by
Dlg1. This is consistent with the involvement of Cx43 in correct establishment of
a leading-edge in migrating cells, with knockdown resulting in disorganised cell
movement (Matsuuchi and Naus, 2013). Some Cx43 was also observed in the
nucleus. As Cx43 was produced with an mCherry tag on the C-terminus, the
previously discussed six N-terminally truncated internally-translated isoforms of
Cx43 were likely detected in this experiment in addition to full-length Cx43. This
means the nuclear Cx43 signal could be due to GJA1-11k, which has previously
been shown to localise to the nucleus and inhibit cell proliferation by stalling
Go/G1 progression in HEK293FT cells (Epifantseva et al., 2020). Importantly,
there was no clear difference in Cx43 and Dlg1 expression or localisation in cells
of the wound-edge compared to cells distal to the wound. Given the extensive
data on the downregulation of Cx43 at cells of the wound edge (Mori et al.,
2006; Brandner et al., 2004), this is likely to be an artefact of overexpression of

the two proteins in these cells.

Observation of Cx43 and Dlg1 during cell division revealed that both proteins
changed in localisation over the course of this process. Cellular protrusions
containing both Cx43 and Dlg1 retracted, with a pool of Dlg1 relocating to the
nucleus, which is in agreement with previous studies (Massimi et al., 2008). Cx43

was also apparent between the two newly-formed daughter cells, which is
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suggested to occur through a mechanism whereby gap junctions are internalised
during mitosis as connexosomes and are rapidly recycled to the cell membrane
following cell division (Vanderpuye, Bell and Murray, 2016).

Both Cx43 and Dlg1 were localised to cellular protrusions in the live cell
experiment, which may represent filopodia or tunnelling nanotubes. Cx43 is
understood to participate in long-range gap junctional communication via TNTs
(Okafo, Prevedel and Eugenin, 2017) and is present in filopodia, likely due to its
association with actin (Ambrosi et al., 2016; Ochalski et al., 1995). Further to
this, the Cx43 C-terminus has been shown to promote filopodia formation
through a channel-independent mechanism (Kameritsch et al., 2015). Dlg1 plays
a role in actin polymerisation (Round et al., 2005) and is associated with
filopodia (Sharma et al., 2006; lizuka-Kogo, Shimomura and Senda, 2005) and
lamellipodia (Xavier et al., 2004). While Dlg1 has not previously been identified
in TNTs, due to its association with other actin-based cellular protrusions it is
likely Dlg1 is also present in these structures. These results intriguingly suggest
that Dlg1 may regulate Cx43 signalling in cellular protrusions in addition to
conventional gap junction signalling, with these playing an important role during
the process of wound healing. It would be interesting to investigate this further

and observe whether depletion of Dlg1 results in changes to these structures.

To address issues of standardisation between scratch wound assays, a 3D-printed
wound mask was designed and evaluated. In general, the mask reduced overall
variation in wounds, though in most cases this was not a significant difference.
Benefits of the wound mask include its ease of use, accessibility of necessary
equipment, low cost of consumables and the opportunity for standardisation
between labs through sharing of the mask blueprint. Several attempts have
previously been made by different research groups and commercial companies to
mitigate problems associated with scratch wound assays. For example, Sartorius
has developed a wound making tool (which was used in this study), consisting of
a metal board with pins for use with a 96-well plate (‘Incucyte ® 96-Well Scratch
Wound Cell Migration and Invasion Assays User Manual Contents’, Accessed

29.7.23). The board is positioned so that the 96 pins are above the wells of the
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plate and a button is pressed in order to move the pins across the plate,
generating a cell-free area. This resolves many of the issues associated with
conventional scratch wound assays, such as the angle of wound creation and
force applied through the wound instrument, as well as removing a lot of human
biases through use of software to automatically quantify wound areas. However,
while this results in more standardised wounds across the plate, there is a high
cost associated with the wounder and the pins can degrade from use over time,
limiting its applicability in an assay where low cost is one of the most attractive
features. Other cell removal techniques employ the use of lasers (Tamada et al.,
2007) and magnets (Fenu et al., 2019) to generate wounds. In particular, the
magnet-based approach is attractive as it resulted in less variation than the
wound mask used in this study and would only be slightly more expensive to
produce, with less equipment needed for the initial setup. Whichever method is
used, the importance of a low-cost, easy-use tool for standardisation across labs

remains vital to ensure valid comparisons between scratch wound data.

Finally, immunofluorescent staining of formalin-fixed paraffin-embedded human
abdominal skin tissue blocks revealed that Cx43 and Dlg1 localise mainly to the
plasma membrane of cells in the epidermis of human skin. Both proteins were
observed in all layers of the epidermis, with the highest proportion of staining
being in the spinous and granular layers. This is partially in agreement with
other studies on Cx43, where expression has been reported to be highest in the
spinous layer with some granular and basal layer expression, while being entirely
absent from the cornified layer (Salomon et al., 1994; Guo et al., 1992). The
localisation of Dlg1 at the plasma membrane of cells in this study mirrors the
findings of Laprise and colleagues in human intestinal cells, where Dlg1 was
located at the plasma membrane and played a critical role in adherens junctions
formation (Laprise et al., 2004). Dlg1 expression in the various sublayers of the
normal human epidermis has not been studied previously, however as a key
polarity protein it is widely expressed and thus would be expected to be present

in most sublayers of the epidermis.
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In this study, as with previous studies on the interaction between Cx43 and Dlg1
(MacDonald et al., 2012; Sun et al., 2015), a high degree of colocalisation was
observed between the two proteins. This strongly suggests that the proteins
interact in vivo in human skin, as has been found previously at the cell
membrane in cervical mucosal epithelial tissue (Sun et al., 2015). It is crucial for
future studies to further confirm this finding through a more robust
experimental technique, ideally a proximity ligation assay (PLA) or co-
immunoprecipitation experiment following separation of the dermis from
epidermis in fresh skin tissue samples. Due to the colocalisation in these
samples, it is proposed that the Cx43/Dlg1 interaction serves a similar purpose
in healthy primary human keratinocytes as in HaCaT epithelial cells, where Dlg1
controls plasma membrane localisation of Cx43 and gap junctional

communication (Chapter 3).

In addition to the plasma membrane staining, Cx43 and Dlg1 were also found in
the cytoplasm and the nucleus. The expression pattern of Dlg1 is known to vary
depending on stage of the cell cycle, being localised to the nucleus in the G1 and
M phases (Narayan, Massimi and Banks, 2009). The apparent nuclear staining of
Cx43 was also interesting, as this may denote GJA1-11k, a truncated form of the
Cx43 C-terminus produced through alternative translation. Though expression in
the skin has not yet been confirmed, as the Rivedal antibody used in this
experiment targets the C-terminal end of Cx43 (amino acids 363-381) (Rivedal et
al., 1996), the six alternatively translated isoforms of Cx43 (including GJA1-11k)
are likely to be detected in addition to full-length Cx43. Studies to confirm the
expression of GJA-11k, for example through mass spectrometry, could prove

beneficial and lead to characterisation of this isoform and its role in the skin.

Expression and colocalisation of Cx43 and Dlg1 in this investigation was not
limited to keratinocytes, as both proteins were also detected and colocalised in
dermal cells and adipocytes. In accordance with previous findings, less Cx43 was
found in the dermis compared to the epidermis (Salomon et al., 1994; Guo et
al., 1992), which was also true of Dlg1. While the staining of Cx43 in the dermis

did not display the clear punctate staining typical of gap junctions (as are seen
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in keratinocytes), cultured human dermal fibroblasts have shown distinctive
punctate staining at the cell membrane and communicate via gap junctions
(Wright et al., 2009). It may be that due to the lower abundance of gap
junctions compared to keratinocytes and the effects of the sectioning process,
punctate staining was difficult to observe, as has been reported previously (Guo
et al., 1992; Ko et al., 2000). The communication of dermal fibroblasts via gap
junctions, coupled with the observed colocalisation between Cx43 and Dlg1 may
point to a conserved role for the Cx43/Dlg1 complex in epidermal and dermal
cells, where Dlg1 is crucial in maintaining plasma membrane localisation of
Cx43. It is important to note that the Cx43/Dlg1 interaction may also be involved
in other noncanonical roles of Cx43 cell signalling, such as tunnelling nanotubes
and extracellular vesicles (Ribeiro-Rodrigues et al., 2017), which dermal cells
may utilise more extensively than tightly-packed epidermal keratinocytes. In
adipocytes, Cx43 and Dlg1 had a similar expression pattern to epidermal cells,
with both being expressed at the cell membrane. Cx43 is known to be the major
connexin in adipocytes and contributes to adipose tissue inflammation, which is
a driver of insulin resistance (Ron et al., 2022). While Dlg1 protein expression or
localisation have not previously been studied in adipocytes, the findings of this
investigation are supported by RNA sequencing data which suggests Dlg1 mRNA is
present in these cells (Genotype-Tissue Expression (GTEx) Common Fund
Project, Accessed 29.7.23). Further studies on the role of Cx43 and Dlg1
(separately and as a complex) in both dermal cells and adipocytes would prove
useful in building a picture of the function and importance of the Cx43/Dlg1

interaction in the skin as a whole.

An important component of this investigation was the comparison of Cx43 and
Dlg1 in non-diabetic and diabetic skin tissue. Diabetes as a condition has
widespread effects which impact the affected individual on both an organismal
and cellular level. This includes impaired wound healing, which frequently leads
to the development of diabetic foot ulcers (DFUs) which are associated with high
costs to the healthcare system and increased mortality (Becker et al., 2012).
Several studies have previously addressed Cx43 in DFUs, where it is found to be
upregulated at cells of the wound edge and impair the proper progression of

healing (Brandner et al., 2004; Sutcliffe et al., 2015). In this study, little
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difference was observed between diabetic and non-diabetic skin tissue in terms
of Cx43 and Dlg1 staining. This difference between the two studies is likely due
to the tissue in this investigation being uninvolved in wounding, whereas
Brandner and colleagues studied wound-edge tissue. Similarly, no apparent
differences between staining in dermal cells and adipocytes were noted between
non-diabetic and diabetic samples. As with the non-diabetic skin, Cx43 and Dlg1
were expressed and colocalised in all layers of the epidermis, with the exception
being that no staining was observed in the cornified layer of the diabetic
samples. This difference is likely not the result of actual Cx43/Dlg1 staining but
instead either due to tissue autofluorescence (as has been noted for the
cornified layer previously) (Coutinho et al., 2003) or potential detachment and

loss of the cornified layer at some point during the staining process.

An interesting finding was that some Cx43 localised to the nucleus of both non-
diabetic and diabetic cells, but that a large increase in nuclear staining was
observed in one of the three diabetic skin samples. While this could be an
artefact caused by nonspecific staining of the epidermis, this staining could also
represent GJA1-11k. This could suggest an upregulation of GJA1-11k in
keratinocytes of some diabetic patients, which could feasibly contribute to
impairment of the wound healing process through inhibition of cell cycle
progression. Strong nuclear Cx43 staining has been reported in some types of
cancer and is associated with poor prognosis (Aasen et al., 2019b), meaning
nuclear Cx43 may be a marker of disrupted tissue homeostasis. A quantitative
analysis including more skin samples for each group is required to confirm
whether there is increased expression of GJA1-11k in diabetic samples and the

effect this may have on wound healing.

As this study used tissue from unwounded areas, it would be worthwhile to
conduct a similar study with skin tissue proximal to wound areas/DFUs. While
there was no obvious difference in Cx43 and Dlg1 colocalisation in this study,
performing a PLA on these samples would have the added benefit of allowing
quantification of the number of interactions between Cx43 and Dlg1 per cell in
the epidermis/dermis, a metric that could give important insight into potential

differences between diabetic and non-diabetic tissues. PLA, as well as scratch
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wound assays utilising primary human keratinocytes derived from fresh skin
samples were originally planned to be carried out as part of this study, however
delays in the shipping of PLA products, as well as COVID-related delays in the
acquisition of skin tissue meant this was not feasible within the timeframe of the
PhD. It is therefore advised that these experiments are carried out as part of
future studies to determine if Dlg1 performs a similar role during wound healing
in primary keratinocytes and to compare the Cx43/Dlg1 interaction in diabetic

and non-diabetic tissue.

151



Chapter 5: The Interaction of Cx43 and Dig1

5.1 Introduction

5.1.1 Protein Structure of the Cx43 C-terminus and Dlg1

As described previously, the ~150 amino acid long cytoplasmic C-terminal tail of
Cx43 (~aa232-382, predicted by analysis of rat Cx43 sequence) allows interaction
with many different proteins and pathways (see Chapter 1, Section 1.7 for
examples) (Leithe et al., 2018; Yeager and Gilula, 1992). Through nuclear
magnetic resonance (NMR) spectroscopy, the C-terminus of Cx43 has previously
been reported to be largely unstructured, with two potential a-helices forming
between aa315-326 and aa340-348 (Sorgen et al., 2004). The disorder in this
region is consistent with Cx43 being highly adaptable to facilitate interactions
with a diverse range of proteins (Aasen et al., 2018). In this way, the Cx43 C-
terminus conformation may be rapidly altered on binding to proteins or through
post-translational modifications such as phosphorylation (Figure 5.1), permitting
alterations in function due to changes in the cellular environment. For example,
interaction of the c-Src protein with the SH3-binding domain of Cx43 induces
conformational changes which inhibit the interaction of ZO-1 PDZ2 domain with

the extreme end of the Cx43 C-terminus (Sorgen et al., 2004).

While the crystal structure for Dlg1 as a full protein is yet to be solved, several
individual Dlg1 domains have been successfully crystallised, including the PDZ2
domain (Von Ossowski et al., 2006) and the GUK domain (aa732-926) (Mori et
al., 2013), as well as the SH3/HOOK/GUK domains together (Zhu et al., 2012).
These domains are known to be generally well-conserved between members of
the MAGUK family (Te Velthuis et al., 2007). Other experimental approaches
have also yielded important information on the relative positions of Dlg1

domains within the protein as a whole. For example, an investigation into Dlg1
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and other MAGUK proteins utilising fluorescent resonance energy transfer (FRET)
indicated that supertertiary structure is similar between MAGUK family members
and the domains are partitioned into two main units based on relative proximity
(Figure 5.2) (McCann et al., 2012). Sequential PDZ domains in Figure 5.2 are
labelled as 1, 2 and 3. As with Cx43, Dlg1 interactions are regulated by post-
translational modifications and conformational changes arising from binding to
other interaction partners (Roberts, Delury and Marsh, 2012). Indeed,
phosphorylation of Dlg1 residues S158 and S442 by cyclin dependent kinases
(CDKs) 1 and 2 has been shown to regulate Dlg1 localisation and function during
different stages of the cell cycle (Narayan et al., 2009). Additionally, the ability
of Dlg1 to interact with other proteins is further regulated through
intramolecular interactions (Qian and Prehoda, 2006). An example of this is the
association of the SH3 domain with the GUK domain, which is mediated by the
HOOK region and blocks the canonical SH3-binding pocket of MAGUKs.
Interaction of specific protein partners with HOOK alters the conformation of
the protein and removes this blockage, which is thought to subsequently allow
interaction of other partners with the SH3 domain in order to facilitate larger

complex formation (Zhu et al., 2012).
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Figure 5.1: Phosphorylation sites of the Cx43 C-terminal tail. Individual
residues of the Cx43 C-terminal tail (aa227-382) are denoted by circles
containing a single letter amino acid abbreviation. Phosphorylation sites are
highlighted by numbering of specific residues and proteins promoting
phosphorylation at these sites are shown. CaMKIll= calcium/calmodulin-
dependent kinase Il, Src=Src kinase, PKG=protein kinase G, PKC=protein kinase
C, MAPK=MAP kinase, CK1=casein kinase 1, PKA=protein kinase A, Akt=Akt
kinase. Adapted from Axelsen et al., 2013.
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Figure 5.2: Cartoon depiction of the supertertiary structure of a MAGUK
protein, PSD-95, as determined by FRET. 1, 2 and 3 represent the PDZ domains
of PSD-95. SH3=SH3 domain, GUK=guanylate kinase domain. The HOOK domain is
located between the SH3 and GUK domains and is indicated with an arrow. Lines
with bars represent measured distances between domains. PDZ domains 1 and 2
cluster together to one side of the protein, while PDZ3, SH3, HOOK and GUK
domains cluster to the other side. Adapted from McCann et al., 2012.
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5.1.2 The Interaction Interface of Cx32 and DlIg1

In addition to Cx43, Dlg1 is known to interact with the C-terminus of at least one
other connexin protein, Cx32 (Duffy et al., 2007; Stauch, Kieken and Sorgen,
2012). As with Cx43, the Cx32 C-terminal tail is largely unstructured, however
some residues are able to form a-helices under certain conditions. These
residues include the shared binding site for Calmodulin and Dlg1, with
Calmodulin being shown to induce a-helical structure in the Cx32 C-terminus
upon binding. While this change in structure was not detected in Cx32 on binding
to Dlg1, the authors concluded that induction of a smaller a-helix would be
difficult to detect and therefore it is possible that this change is also initiated on
binding to Dlg1. The region of Dlg1 which interacts with the Cx32 C-terminus was
originally shown to be within the SH3/HOOK/partial GUK (pGUK) domains, with
further investigation demonstrating that the GUK domain is the minimum region

required for interaction (Stauch et al., 2012).

5.1.3 Previous Studies on the Cx43/DIg1 Interaction

Due to the interaction of the Cx43 extreme C-terminus with the second PDZ
domain of a different MAGUK protein, ZO-1 (Giepmans and Moolenaar, 1998;
Toyofuku et al., 1998), it was originally proposed that Cx43 may bind Dlg1 in a
similar fashion. However, previous investigations by the Graham group showed
that interaction between the two proteins does not require the terminal five
amino acids of Cx43. Instead, the Cx43 C-terminus interacts with both the C- and
N-termini of DIlg1 through a different mechanism which does not involve the PDZ
domains (MacDonald et al., 2012). Further unpublished work by the group
utilising Cx43 C-terminal deletion mutants suggested that a Dlg1 binding site is
contained within residues 348-377 of the Cx43 C-terminus, however this is
unlikely to be the solitary binding site as wild-type levels of interaction with
Dlg1 were not maintained in coimmunoprecipitation (co-IP) experiments using
this mutant. The interaction was also found to be heavily reliant on

phosphorylation status at several different sites (Dong, 2021). These include
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residues 5255, S262, 5279, S368 and S373 which all showed decreased affinity for
Dlg1 when mutated to alanine residues, which mimics unphosphorylated serine
(Chen and Cole, 2015). In contrast, the same mutation of residue 5282 increased
Cx43/Dlg1 binding almost twofold, suggesting that various phosphorylation sites
can modulate the Cx43/Dlg1 interaction in different ways (Dong, 2021).

A prerequisite for the development of safe and effective compounds targeting a
specific protein-protein interaction is knowledge of the molecular interface at
which the interaction takes place. Results from the previous chapter identified
Dlg1 as an important component of the normal wound healing process (Chapter
4) and therefore it is not currently recommended as a singular therapeutic
target for improving wound healing rates. The heavily context-dependent roles
of Dlg1 in cancer as a pro- or anti-tumorigenic protein also further complicate
the viability of Dlg1 as a therapeutic target (Roberts et al., 2012). However,
future design of inhibitors which specifically target the interaction between
Cx43 and Dlg1 remain an attractive prospect due to their envisioned ability to
disrupt Cx43 signalling at the plasma membrane, an effect which has previously
been shown to improve wound healing rates in a clinical setting (Montgomery et
al., 2018). Therefore, in this chapter the potential molecular determinants of
Cx43/Dlg1 interaction were studied in greater detail. In particular, the use of
AlphaFold Colab protein modelling software (Jumper et al., 2021) as a predictor
of 3D structure of the Cx43/Dlg1 complex, as well as pre-existing data on both
the interaction of Cx43/Dlg1 and Cx32/Dlg1 were combined to inform design of
experimental testing of potential binding sites. This chapter details design and
expression of recombinant proteins that can be utilised in the future to
determine sites of Cx43/Dlg1 interaction, as well as to comprehensively address

the role of phosphorylation in regulation of the interaction.

Aims:
e Generate AlphaFold Colab models of Cx43 C-terminus and Dlg1 singularly
and as a complex for general structure analysis and the identification of

potential regions of interaction between the two proteins.
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e Produce recombinant protein expression vectors for regions of interest
identified through AlphaFold complex model.

e Verify if predicted interaction sites are determinants of Cx43/Dlg1 binding
through protein-protein interaction studies.

e Determine the effect of phosphorylation on Cx43/Dlg1 binding through
interaction studies utilising various phospho-mimetic mutations at

relevant sites of the Cx43 C-terminus.

5.2 Cx43 and Dig1 AlphaFold Models are Consistent with
Existing Literature

To better understand the individual structures of Cx43 and Dlg1, separate
models were generated for each protein using an online AlphaFold Colab server
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/bet
a/AlphaFold2_advanced.ipynb (Jumper et al., 2021). Consistent with the
literature, the Cx43 AlphaFold model possessed four clustered a-helical domains
representing the transmembrane domains of the protein (Figure 5.3, all
AlphaFold models are also available as video files attached to thesis). The
model was coloured according to the UniprotKB annotation system (Table 5.1)
(Vasudevan et al., 2011). When oriented to mimic the insertion of these domains
into the plasma membrane, two short extracellular loop regions joining the
transmembrane domains were apparent. One of these loops contained a small a-
helical region, while the other formed two small B-strand motifs. On the other
hand, the N- and C-termini, as well as the cytoplasmic loop, were localised to
the cytoplasmic side of the protein. The cytoplasmic loop was mainly composed
of two large a-helices, while also containing two small unstructured regions. As
has been reported previously, the ~150aa C-terminal region of the protein was
largely disordered (Sorgen et al., 2004), with some a-helical structure leading on
from the adjacent transmembrane domain and an additional a-helical region

observed between aa297-325.
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Figure 5.3: AlphaFold predictive model of human Cx43. Cx43 full-
length=382aa. Rotations around the x, y and z axes are shown. Different regions
are colour coded. Grey=NT=N-terminus, cream=TM=transmembrane domain,
turquoise=EL=extracellular loop, dark blue=CL=cytoplasmic loop and
crimson=CT=C-terminus. Helices and arrow structures represent a-helices and B-
sheets respectively. Several orientations of the protein are shown by rotating
the model.
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As with the Cx43 model, the Dlg1 AlphaFold model was largely in agreement
with previous studies modelling Dlg1 and other MAGUK proteins (Figure 5.4).
This model was again coloured according to the UniprotKB annotation system
(Table 5.2). Three PDZ domains were observed, as well as a single L27, SH3,
HOOK and GUK domain. Of note, the PDZ1 and PDZ2 domains clustered together
to one side of the protein as a unit, while the other domains clustered as a
second unit that was relatively distant from the first. Several linker regions were
observed, particularly between the L27-PDZ1 domains and the PDZ2-PDZ3
domains. These regions were unstructured, which may confer flexibility to aid
the role of Dlg1 as a scaffolding protein. The HOOK region (which is located
between the SH3 and GUK domains) also consisted mostly of an unstructured
loop, with a B-strand motif between aa703-710. Interestingly, this B-strand
formed hydrogen bonds with another B-strand towards the C-terminal end of the
protein in the amino acid residues following the GUK domain (aa895-899). This
type of intramolecular interaction is likely involved in clustering of the domains

and regulation of protein function.

Table 5.1: Cx43 structural features as predicted by the UniprotKB annotation
system

Feature of Cx43 Cx43 Amino Acid Residues
N-terminus 1-23

Transmembrane Domain 1 24-44

Extracellular Loop 1 45-76

Transmembrane Domain 2 77-97

Cytoplasmic Loop 98-155

Transmembrane Domain 3 156-176

Extracellular Loop 2 177-207

Transmembrane Domain 4 208-228

C-terminus 229-382
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Figure 5.4: AlphaFold predictive model of human DlIg1. Dlg1 full-length=904aa.
Rotations around the x, y and z axes are shown. Different regions are colour
coded. Pink=linker regions, red=L27 domain, orange=PDZ domain, lime
green=SH3 domain, purple=HOOK domain and cyan=GUK domain. Helices and
arrow structures represent a-helices and B-sheets respectively. PDZ1 and 2
clustered to one side of the protein while the rest of the domains clustered to

the other. Several orientations of the protein are shown by rotating the model.
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Table 5.2: Dlg1 structural features as predicted by the UniprotKB annotation
system

Feature of Dig1 Dig1 Amino Acid Residues
L27 Domain 4-64

PDZ1 Domain 224-310

PDZ2 Domain 319-405

PDZ3 Domain 466-546

SH3 Domain 581-651

HOOK Region 662-693

GUK Domain 714-889

5.3 An AlphaFold Model of the Cx43/DIg1 Interaction
Predicts Three Distinct DIg1 Binding Regions in the
Cx43 C-terminal Tail

Following the separate Cx43 and Dlg1 models, a model of the two proteins as a
complex was generated as above in order to determine any potential binding
sites between the proteins. As Dlg1 was previously shown to interact with the C-
terminus of Cx32 through its SH3/HOOK/pGUK domains (aa569-764) (Duffy et
al., 2007), this sequence, along with the C-terminus of Cx43 (aa232-382) was
used as input to assess if a similar interaction could take place. In the complex
model, the Cx43 C-terminus adopted a similar structure to the full-length
protein model (Figure 5.5A). One main a-helix was formed between aa66-89,
which corresponds to aa297-320 of the full-length Cx43 and was almost identical
to the a-helix-forming residues identified in the original model (aa297-325).
However, two further regions of secondary structure were observed which were
not present in the original full-length Cx43 model. These included a further very
small a-helix formed towards the end of the C-terminus at aa146-149 (aa377-380
full-length) and a B-strand region between aa34-38 (aa265-269 full-length). The
structure of Dlg1 was also similar in the complex to the original full model, with
the SH3 and HOOK domains in an almost identical configuration (Figure 5.5A).

However, the structure of the GUK domain was mostly lost in the complex
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model, which likely reflects the inclusion of only the first section of this domain

in the input sequence.

Three individual regions of interaction with Dlg1 were identified within the Cx43
C-terminal tail (Figure 5.5B). A summary of these interaction sites is shown in
Table 5.3 and the Cx43 residues involved can be seen in the context of the full-
length Cx43 model in Figure 5.6. The interaction sites are subsequently referred
to as sites A, B and C. Contact sites were identified between all three included
domains of Dlg1 and the Cx43 C-terminus, indicating that the SH3, HOOK and
GUK domains all may be involved in interaction with Cx43 (Figure 5.5B). Of the
three interaction sites within the Cx43 C-terminus, site A (262-278), which
included the B-strand region between 265-269, contained the most contact sites.
Hydrogen bonds were predicted to form between the Cx43 C-terminus site A and
the Dlg1 HOOK domain, as well as between site C (aa141-148) and the Dlg1 GUK
domain. Interestingly, the sites of the Cx43 C-terminus which contained
additional secondary structure compared to the full-length model were also sites
of contact with Dlg1, which may suggest that binding of Dlg1 induces
conformational changes in these areas. A surface model of the complex was also
produced, as this can often provide valuable biological context to a given
complex, including how interaction of certain proteins is likely to obscure other
protein binding sites (Figure 5.7). Surface models are also important in aiding
rational drug design to disrupt protein-protein interactions. Here, the surface
model suggested that the Cx43 C-terminus fits in a groove between the
SH3/HOOK domains and the GUK domain.

Confidence of the AlphaFold complex model was assessed using two metrics,
predicted local distance difference test (pLDDT) and predicted aligned error
(PAE). pLDDT gives a measure of the per-residue confidence score for the model,
ranging from a score of 0 for low confidence to 100 for extremely high
confidence. On the other hand, PAE relates to the confidence in the placement
of domains relative to other domains in a 3D space and is graded on a scale of 0

(low error) to 30 (high error) (Jumper et al., 2021; Guo et al., 2022). Contacts
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between the two proteins can also be assessed according to PAE scores (Figure
5.5B). Additional renders of the Cx43/Dlg1 interaction model which are coloured
according to pLDDT and PAE are shown in Figure 5.8A and Figure 5.8B
respectively. For pLDDT values, per-residue confidence for the Dlgil
SH3/HOOK/pGUK domains tended to be higher than the Cx43 C-terminus (Figure
5.8A). Both proteins showed higher pLDDT values in domains and regions with
secondary structure, while lower values were observed in unstructured linker
regions. The main a-helix of the Cx43 C-terminus did not have as high a pLDDT
value as other regions displaying secondary structure. When considering PAE,
confidence in domain packing and bonds was highest at the Cx43 C-terminus
interaction site A, where there was high confidence that the C-terminus had
been placed correctly relative to the DIg1SH3/HOOK domains (Figure 5.8B) and
PAE values of contacts tended to be <~10 (Figure 5.5B). Less certainty was
observed for interaction sites B and C, where AlphaFold was not confident in the
relative placement of the interacting regions (Figure 5.8B), with PAE values of
contacts of sites B and C with Dlg1 being ~20 and ~15 or less respectively (Figure
5.5B).

Table 5.3: AlphaFold predicted interaction sites between the Cx43 C-
terminus and DIg1 SH3/HOOK/pGUK domains

Interaction | Cx43 C- Corresponding | Dig1 Corresponding
Site Name | terminus Full Length SH3/HOOK/pGUK | Full Length
Interaction | Cx43 Interaction Sites | Dig1
Site Interaction Interaction
Site Sites
A aa31-47 aa262-278 aal17-19, 44, 61, | aab585-587,
136-150 612, 629, 704-
718
B aa71-86 aa302-317 aa3, 41, 131 aab71, 609,
699
C aa141-148 aa372-379 aa157-192 aa725-760
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Figure 5.5: AlphaFold predictive model of the Cx43 C-terminus/Dig1
SH3/HOOK/pGUK complex. (A) Model showing the proximity of the Cx43 C-
terminus/Dlg1 SH3/HOOK/pGUK. Cx43 C-terminus=aa232-382, Dlg1
SH3/HOOK/pGUK=aa569-764. Rotations around the x, y and z axes are shown.
Different regions are colour coded. Pink=linker regions, crimson=Cx43 C-
terminus, lime green=SH3 domain, purple=HOOK domain and cyan=GUK domain.
Helices and arrow structures represent a-helices and B-sheets respectively. (B)
Model showing three main regions of contact between the Cx43 C-terminus and
Dlg1SH3/HOOK/pGUK in more detail. Domains are coloured as in (A). Degree and
axis of rotation are shown between images. Contacts are represented by solid
lines between the proteins which are coloured according to predicted aligned
error (PAE) values. Dark blue=low PAE=high confidence, vyellow and
orange=higher PAE=less confidence. Maximum length for contacts=4A.
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Figure 5.6: Full-length AlphaFold model of Cx43 showing the predicted sites
of interaction with DIg1. Cx43 full-length=382aa. Rotations around the x, y and
z axes are shown. Different regions are colour coded. Yellow=interaction sites,
grey=NT=N-terminus, cream=TM=transmembrane domain,
turquoise=EL=extracellular loop, dark blue=CL=cytoplasmic loop and
crimson=CT=C-terminus. Interaction sites are A:262-278, B:302-317 and C:372-
379. Helices and arrow structures represent a-helices and B-sheets respectively.
The protein is oriented as if it were inserted into the plasma membrane.
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Figure 5.7: Surface of the Cx43 C-terminus/DIlg1 SH3/HOOK/pGUK complex.
Model shows the Cx43 C-terminus in red and Dlg1 SH3/HOOK/pGUK in teal. Cx43
C-terminus=aa232-382, Dlg1 SH3/HOOK/pGUK=aa569-764. Rotations around the
X, Yy and z axes are shown. The Cx43 C-terminus is predicted to fit in a groove
between the SH3/HOOK domains and the GUK domain.
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Figure 5.8: Evaluation of the Cx43 C-terminus/DIg1 SH3/HOOK/pGUK model
confidence. (A) Model showing the Cx43/Dlg1 complex coloured by pLDDT
values. pLDDT is a per-residue confidence score, high pLDDT=more confidence in
correct positioning of residue. Blue colour=high confidence, red colour=low
confidence. Helices and arrow structures represent a-helices and B-sheets
respectively. (B) Model showing the Cx43/Dlg1 complex coloured by PAE
domains. Regions of one colour are thought to be in the correct position relative
to other areas of the same colour, while areas of different colours are less likely
to be in the correct relative positions.
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5.4 Expression of Recombinant Cx43 C-terminus and Dig1
SH3/HOOK/GUK Proteins

To experimentally test the accuracy of the Cx43/Dlg1 AlphaFold complex model,
the human sequences for the Cx43 C-terminus (aa232-382) and
Dlg1SH3/HOOK/pGUK (aa569-764) were cloned into the bacterial pGEX-2T
plasmid vector (Figure 5.4). This expression system was chosen due to expected
high protein yield. ZO-1 PDZ2 (aa150-312) was also cloned for use as a positive
control in interaction studies since it interacts with the Cx43 C-terminus. All
proteins were produced with a GST-tag fused to the N-terminal end of the
protein for detection and purification. Successful cloning of each construct was
confirmed by sequencing. Cx43 C-terminus, DIg1SH3/HOOK/pGUK and ZO-1 PDZ2
constructs were then transformed into BL21 Gold E.coli cells for expression
(Figure 5.9). Empty pGEX-2T vector was included as a negative control which
only expressed the GST-tag. Samples for each construct were induced at two
different temperatures (20°C and 23°C) to optimise recombinant protein
expression while limiting expression of native bacterial proteins. Samples
without induction of recombinant protein expression were also included as
negative controls. Of the three proteins, the Cx43 C-terminus was the most
strongly expressed, with a clear band around the expected molecular weight of
43kDa (17kDa recombinant protein+26kDa GST-tag). Expression was most
strongly induced by incubation of the E. coli cells at 23°C. A fainter band of a
similar size was also observed in the uninduced control, which may suggest leaky
expression of the protein. DIg1SH3/HOOK/pGUK expression was not as strong as
the Cx43 C-terminus, however there was a clear band in the 20°C and 23°C
induced samples of around 55kDa not found in the uninduced sample. This band
was slightly above the Dlg1SH3/HOOK/pGUK expected molecular weight of
49kDa and was most strong in the 23°C induced sample. ZO-1 PDZ2 produced the
faintest bands of the three proteins and appeared to be more strongly expressed
in the 20°C induced sample than the 23°C induced sample. The Z0-1 PDZ2 band
was not observed in the uninduced sample and was around 49kDa in size, which

is slightly above the predicted molecular weight of 45kDa.
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From the results shown in Figure 5.9, it was clear that in addition to
recombinant proteins, many other contaminating proteins were present in the
samples and required removal prior to interaction studies. Therefore, additional
purification steps were carried out on the sample containing Cx43 C-terminus
recombinant protein. Glutathione affinity chromatography resulted in a much
stronger Cx43 C-terminus protein band relative to the unbound protein fraction
(Figure 5.10A), which was included as a negative control to assess total protein
in the sample and binding of the protein of interest to the glutathione beads.
The majority of the Cx43 C-terminus protein was observed in fractions 8 and 9,
with some contaminating protein bands also visible, particularly at lower
molecular weights. Therefore, protein fractions 8 and 9 were pooled and further
purified by size exclusion chromatography (SEC) (Figure 5.10B). This resulted in
highly pure Cx43 C-terminus protein bands in fractions 1, 2 and 3, with fractions
3 and 4 containing the majority of the Cx43 C-terminus protein. While other
protein bands were detectable in fractions 1, 2 and 3, these were relatively
minimal and therefore these samples were retained for further use. Subsequent
fractions, while still containing Cx43 C-terminus protein, were contaminated
with higher concentrations of other proteins and were discarded. Unfortunately,
mitigating circumstances of the COVID19 pandemic 2020-2021 and shipping
delays in some of the required products meant that Dlg1 SH3/HOOK/pGUK and

Z0-1 PDZ2 were unable to be purified and used in further experiments.

Mutagenesis of the Cx43 C-terminus to delete interaction sites A, B and C was
also attempted to determine whether these regions were necessary for

interaction with Dlg1, however mutagenesis PCRs were unsuccessful (Table 5.4).
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Figure 5.9: Anti-GST western blot shows successful expression of the Cx43 C-
terminus, DIgSH3/HOOK/pGUK and ZO-1 PDZ2 recombinant proteins in BL21
Gold E.coli cell extracts. DIgS/H/pG=DIlgSH3/HOOK/pGUK. M=molecular weight
markers, U=uninduced control supernatant, 20°=induced and incubated at 20°,
23°C=induced and incubated at 23°. Sizes of molecular weight markers are
shown on the left-hand side in kilodaltons (kDa). Predicted molecular weights of
recombinant proteins are shown in the table below the blot. Recombinant
protein bands are highlighted with asterisks. Two different temperatures were
tested to optimise expression of recombinant proteins.
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Figure 5.10: Coomassie staining of gels show purification of Cx43 C-terminus
recombinant protein. (A) Glutathione-affinity chromatography of Cx43 C-
terminus from BL21 Gold E.coli cell lysate. Cx43 C-terminus protein band is
indicated by an asterisk. M=molecular weight markers, U=unbound protein which
passed through the column, F=fraction number. Sizes of molecular weight
markers are shown on the left-hand side in kilodaltons (kDa). Fractions F8 and F9
were concentrated and used in size exclusion chromatography (SEC). (B) SEC of
Cx43 C-terminus. Fractions F1, F2 and F3 were retained for use in protein
interaction experiments.
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Table 5.4: pGEX-2T plasmid constructs for expression in BL21 Gold E.coli
cells and subsequent interaction studies

Expression Construct

Notes

Cx43 C-terminus (aa232-382)

Expressed in BL21 Gold E.coli

Cx43 C-terminus Deletion A (A263-274)

Unsuccessful mutagenesis PCR

Cx43 C-terminus Deletion B (A302-310)

Unsuccessful mutagenesis PCR

Cx43 C-terminus Deletion C (A372-379)

Unsuccessful mutagenesis PCR

Dlg1SH3/HOOK/pGUK (aa569-764) Expressed in BL21 Gold E.coli

Z0-1 PDZ2 (aa150-312)

Expressed in BL21 Gold E.coli

5.5 Design and Expression of Cx43 C-terminal Phospho-
mimetic Mutants and a Further Deletion Mutation

Experimental work in this section was carried out by a master’s student, Sanzida

Islam Bristi, under my direct supervision.

Phosphorylation of certain Cx43 residues is known to play a critical part in the
regulation of function and protein-protein interactions (Aasen et al., 2018).
Previous work by the Graham group resulted in the generation of six mutated
Cx43 C-terminus sequence plasmids (Dong, 2021). Each of these mutants
contained a single amino acid change of a serine residue to an alanine residue.
Alanine and phenylalanine mimic unphosphorylated serine and tyrosine
respectively and can therefore be used to test the effect of phosphorylation on
protein-protein interactions (Chen and Cole, 2015). Co-IP experiments utilising
these mutants showed varied residue-specific effects of Cx43 phosphorylation on
interaction with Dlg1 (Dong, 2021). However, the impact of mutations at these
sites that mimic phosphorylated residues, instead of unphosphorylated residues,
remained to be addressed. Therefore, site-directed mutagenesis was carried out
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on the existing mammalian expression vector pFLAG3xCMV10 Cx43 C-terminus
plasmid to mutate the same serine residues to glutamic acid, which mimics
phosphorylated serine/tyrosine (Chen and Cole, 2015). As the AlphaFold
Cx43/Dlg1 complex model predicted an additional phosphorylation site, Y265, as
part of interaction site A (Table 5.1), further mutants Y265F and Y265E were
designed to test whether phosphorylation at this site modulates Cx43/Dlg1
interaction. A deletion mutant of the main a-helical region of the Cx43 C-
terminus was also prepared to test whether removal of these residues affected
Cx43/Dlg1 interaction. This mutant was similar to deletion B (Aaa302-310) in the
previous section but was expanded to include the entire a-helical region, as
opposed to only residues predicted to interact with Dlg1. A summary of the
expression constructs generated is shown in Table 5.5. Successful mutagenesis

was confirmed by sequencing as before.

Following sequencing, constructs were transfected into HEK293 cells for
expression (Figure 5.11). Mammalian cells were used for recombinant protein
expression in this section to be consistent with previous studies and to more
closely mimic the native conditions of the Cx43/Dlg1 interaction (Chapple et al.,
2006). HEK293 cells in particular were chosen due to their high transfection
efficiency and high levels of recombinant protein production. All proteins were
tagged with 3x FLAG tag on the C-terminal end of the protein for detection.
Results of an anti-FLAG western blot showed a strong protein band in the lane
containing the Cx43 C-terminus wild-type construct at ~19kDa, which was the
expected size of the recombinant protein (Figure 5.11). This band was not
present in the -ve control sample which was extract from HEK293 cells
transfected with empty pMaxGFP plasmid (Lonza Biosciences, Basel
Switzerland). Bands of similar molecular weight were seen for almost all of the
substitution mutations as expected, however the S368E sample produced no
band at this size, indicating the protein was not expressed. Interestingly, a
further strong protein band was observed slightly above the recombinant protein
band in the S282E sample, which may be the result of phosphorylation. Similar
weaker bands were also present in other samples such as $255E. The Cx43 C-

terminus deletion D (Aaa296-330) sample showed a band at a slightly lower
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molecular weight (-15kDa) compared to the other samples, which reflects the
deletion of the main a-helix. With successful expression confirmed, these
recombinant proteins can be used further in the future to study Cx43/Dlg1
interaction using techniques such as co-IP and micro-scale thermophoresis (MST).
Preliminary co-IP experiments comparing wild-type Cx43 C-terminus with
deletion D Cx43 have suggested the a-helix-forming residues 296-330 may be
important for interaction with Dlg1 (data not shown), however additional

experiments are required to confirm this finding.

Table 5.5: pFLAG3xCMV10 plasmid constructs for expression in HEK293 cells
and subsequent interaction studies

Expression Construct Notes

Cx43 C-terminus (aa236-382) Expressed in HEK293 cells
Cx43 C-terminus Deletion D (A296-330) | Expressed in HEK293 cells
S255E Expressed in HEK293 cells
S262E Expressed in HEK293 cells
S279E Expressed in HEK293 cells
S282E Expressed in HEK293 cells
S368E Unsuccessful expression in HEK293 cells
S373E Expressed in HEK293 cells
Y265E Unsuccessful mutagenesis PCR
Y265F Expressed in HEK293 cells
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Figure 5.11: Anti-FLAG western blot shows successful expression of the Cx43
C-terminus and mutant recombinant proteins in HEK293 cell extracts.
M=molecular weight markers, WT=wild-type. -ve Control=GFPMax-transfected
HEK293 cell extract. Sizes of molecular weight markers are shown on the left-
hand side in kilodaltons (kDa). GAPDH was included as a protein loading control.
Predicted molecular weights of recombinant proteins are shown in the table
below the blot. Example recombinant protein bands are highlighted by asterisks.
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5.6 Discussion

In this chapter, the structures of human Cx43 and Dlg1 were predicted both
separately and as a complex using AlphaFold Colab (Jumper et al., 2021). The
proposed structures of the two proteins separately were largely in agreement
with experimentally determined structures. The Cx43 C-terminus was mainly
disordered as has been previously reported, however small differences were
observed in secondary structure between this model and earlier studies. In
particular, the AlphaFold model predicted two a-helical regions, with one
following on from the final transmembrane domain and the other from residues
297-325. The second a-helical sequence from residues 297-325 includes one of
the a-helical regions determined by NMR spectroscopy, which was composed of
amino acids 315-326 (Sorgen et al., 2004). However, Sorgen and colleagues also
demonstrated a second a-helical region existed from residues 340-348, which
was not observed in this study. Prediction of the structure of the Cx43 C-
terminal residues 255-382 by a further protein folding service, Phyre2, suggested
two smaller a-helical regions between positions 308-312 and 316-319 (Leithe et
al., 2018), with only a very small a-helical region between 347-348 instead of
the larger, experimentally determined a-helix from NMR studies. As has been
discussed previously, the Cx43 C-terminus is thought to be mainly unstructured
in order to allow flexibility and the adoption of secondary structure on
interaction with other protein partners or changes in environmental conditions.
While proteins with large unstructured regions tend to produce lower confidence
models (Ruff and Pappu, 2021), the differences in the secondary structure of
predicted and experimental models potentially reflect different conformations
adopted by the protein depending on environmental conditions such as pH,
which has previously been shown to affect Cx43 C-terminus function (Morley,
Taffet and Delmar, 1996).

As has been described previously for Dlg1 and other MAGUK proteins (McCann et
al., 2012), the Dlg1 model could be divided into two main units, with one
containing the PDZ1 and PDZ2 domains and the other containing the L27, PDZ3,
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SH3, HOOK and GUK domains. Domains within each unit were in relative
proximity to each other but more distant from domains in the other unit. Of
particular interest was an intramolecular interaction between B-strands formed
by the HOOK region and a linker region directly following the GUK domain. In
Drosophila, the contacts formed between these regions mediate the interaction
of the SH3 and GUK domains, which has important implications in terms of
protein-protein interactions and Dlg1 function (Newman and Prehoda, 2009). For
example, the binding of several interaction partners of Dlg1, such as the
synaptic protein GukHolder, has been previously shown to be regulated through
the intramolecular interaction of these regions (Wu et al., 2000; Qian and
Prehoda, 2006). Disruption of this interaction through truncation of the linker
region following the GUK domain resulted in unregulated complex formation,
preventing Dlg1 performing its normal role in asymmetric cell division. This
highlights the importance of intramolecular interactions in Dlg1 function
(Newman and Prehoda, 2009).

When the Cx43 C-terminus and DIg1SH3/HOOK/pGUK domains were modelled
together as a complex, three distinct regions of interaction were predicted
within the Cx43 C-terminus. These were Site A between residues 262-278
(involving a B-strand), Site B between 302-317 (involving the main a-helix) and
Site C between 372-379 (involving a small second a-helix). Of the three sites,
Site A contained the most contact sites with Dlg1 and also possessed the highest
confidence in individual contacts, as well as the placement of the two proteins
relative to each other (as determined by PAE scores). Interestingly, while the B-
strand region of Site A was not observed in either previous NMR experiments
(Sorgen et al., 2004) or the individual AlphaFold model of the Cx43 C-terminus
produced in this study, a B-strand in this exact region was predicted with high
confidence through the Phyre2 model of the Cx43 C-terminus (Leithe et al.,
2018). As mentioned above, adoption of this conformation may rely on the
presence of certain interaction partners or be dependent on environmental
factors. The most striking difference between the Dlg1 individual model and the
model of the two proteins together was the replacement of the intramolecular
interaction between the HOOK and linker region of DIlg1 with an almost identical

interaction between the HOOK region and site A of the Cx43 C-terminus. As the
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sequence of Dlg1 in this model contained only part of the GUK domain, the
intramolecular interaction of these regions was not possible in the complex
model. This may suggest that, as with other proteins, interaction of Cx43 and
Dlg1 is regulated through Dlg1 intramolecular interaction in these regions,
particularly due to the high confidence in this section of the model. It would be
interesting to investigate whether the interaction is still predicted to take place
in the presence of the full C-terminal end of Dlg1 (569-904).

Previous studies by the Graham group have demonstrated that the Cx43 C-
terminus interacts with both the N- and C-termini of Dlg1 (MacDonald et al.,
2012) and that a binding site is contained within residues 348-377 of Cx43 (Dong,
2021). However, this site is unlikely to be the sole determinant of interaction as
expression of this region alone does not maintain wild-type levels of binding
(Dong, 2021). Of the interacting regions identified in this study, only Site C is
partially within residues 348-377. This indicates that Sites A and B may be
responsible for the difference observed between wild-type and mutant binding
to Dlg1, although only the C-terminal end of Dlg1 was considered in this
investigation and thus there are likely additional Cx43 binding sites yet to be
identified. The latter section of Site C (372-379) includes some of the amino
acids shown to interact with ZO-1. As interaction with Dlg1 was maintained in
GST-pulldown experiments with mutant Cx43 protein containing a truncation of
the terminal 5 amino acids of the C-terminus (MacDonald et al., 2012), Site C is

likely not essential for interaction with Dlg1.

To experimentally test the accuracy of the AlphaFold complex model, several
expression constructs were designed and transformed into bacterial cells. While
coimmunoprecipitation has commonly been utilised in the Graham group
previously for protein-protein interaction studies, it is unable to give kinetic
data which can give valuable biological context to the nature of a given protein-
protein interaction, such as its stability. Therefore, techniques such as surface
plasmon resonance (SPR), which can determine association and dissociation
constants, were attractive for this study. As SPR protein consumption is greater

relative to traditional co-IP experiments, a bacterial cell line was utilised for
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optimal protein expression. While time-constraints meant protein-protein
interaction experiments were not possible in this investigation, these
recombinant proteins may prove useful in future studies of the Cx43/Dlg1

interaction.

In addition to bacterial expression vectors, mammalian expression vectors were
designed for the Cx43 C-terminus, as well as a deletion of the main predicted a-
helix (including interaction Site B) and several phospho-mutants. These
constructs were designed to complement existing serine to alanine mutants of
the Cx43 C-terminus (Dong, 2021), with the addition of a further two mutants at
Y265 due to this being part of interaction site A. The additional protein bands
observed in the S282E sample and, to a lesser degree, other samples such as
S255E was interesting, as this may indicate phosphorylation of the recombinant
proteins. This could be due to phosphorylation of the mutated glutamic acid
residue, which while mimicking phosphorylated serine has also recently been
shown to be capable of being phosphorylated itself in humans (Hardman et al.,
2019). Alternatively, the extra protein bands may reflect phosphorylation of
sites other than the mutated residue. The processes of both forward trafficking
and internalisation of Cx43 from the cell membrane have been shown to be
controlled by sequential phosphorylation events. For example, phosphorylation
of 5282 is associated with gap junction closure and is often followed by
phosphorylation of Y247, which promotes gap junction internalisation (Solan and
Lampe, 2014). This suggests that mimicking phosphorylation at one site of the
Cx43 C-terminus can promote phosphorylation of other sites. It is planned in the
future to use techniques such as micro-scale thermophoresis, which involves
fluorescent tagging of one protein partner and monitoring of its movement
through a thermal gradient, which changes depending on protein binding status
(Jerabek-Willemsen et al., 2014), in conjunction with traditional co-IP
techniques to address the role of phosphorylation and individual Cx43 residues in
Dlg1 binding.

The predicted interaction sites of Cx43 and Dlg1 from the AlphaFold model have

several implications for the lifecycle of Cx43. In particular, interaction site A of
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Cx43 includes the B-strand forming residues 29°YAYF?%8 which together form a
key regulatory site involved in internalisation and degradation of Cx43. Motifs of
this kind are conserved between many membrane proteins and function as a
general target for proteins promoting internalisation (Bonifacino and Traub,
2003). For example, the adapter protein complex-2 (AP-2), interacts with the
Cx43 265YAYF268 site, as well as 29YKLVZ® to promote internalisation via a
process similar to clathrin-mediated endocytosis (Fong, Kells and Falk, 2013).
Substitution or deletion mutations at either of these sites disrupted interaction
with AP-2 and drastically reduced endocytosis of Cx43 gap junctions,
demonstrating the importance of these sites for Cx43 internalisation. Site A is
additionally significant for interaction of Cx43 with c-Src. c-Src is a tyrosine
kinase and functions as an important regulator of gap junctional Cx43 by binding
aa274-283 and phosphorylating Y265, subsequently leading to internalisation of
Cx43 (Gonzalez-Sanchez et al., 2016; Giepmans et al., 2001a). This is similarly
achieved by the Rous sarcoma virus protein v-Src, which may also cause indirect
phosphorylation at additional Cx43 sites (Zhou, Kasperek and Nicholson, 1999).
The overlap of both the AP-2 and c-Src interaction sites with those predicted for

Dlg1 suggests that binding of these proteins to Cx43 are mutually exclusive.

Interaction Sites A (262-278) and B (302-317) of the Cx43 C-terminus are also
very similar to the interacting regions previously demonstrated for Drebrin,
which interacts with Cx43 at residues 264-275, 282-290 and 299-321 (Ambrosi et
al., 2016). Due to the significant overlap in these regions, it is suggested that
Dlg1 and Drebrin may directly compete for binding to Cx43. This is an intriguing
idea, as Drebrin is an actin-binding protein which has been shown to stabilise
Cx43 at the plasma membrane (Butkevich et al., 2004), which is also a role that
Dlg1 may perform (as discussed in Chapter 3). This opens the possibility that
Drebrin and Dlg1 have similar roles in the Cx43 lifecycle. The two proteins may
perform the same role independently in separate cell types, or alternatively
carry out identical roles in the Cx43 lifecycle at separate stages of the cell
cycle. It is also possible that they function cooperatively in different parts of the

lifecycle and one protein ‘hands-over’ Cx43 to the other.
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Finally, interaction Site C (372-379) of the Cx43 C-terminus overlaps with the
region which binds 14-3-3 proteins (370-376) (Park et al., 2007). 14-3-3 proteins
have been demonstrated to be involved in both Cx43 forward trafficking to the
plasma membrane (Batra et al., 2014) and endocytosis of gap junction channels
(Smyth et al., 2014), with this effect being specific to Cx43 as other connexin
proteins lack this site (Park et al., 2007). This again may suggest mutual
exclusion of binding between Cx43 and Dlg1/14-3-3. The potential competition
between Dlg1 and 14-3-3 proteins is also relevant to HPV infection, as high-risk
HPV E6 protein interacts with 14-3-3C via its PDZ-binding domain when
phosphorylated (Boon and Banks, 2013). As this is also the mode of interaction
between E6 and Dlg1 (Thomas et al., 2008), with E6, Dlg1 and Cx43 being shown
to exist as a complex (Sun et al., 2015), it may be that E6 can also interact
indirectly with Cx43 through 14-3-3(. The consequences of this are currently
unclear, as 14-3-3C is not targeted for degradation by E6 and instead seems to
be involved in maintaining E6 levels (Boon and Banks, 2013). The implications of
the interaction of Cx43 and Dlg1 for other Cx43 interaction partners are

discussed further in Chapter 6.
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Chapter 6: Discussion

Cx43 is a widely expressed protein which possesses channel-forming roles to
allow direct intercellular communication between adjacent cells, as well as non-
channel forming roles to modulate a wide range of other processes through
interactions with other protein partners. Through these functions, Cx43 is
involved in many fundamental processes and is essential for homeostasis in a
variety of different contexts, with alteration to Cx43 expression and function
being associated with numerous disease states (McLachlan et al., 2008). Dlg1 is a
cell polarity and signal transduction protein which is similarly crucial to
homeostasis and interacts with Cx43 (MacDonald et al., 2012). While this
interaction is likely to take place in a variety of cell types given the wide
expression profiles of the two proteins, their potential interaction in
keratinocytes was of particular interest in this study due to the increased levels
of Cx43 at the plasma membrane of wound-edge cells in chronic non-healing
wounds (Brandner et al., 2004). Wound care is currently responsible for a
massive global physical health and economic burden, which is partly due to the
lack of effective treatment options to improve wound closure rates. This is
particularly concerning when considering that the rate of diabetes, which is
heavily associated with the development of certain chronic wounds, is expected
to rise sharply in the coming decades (Becker et al., 2012). It is therefore
essential to conduct further study on interactions like that between Cx43 and
Dlg1, particularly as Cx43 has shown great promise as a therapeutic target in
wound healing (Montgomery et al., 2018). Such investigations may lead to the
future development of therapeutics targeting these proteins or their interaction

to improve wound healing rates.

One of the main aims of this investigation was to define the role of Dlg1 in the
Cx43 lifecycle (Chapter 3). Previous studies by the Graham group have shown
that knockdown of Dlg1 results in decreased Cx43 protein levels and removes a
large proportion of Cx43 from the plasma membrane (Dong, 2021), however the

exact details of how Dlg1 functions in this pathway remained unclear. In this
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study, depletion of Dlg1 caused a significant decrease in Cx43 protein levels but
no change in Cx43 mRNA levels, meaning the role of Dlg1 is performed at a later
stage of the lifecycle following protein synthesis. Further analysis through
confocal microscopy experiments revealed that knock down of Dlg1 resulted in
reduced Cx43 at the plasma membrane, as well as a reduction in association
with a marker of the endoplasmic reticulum. In contrast, Cx43 colocalisation
with a lysosomal marker was elevated and a dramatic increase in association
with markers of the Golgi was observed. Experiments utilising an inhibitor of the
lysosomal pathway further confirmed that increased lysosomal degradation of
Cx43 takes place in siDlg1-treated cells. Gap junctional communication was also
vastly reduced in cells where Dlg1 had been knocked down, suggesting Dlg1
controls gap junctional intercellular signalling through its role in the Cx43

lifecycle.

Overall, data from Chapter 3 suggest two possible roles for Dlg1 in the Cx43
lifecycle: Dlg1 controls forward trafficking of Cx43 from the Golgi to the cell
membrane, or Dlg1 stabilises Cx43 at the cell membrane and prevents
endocytosis of Cx43 and subsequent retrograde transport to the Golgi. Both
models are plausible and are supported by data presented in this study, as well
as data from other groups. For example, Dlg1 promotes the polymerisation of
actin and therefore could be involved in efficient targeting of Cx43 to adherens
junctions (Round et al., 2005). Dlg1 is also known to be involved in trafficking of
several membrane proteins (including K* channels) to the plasma membrane in
neurons, suggesting it may be able to perform a similar role for Cx43 (Fourie et
al., 2014). The involvement of Dlg1 in protein trafficking is known to include
Dlg1-mediated recruitment of motor proteins, such as members of the kinesin
family, to vesicles containing interaction partners following exit from the Golgi.
In some cases, Dlg1 functions as part of a complex with a further MAGUK
protein, CASK, to achieve forward trafficking of proteins (Walch, 2013). Dlg1 and
CASK directly interact through their respective L27 domains (Lee et al., 2002).
Interestingly, CASK also directly interacts with Cx43 and is suggested to be
involved in its forward trafficking given that it preferentially interacts with

unphosphorylated Cx43 (Marquez-Rosado et al., 2012). This raises the possibility
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that Dlg1 and CASK function together to promote forward trafficking of Cx43 to

the plasma membrane.

While the hypothesis that Dlg1 promotes forward trafficking of Cx43 is attractive
due to its simplicity, it is disputed by certain data presented in this study. The
results from the AlphaFold complex model of Cx43 and Dlg1 in Chapter 5
revealed three prospective binding sites within Cx43: residues A 262-278, B 302-
317 and C 372-379. The first of these, which contains the most contacts with
Dlg1 of the three sites, directly overlaps with the region expected to bind to
CASK (260-280) (Marquez-Rosado et al., 2012). Therefore, if this model is
correct, binding of Dlg1 and CASK to Cx43 is mutually exclusive and the three
proteins could not exist in a complex like that described for some other proteins
that Dlg1 controls (Walch, 2013). That both MAGUK proteins are expected to
bind Cx43 in a similar way is interesting, as Cx43 residues 274-284 comprise the
SH3-binding region (lyyathurai et al., 2018), which indeed formed contacts with
the SH3 domain of Dlg1 in the AlphaFold model. This, in addition to conventional
interactions with PDZ-domains, likely points to a further conserved mode of
interaction between Cx43 and select members of the MAGUK family. Despite
this, both proteins could also still function together in the trafficking pathway of

Cx43 with a ‘hand-over’ step involved between them.

Interaction site C (372-379) of the AlphaFold model also overlapped with the
binding region for 14-3-3 proteins (370-376), which are expressed in
keratinocytes (Sambandam et al., 2015) and are involved in forward trafficking
of Cx43 (Batra et al., 2014). While, as with CASK, this may suggest synergistic
roles at different stages of the forward trafficking pathway, or conserved roles
at different stages of the cell cycle, it could also indicate different roles for 14-
3-3 proteins and Dlg1 in the Cx43 lifecycle. The strongest evidence to suggest
that Dlg1 may not function in the forward trafficking of Cx43 to the plasma
membrane comes from immunofluorescence experiments in this study, where
little cytoplasmic colocalisation was observed between Cx43 and Dlg1. This
suggests that interaction between the two proteins could be limited to sites of

cell-cell contact rather than an earlier stage of the Cx43 trafficking pathway.
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The other possible role of Dlg1 in the Cx43 lifecycle is in stabilisation of Cx43 at
the plasma membrane. In this scenario, depletion of Dlg1 results in
internalisation of Cx43 from the plasma membrane, after which it is likely that a
certain pool of protein is degraded through the lysosomal pathway and the rest
is recycled to the Golgi. This type of mechanism has been shown previously for
E-cadherin when Scribble is knocked down (Lohia et al., 2012). This model has
several intriguing implications for Cx43. For example, it could be beneficial
under certain circumstances for cells to retain a pool of internalised Cx43 that
can be rapidly redelivered to the plasma membrane to enable quick changes in
gap junctional signalling. This type of Cx43 recycling is already known to take
place through connexosomes (Carette et al., 2015) and retrograde trafficking of
Cx43 to the Golgi could therefore represent an additional retention mechanism.
An example of where this could be relevant is the M phase of cell division, where
Dlg1 relocates to the cytoplasm and binds to mitotic spindle (Narayan et al.,
2009), while Cx43 also relocates to become intracellular (Vanderpuye et al.,
2016). In the following stage of cytokinesis, gap junctional communication is
rapidly established between daughter cells, with both Cx43 and Dlg1 localising
to the midbody. Further research is required to establish if there is increased

association of Cx43 with the Golgi in certain stages of the cell cycle.

The idea that Dlg1 stabilises Cx43 at the cell membrane is supported in part by
results from the AlphaFold complex model of the two proteins (Chapter 5). As
noted previously, the prospective interaction sites with Dlg1 within the Cx43 C-
terminus include a key site regulating gap junction internalisation and
degradation (2¢3YAYF2¢8), as well as regions which overlap with binding sites for
Src, AP-2 and 14-3-3. Each of these proteins are associated with facilitating
endocytosis of gap junctions from the plasma membrane, suggesting that Dlg1
may compete with them for binding to Cx43. A further regulatory protein which
targets Cx43 in a Ca?*-dependent manner is calmodulin, which binds to both the
cytoplasmic loop and the C-terminus of Cx43 to facilitate channel closure (Zheng
et al., 2020). The calmodulin binding region of Cx43 is thought to be within
residues 265-319, which means Dlg1 binding may also inhibit this interaction.
Interestingly, the potential Dlg1 binding sites identified in this study directly

overlap with two of the regions known to bind to Drebrin (residues 264-275, 282-
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290 and 299-321), which has been shown to stabilise Cx43 at the plasma
membrane (Ambrosi et al., 2016). The two proteins could therefore function
synergistically in stabilising Cx43 at the plasma membrane through steric
inhibition of other protein partners which promote internalisation. This, along
with the incomplete knockdown of Dlg1, may explain why a pool of Cx43 remains
localised to the cell membrane under conditions where Dlg1 is depleted. The
reason for this proposed functional redundancy is unknown but may be due to
the two proteins: 1. Performing the same role in different cell types. 2.
Performing the same role in different cell cycle stages 3. Functioning in
sequential stages of the lifecycle with ‘hand-over’ from one protein to another.
4. Functioning together in the same cell type to allow multiple pathways to
regulation of membranous Cx43. The finding that Cx43 had reduced
colocalisation with EEA1 (a marker of early endosomes) in siDlg1-treated cells
contradicts the idea of Dlg1 stabilising Cx43 at the cell membrane, as reduction
of Dlg1 would be expected to increase the proportion of endosomal Cx43 prior to
recycling to the Golgi. One explanation for this could be that depletion of Dlg1
leads to internalisation of Cx43 primarily as connexosomes before recycling to
the Golgi, which could account for the lack of colocalisation with EEA1. Given
the diffuse staining of EEA1 observed in this study, this work would benefit from

confirmation of Cx43 colocalisation with a different marker of the endosomes.

Considering all the data, both proposed roles for Dlg1 in the Cx43 lifecycle are
viable, with the added possibility that Dlg1 performs both of these functions.
Additional experiments are required to determine which (if not both) of these
models are correct. Further work should include analysis of Cx43 colocalisation
with markers of recycling endosomes, which could facilitate Cx43 retrograde
transport to the Golgi. Treatment of control and siDlg1-treated cells with an
endocytosis inhibitor, such as dynasore, should also be performed to assess
localisation of Cx43 under these conditions (Figure 6.1). If there is an increase
in Cx43 membrane localisation following dynasore treatment, it suggests that
Cx43 forward trafficking is unaffected by Dlg1 depletion and therefore Dlg1
prevents internalisation of Cx43. If this is the case, kinetic data on the strength
of the interaction between Cx43 and Dlg1 would give important context to the

role of Dlg1, for example whether Dlg1 is likely to displace other proteins from
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Cx43 to prevent internalisation or, conversely, whether Dlg1 itself is displaced to
promote endocytosis. It is unclear whether Dlg1 could perform a similar role in
the lifecycle of other connexin family members. As the sequence and length of
the C-terminus of connexin proteins is responsible for much of the variation
between different family members (Koval, 2006), it is likely that interaction
with Dlg1 is limited to a few connexins. While Cx43 is an a-connexin, Cx32
(which also interacts with Dlg1) is a B-connexin (Stauch et al., 2012),
demonstrating that interaction with Dlg1 is not restricted to a single connexin
subfamily. If Dlg1 is found to regulate other connexin family members,

interactions between these proteins could be novel therapeutic targets.
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Endocytosis
Inhibitor Treatment

Cx43 remains in the Golgi - DIg1 Cx43 localises to the cell membrane -
traffics Cx43 from the Golgi to the Dlg1 stabilises Cx43 at the plasma
plasma membrane membrane

Figure 6.1: A potential experiment using an endocytosis inhibitor to
differentiate between the different possible roles of Dig1 in the Cx43
lifecycle. Figure shows the effects of siDlg1 treatment and possible effects of
endocytosis inhibitor treatment on Cx43 localisation. Cx43 is shown either as
hemichannels on the cell membrane in grey or a single intracellular Cx43 protein
in brown. Cells are shown in beige and the Golgi apparatus is shown in blue.
Treatment with siDlg1 removes Cx43 from the cell membrane and causes
accumulation of Cx43 in the Golgi. Treatment with an endocytosis inhibitor can
either lead to no change in Cx43 localisation (i.e. Cx43 remains in the Golgi) or
Cx43 relocating to the cell membrane. If Cx43 remains in the Golgi, it is
suggested that it is unable to reach the plasma membrane in the absence of Dlg1
and therefore Dlg1 controls forward trafficking of Cx43 to the plasma
membrane. In contrast, if Cx43 is localised to the cell membrane in cells treated
with an endocytosis inhibitor, it is suggested that Cx43 is capable of reaching the
plasma membrane in the absence of Cx43 and therefore Dlg1 stabilises Cx43 at
the cell membrane to prevent swift internalisation of Cx43 and subsequent
recycling to the Golgi.
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One of the most significant findings from this investigation was that depletion of
Dlg1 impaired wound healing in HaCaT cells through reduced cell proliferation
(Chapter 4). This result was somewhat counterintuitive given that Dlg1 controls
Cx43 cell membrane localisation (which is associated with stalled wound healing)
and is a suspected tumour suppressor protein (Brandner et al., 2004; Roberts et
al., 2012). This implies that Dlg1 performs other crucial functions in the cell
which outweigh the benefit of removal of Cx43 from the cell membrane. For
example, Dlg1 (together with CASK) is required for correct orientation of mitotic
spindle during cell division in mammalian epithelial cells (Porter et al., 2019).
Disruption of this process could lead to incorrect cell division resulting in
aneuploid cells, which may subsequently exhibit impaired cell division due to
tumour suppressor mechanisms (Thompson and Compton, 2010). The decrease in
cell proliferation observed in siDlg1-treated cells could additionally be linked to
the functions of Dlg1 in cell polarity and signal transduction. Increased
proliferation of Dlg1-depleted cells has been observed in several different cell
types, including mouse B-cells (Dong et al., 2019) and mouse lens epithelial cells
(Nguyen et al., 2003). This suggests cell-type specific effects of Dlg1, which may
be reliant on differential expression of the various Dlg1 splice isoforms which
have been proposed to have different functions (McLaughlin et al., 2002). While
limited other literature on the effect of Dlg1 in wound healing exists, one study
found that knockdown of Dlg1 resulted in ~20% slower wound closure in a
squamous lung cancer cell line due to decreased cell migration (O’Neill et al.,
2011). Data from this study indicated removal of Dlg1 has negligible effects on
cell migration, suggesting promotion of migration may be a cancer cell specific
effect. A quantitative analysis of cell migration and direction through live cell

experiments would be beneficial in further proving this.

Overall, the results of this investigation suggest that specific targeting of Dlg1 in
wound healing may restrict wound closure rates and therefore Dlg1 is not a
suitable therapeutic target for epidermal wound healing. It is essential that
similar studies are carried out in primary human keratinocytes to verify these
results. Such research is especially relevant considering the finding that Cx43
and Dlg1 colocalise in keratinocytes of human abdominal skin sections of both

non-diabetic and diabetic patients. While limited changes in the two proteins
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were observed in diabetic skin compared to non-diabetic skin, further work is
required to determine if disease states where Cx43 signalling is modified are

associated with changes in Dlg1 levels, localisation or association with Cx43.

Despite removal of Dlg1 likely being detrimental to wound healing, the
interaction between Cx43 and Dlg1 remains a promising therapeutic target.
Development of a mimetic peptide to the binding sites of Cx43 with Dlg1 could
prevent Cx43 plasma membrane localisation without drastically altering the
important functions Dlg1 possesses. According to the AlphaFold model produced
in this study, a mimetic peptide of the main Cx43 interaction region (residues
262-278) may have the additional benefit of preventing interaction with Drebrin,
meaning that if these two proteins have overlapping functions in keratinocytes,
a further reduction in Cx43 cell membrane localisation would be expected,
which could correlate with improved wound closure. It is therefore crucial that
future studies determine the accuracy of the Cx43/Dlg1 AlphaFold complex
model through experimental analysis, as characterisation of interacting regions
between the two proteins can inform mimetic peptide development, as has been
the case for the successful Cx43-targeting peptide aCT1 (Montgomery et al.,
2018). This is currently planned to be performed using microscale
thermophoresis (MST), which can measure binding affinity through determination
of dissociation constant (Jerabek-Willemsen et al., 2014). Furthermore, binding
of small peptides is also able to be assessed, meaning individual prospective
interacting regions can be generated and tested for binding to Dlg1. Initial
experiments will involve testing of a peptide based on the sequence of
interaction site B with full-length Dlg1 to provide information on whether the
main a-helical region of the Cx43 C-terminus is important for Dlg1 binding.
Preliminary results from co-IP experiments using wild-type Cx43 C-terminus and
a deletion of site B expression constructs suggest that this site could be
important for Dlg1 interaction (data not shown), however this experiment must

be repeated to draw accurate conclusions.

Study of Cx43 and Dlg1 is complicated through several factors, including the
channel/non-channel roles of Cx43, the existence of Cx43 internally-translated

isoforms, Dlg1 splicing variants and post-translational modifications of the two
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proteins. In particular, the role of phosphorylation is predicted to be important
for Cx43 binding to Dlg1 given the plethora of ways in which it is already known
to modulate Cx43 function and localisation (Solan and Lampe, 2014). The
plasmids containing phospho-mimetic mutations of the Cx43 C-terminus will be
useful in future experiments to determine how phosphorylation at specific sites
affects interaction with Dlg1. Information from these experiments can be
combined with existing data from mutants which mimic unphosophorylated
residues to give a more comprehensive understanding of the role of
phosphorylation in interaction of the two proteins (Dong, 2021). This may
additionally give clues as to the function of the interaction, as phosphorylation
at certain sites is associated with certain stages of the Cx43 lifecycle.
Phosphorylation of Dlg1 is also likely to impact interaction with Cx43. Indeed,
phosphorylation of Dlg1 at residue 5232 by CaMKII has been shown to regulate its
interaction with other proteins, such as the NR2A subunit of NMDA receptor in
neuronal cells (Gardoni et al., 2003). Furthermore, phosphorylation has
previously been shown to control localisation of Dlg1 to the cell membrane
(Massimi et al., 2006).

As well as phosphorylation, Cx43 has been reported to undergo ubiquitination,
SUMOylation, acetylation and S-nitrosylation (Leithe et al., 2018). Though less
research has focused on these modifications, ubiquitination has been suggested
to regulate Cx43 gap junction turnover and sorting to either the autophagic or
endolysosomal systems of degradation. For example, the NEDD4 ubiquitin ligase
binds to Cx43 between residues 283-286 and promotes degradation via the
autophagic pathway (Spagnol et al., 2016), while interaction with Tsg101 instead
targets Cx43 to the lysosomal pathway (Leithe et al., 2009). Given that
regulation of Cx43 is thought to involve a complex combination of
phosphorylation and ubiquitination, it is highly likely that Dlg1 binding affects
these processes in some way. Identification of specific sites of ubiquitination in
the future will be significant in establishing how these systems synergise to

regulate Cx43/Dlg1 interaction.
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While the primary focus of this thesis has been on epidermal wound healing, the
interaction between Cx43 and Dlg1 also has implications for viral infections. A
growing number of viruses are being shown to cause downregulation of Cx43,
including Zika virus (Li et al., 2022), Borna disease virus (Koster-Patzlaff,
Hosseini and Reuss, 2007) and SARS-CoV-2 (Raghavan, Kenchappa and Leo,
2021). Conversely, HIV causes upregulation of Cx43 through its Tat protein and
also utilises gap junctions in tunnelling nanotubes to allow cell-cell spread of the
virus (Berman et al., 2016; Okafo et al., 2017). Design of mimetic peptides to
inhibit the interaction of Cx43 and Dlg1 may therefore also be applicable as drug
treatments for viral infections which result in the upregulation of Cx43.
Previously, the Graham group has focused on the relevance of Cx43/Dlg1
interaction in HPV-associated cancer progression, with the oncogenic E6é protein
being responsible for degradation of Dlg1 and relocation of Cx43 from the cell
membrane to the cytoplasm (Sun et al., 2015). It is currently unknown whether
targeting the Cx43/Dlg1 interaction could have therapeutic benefit in this
scenario. In certain other types of cancer overexpression of Cx43 restores some
level of growth control, such as in the human osteosarcoma U20S cell line
(Zhang et al., 2001). While the majority of research on protein-protein
interactions has focused on the use of interaction inhibitors, treatments can also
be designed to instead stabilise interactions through binding to regions which are
uninvolved in the interaction and altering the conformation of the protein (Lu et
al., 2020). This approach could be used to positively modulate Cx43 and Dlg1
interaction, particularly if the intramolecular interactions between Dlg1 SH3 and
GUK domains are found to be a regulator of binding to Cx43. Agents which
stabilise the Cx43/Dlg1 interaction could result in less degradation of Cx43 and
inhibit cell proliferation in HPV-positive cervical cancer cells. On the other
hand, as the interaction between E6 and Cx43 is thought to be mediated by
Dlg1, it may be beneficial to inhibit Cx43/Dlg1 interaction to prevent
degradation of Cx43 through an Eé6-mediated effect. Indeed, as Dlg1 was
proposed to maintain a cytoplasmic pool of Cx43 in HPV-infected cells
(MacDonald et al., 2012), inhibition of this interaction may allow recycling of

Cx43 to the plasma membrane.
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In conclusion, this investigation has shown that Dlg1 plays an important role in
the normal wound healing process in keratinocytes and therefore knock down
impairs wound closure, suggesting Dlg1 in itself is not a viable therapeutic target
to improve chronic wound healing rates. The function of Dlg1 in the normal
lifecycle of Cx43 in keratinocytes has also been further characterised. This
contributes to understanding of the complex Cx43 lifecycle. Furthermore,
AlphaFold has been utilised to predict binding sites between the two proteins,
which now require experimental testing to confirm. Identification of binding
sites may lead to future development of agents to modulate the interaction of

Cx43 and Dlg1 and improve wound healing rates.
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