











plasmid carrying a functional p-galactosidase (B-gal) gene, pHFBG2 (151)
(2.1.4). When cytoplasmic extracts of these transfections were made, p-gal
assays were performed (2.2.10.1). Assuming that the uptake of both the g-gal
plasmid and the LTR-CAT constructs was equal the resulting value for p-gal
activity served as an internal control for transfection efficiency between

different samples (302).

5.3 Results.

5.3.1 Eukaryotic transfections.

Following satisfactory and comparable readings of external DNA load,
internal DNA uptake and protein concentration within the cell extracts, CAT
activity between the different constructs were compared. Figure 5.4 shows
the CAT activity of the mutant panel transfected into feline fibroblast cells
(CRFK sub-clone ID10) and Figure 5.5 is a list of the relative CAT activities of
the mutant panel in various cell lines normalised to the full length LTR
control. Each figure represents the average of five experiments where each
sample was transfected in duplicate. The cell lines compared here are feline
fibroblasts either permissive (CRFK) or resistant (AH927) to FIV infection
and also heterologous cells refractory to FIV infection (HeLa).

The deletion mutants showed some consistent properties regardless of cell
type (Figure 5.6). The effect of deleting the AP-4/AP-1 motif was very
marked, particularly when the core of the AP-1 binding site was removed (-
113) (Figure 5.6). This deletion resulted in a 10-25 fold loss of activity relative
to the wild-type LTR. Also notable was the virtual disappearance of
promoter activity when the ATF and 3' half of the NF-1 site were deleted (-
47). From these results it appears that the AP-1 site and the ATF site are of
prime importance for basal promoter activity in the cell lines examined. See

Appendix F for further discussion.
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Figure 5.4
Representative CAT Assay of an FIV LTR Transfection

P i

7 ‘r% !

H e i

i Cd !

. i |

i : :

i ‘ o

H . : X ot

«» ; ~ . N ‘
S - e e &

L ) i i o H
’ 1 : o :‘

o } P o - : o LS

i | ‘ g

| ! : o

«® | g
®* e e & o e e
_ ‘ s

: B
pLW2  pCAT12 WIr 176 -147
0
\‘ ‘IE ‘q .
\
-126 113 68 47

Pictured above is an autoradiograph of a representative CAT assay on cell
extracts made from transfected CRFK (sub-clone ID10) cells, where each
sample was analysed in duplicate.

pLW2, positive control plasmid, pCAT12, negative control plasmid, WT, full
length FIV-LTR-CAT construct, (-176 to -47) numbers refer to the start
position, in U3, of the deletion mutant FIV-LTR-CAT constructs as outlined
in Figure 5.2. See text (5.3.1) for discussion. '
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Figure 5.5
Relative Activities of Wild-type and Deletion Mutant FIV-LTR-

CAT Constructs in Different Cell Lines.

Cell Line
LTR Site Deleted CRFK AH927 HeLa
Wild-type - 1.00 1.00 1.00
-176 - 0.85 1.09 0.60
-147 "NF-xB" 1.11 1.18 2.99
-126 AP4 0.55 0.31 0.44
-113 AP-1 0.07 0.06 0.10
-68 C/EBP (NF-1) 0.04 0.04 0.34
47 (NF-1) ATF <0.01 <0.01 0.08

This table lists the relative activities of wild-type and deletion mutant FIV-
LTR-CAT constructs after transfection into three different cell lines. The
numbers on the left refer to the position in U3 where the deletion begins and
the motif that was deleted in each case is indicated. The figures show the
relative CAT activities of the mutant panel normalised to the full length LTR
(1.00). Each figure represents the average of 5 experiments where each
sample was transfected in duplicate. See Figure 5.6 for plots of the above
figures and text (5.3.1) for further discussion.
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Figure 5.6
Plots of the Relative Activities of Wild-type and Deletion

Mutant FIV-LTR-CAT Constructs in Different Cell Lines.
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These graphs show the relative activities of wild-type and deletion mutant
FIV-LTR-CAT constructs after transfection into three different cell lines. The
numbers on the x-axis refer to the position in U3 where the deletion begins
(Figure 5.2). The figures on the y-axis correspond to the relative CAT
activities of the mutant panel normalised to the full length LTR (1.00) (See
Figure 5.5 for data). Results were an average of 5 experiments where each
sample was transfected in duplicate and standard deviations are represented
by extension bars. See text (5.3.1) for further discussion.
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5.3.2 Identification of a cis-acting negative regulatory element in the FIV
LTR.

The activity of the LTR mutant panel in HeLa cell transfections suggested the
presence of a cis-acting negative regulatory element between -176 and -147,
however this was much less marked in the feline fibroblast cells. This area of
sequence in the FIV LTR contains purine rich stretches and includes the
putative NF-«B site first identified by Olmsted et al (41), however this region
is not well conserved in all of the viral LTR sequenced to date (Figure 3.8).
Following identification of this negative regulatory effect a closer inspection
of this area in footprinting analyses showed that with high levels of nuclear

extracts (80ul = 600pg) from feline fibroblasts a weak footprint begins to
appear (Figure 4.1 lane 6).

5.4 Discussion.

This study has identified binding sites for an array of transcription factors in
the promoter proximal region of the FIV LTR. Deletion mutagenesis showed
that these sites play a vital role in basal promoter activity in a variety of cell
lines. In particular, AP-1 and ATF sites at -120 and -55 respectively are
required for full basal promoter activity. Deletion of the AP-1 site led to a 10-
25 fold drop in activity while deletion past the ATF site virtually abolished
basal transcription.

ATF binding to the E3 and E4 promoters of adenovirus facilitates the
establishment of a preinitiation complex involving TFIID (226) and it is
conceivable that a similar role is played by the ATF site in FIV.
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However this may not be the sole function of ATF since this cellular
transcription factor has also been implicated in the regulation of cellular
cyclic-AMP inducible promoters and it remains to be determined whether

similar controls are important in FIV infected cells (224, 287, 306).

As mentioned earlier (Chapter 3) the FIV LTR is not closely related to any
other viral promoter element but there are similarities to some binding
motifs which have been found in the promoter/enhancers of other viruses.
Therefore FIV may share some features of transcriptional regulation with the
maedi visna and EIAV families. A notable resemblance was seen in the
consensus AP-4/ AP-1 motifs in the visna and FIV LTRs (Figure 3.9). Cellular
factors that interact with the AP-1 sites in the visna virus LTR have been
shown to be critical for basal and trans-activation (22). Lately it has been
shown that the proteins Fos and Jun are directly involved in the differential
regulation of visna virus gene expression in macrophages through an AP-1
site in the viral LTR (307) and again this may reflect as yet unidentified

mechanisms which control gene expression in FIV infected cells.

Transfection studies with the deletion mutants did not help to delineate the
functions of the C/EBP sites and the NF-1 site. The removal of these sites did
not greatly affect basal levels of activity. It is possible that these sites respond
to signals which are present only in certain cell types or that they only
function during specific stages of the FIV life cycle and are therefore not
detectable during transient transfections assays. For example alternate
binding patterns have been seen with the Moloney murine leukaemia virus
(MoMuLV) LTR where binding to the core enhancer and NF-1 sequences is
observed only in differentiated mouse cell lines but not in undifferentiated
embryonal carcinoma cells or erythroleukaemic cell lines indicating that
there can be subtle differences in the transcription factors available in

different cell lines and it has been considered that this may influence the
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tissue specificity and general pathology of retroviral diseases (45, 223, 308,
309).

A negative regulatory effect was also noted at the 5' end of the FIV U3
domain, although this effect was cell-type dependent and was not precisely
mapped. It is interesting to note that the relevant area of the LTR includes a
purine rich sequence (-135/-155) and that negative regulatory activity has
been mapped to similarly purine rich protein binding sites in the HIV and
IL-2 gene promoters (114, 310, 311).

Negative control of gene expression has also been observed in the HIV-1
LTR. A negative regulatory element (NRE) has been identified between
positions -340 and -185 in the HIV-1 LTR (Figure 1.6) (114). Mutations in this
region have been shown to alter the levels of HIV-1 gene expression.
Mutation of the COUP-TF binding site in the HIV-1 LTR results in a 2-3 fold
increase in HIV-1 gene expression (303, 304). Similarly HIV-1 constructs
containing a deletion in the LTR which includes the USF-binding site show
increases in both gene expression and growth kinetics. Thus the USF-binding
site may also serve as a negative regulatory element within the HIV LTR
(305).

A number of both positive and negative cellular factors such as NF-AT (311),
interleukin binding factor (ILF) (312), COUP-TF (303, 304), and USF (305)
have been shown to interact with the HIV-1 LTR and it has been postulated
that transcriptional repression maybe relieved by the release of positive
effectors (eg NF-AT NF-xB and ILF) from inhibitory proteins which can in
turn displace the negative regulators (eg COUP-TF and USF) by binding to
similar overlapping binding sites in the LTR (312).

Therefore a more detailed analysis of this area in the FIV LTR will be
required in order to try to identify any protein binding sites around this
region and/or positive or negative factors which maybe operating at this

site.
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So far results seem to indicate that any factor(s) which can bind to this region
is present at low levels in the nuclear extracts tested resulting in the very
weak footprints observed. The results of footprint reactions with HeLa
extract would be interesting as a more dramatic effect on FIV gene
expression was observed in HeLa cell transfections therefore there may be
more of the relevant factor in these cells. Alternatively the protein(s) of
interest may not be stable to extraction and therefore a footprint would not
be observed.

It is clear that more experiments are required before the exact nature of this
effect on the control of FIV-LTR-driven gene expression can be established.
T-cell transfection would be of particular interest as this would show the
effect of the negative regulatory domain in a more physiologically relevant
environment. However to date none of the FIV susceptible T-cell lines
yielded measurable CAT activity by any of the available transfection
procedures (2.2.9.2, 2.2.9.3) and therefore could not be assessed for FIV
transcriptional activity. It may however be possible to study the activity of
the FIV LTR in T-cells if a more sensitive reporter gene is used. Studies on
the FeLV LTR have shown that the activity of this promoter in T-cells could
be monitored more successfully when it was linked to the human growth
hormone gene (pOGH) (Dr. R. Fulton, Glasgow University personal
communication, 267). Therefore a new panel of FIV deletion constructs
cloned upstream of the a similarly sensitive reporter gene may provide a

more detailed analysis of the activity of the FIV LTR in T-cells.
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CHAPTER 6
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Chapter 6 Viral Trans-activation.
6.1 Introduction.

In addition to cellular factors, virus-encoded proteins are also involved in
the regulation of lentiviral gene expression. All lentiviral genomes
sequenced to date contain small ORFs between the pol and env genes. These
OREFs are expressed as small multiply spliced transcripts which encode trans-
acting proteins known to regulate viral gene expression by diverse
mechanisms (Reviewed in 6). |

The S open reading frame of visna virus encodes a ~10kDa nuclear protein
that is able to trans-activate visna virus LTR-dependent transcription (161,
319).

Sequences in the visna virus LTR that respond to viral frans-activation are
located upstream of the ftranscription initiation site in the viral
promoter/enhancer region of U3. Studies have implicated the region
homologous to the cellular binding site for AP-1 as the cis-acting element in
virus mediated frans-activation (24). Similarly trans-activation of CAEV is
mediated through DNA sequences in the U3 region of the viral LTR (222,
279).

Trans-activation by visna virus and CAEV via U3 sequences appears to
contrast with trans-activation of other lentiviruses, HIV, SIV and EIAV which
occurs through orientation dependent cis-acting elements in the R region of
the LTR (Reviewed in 6). |
A recent study (321) has shown that bovine immunodeficiency virus (BIV)
LTR driven gene expression is upregulated in BIV infected cells and it is
postulated that this is due to a BIV tat-like function (321). However the exact
mode of action of BIV Tat is as yet unknown (320, 321).

The major response element of the HIV Tat is the trans-activation response

element (TAR), which is located downstream from the site of transcriptional
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initiation in the R region of the viral LTR (Figure 1.6) (21). It has been shown
that both the functional expression of the viral tat gene product and an intact
copy of the cis-acting target sequence TAR are essential for HIV-1 replication
in culture (30, 113, 114).

Similarly trans-activation of HIV-2, SIV and EIAV is mediated by LTR
sequences that extend through and downstream from the site of
transcription initiation (322-327).

The mechanisms by which these proteins activate viral gene expression are
not fully understood, however it seems likely that they act at multiple levels
during viral gene expression. Studies on the mechanism of how HIV-1 Tat
regulates HIV gene expression have proven to be complex and both
transcriptional and post transcriptional mechanisms have been proposed (as
reviewed by 6, 21).

Therefore a study was initiated to examine the role of transcriptional trans-

activation in the regulation of FIV gene expression.

6.2 Methods.

6.2.1 Generation of FIV ORF-2 clones.

A number of small ORFs have been identified in the 3' half of the FIV
genome (Figure 6.6) and some of these (ORFs 1, 2, D, F, I and H) are
conserved in at least 2 clones of FIV (198). It was suggested that ORF-2 might
encode a putative tat-like function due to its size and location in the FIV
genome (Dr. ]J. Elder Scripps Clinic, La Jolla, California, personal
communication, 198). However no obvious nucleotide or protein sequence
homology was evident between ORF-2 and the primate lentivirus tat genes
(198).

To look for the presence and the sequence content of the ORF-2 of the FIV-G8

strain, PCR primers (see below) were designed on the published FIV-
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Petaluma sequence (2.2.2.2, 41).

5991 6012

T1: 5'-GCCGGGATCCATGGAAGAAATAATAGTATTAT-3'

6345 6322

T2: 5'-GCCGGAATTCGTGTTGCTATATCAAAATCTAATA-3'

The numbers above the sequence refer to the position of the oligonucleotide
in the FIV-Petaluma genome (41) and the underlined bases show the
restriction enzyme sites and the 'GC' clamps which were incorporated to aid
subsequent digestion and cloning. These oligonucleotides were used as
primers in PCR reactions with FIV-G8 infected cell DNA (2.2.2.3). This
reaction generated a 356 base pair product flanked by unique restriction
sites. The product was gel purified (2.2.2.4, 2.2.2.5) and digested with Bam-
H1 and Eco-R1 restriction enzymes (2.2.2.6). This cohesive-ended fragment
was ligated to Bam-H1/Eco-R1 digested pIC-20H (2.1.4, 2.2.3.1) and positive
recombinants were screened and amplified (2.2.3.2-2.2.3.4.2). This region of
FIV G-8 was sequenced (2.2.4.1) (Figure 6.1) using universal and reverse
primers (Figure 5.1) and a protein of ~8kDa was predicted. From the
sequence analysis and the comparison of the predicted amino acid sequence
it was evident that this region of the genome is highly conserved between
different FIV isolates (> 80% in amino acid identity) and that most of the
actual amino acid changes are conservative giving an amino acid similarity
of > 90%. Figures 6.1 and 6.2 show the comparison between the DNA
sequence and the deduced amino acid sequence of ORF-2 from the G-8, PPR
and 34TF10 (198) FIV strains.
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Figure 6.1 Comparison of Nucleotide Sequence and Deduced

Amino Acid Sequence of ORF-2 from Three FIV Isolates.

34TF10  tieeescscscns ceseses R ¥ cessease
PPR eeeeeeValieArg  Il@cicscsecsccscAla...Arg...ASp..
G-8 MetGluGluIleIleValleuPheAsnLysValThrGluLysLeuGluLy
G-8 ATGGAAGAAATAATAGTATTATTCAATAAGGTCACTGAGAAACTAGAAAA
PPR eeseeeeTeeeeCGG___ AveeeTovrsrceeeGeeesAiGeT,eeeCo
34TF10 tesecscssasssccsssercccvesssGessssscacarsccccnraas
34TF10 esesl@U s eesXl@ecaVBlecesoascaccssosseccncasnns
PPR esesssccesssssecIl@®iecVAlesesecenosscensscscocnnas
G-8 sGluAlaAlaIleArgLeuPheIleLeuAlaHisGlnlLeuGluArgAspL
G-8 GGAAGCAGCTATCAGATTATTTATATTAGCACATCAATTAGAAAGGGACA
PPR eseseccesCoreseBAhieseeBuoscsccnssossernrseGeaeessTs
34TF10 AceePlecosacscccAeeceseBeresortoccsscassonccssccconse
34TF10 esAlaIle. .. LOU.cccccccccsc . Phov ¥

PPR eeesell@i e . LBUccessesescssscssessaclOU..c.. . ArgLYs
G-8 ysLeuValArgPheleuGlnGlyLeuLeuTrpArgArgArgPheLysGlu
G-8 AATTGGTTAGATTTC TACAAGGATTACTTTGGAGACGTAGATTTAAGGAA
PPR esescAicces CoeeeBGeocenenn Coeveronnnsee TGeseoeosne GAA..
34TF10 ¢oGCTAceveecePAecosesscscseTerceAeceTAiccecenceAen
PPR oo LyBSE@IrLYSASDecccccoscce e PROcccec lAPGecoesacnnse
G-8 ProGlnlleGluTyrCysLeuCysTrpTrpCysCysLyslLeuTyrTyrTr
G-8 CCTCAAATAGAATACTGTCTATGTTGGTGGTGC TGCAAATTGTATTATTG
PPR eeeAMe e TC.A.cGeTeeeTasceosocseTTevecsceGoeeAeacscasna
34TF10 06CeGeGCroeTeeTeesTovooscocercoseTeoeeGeesCoronvane
PPR eesesctessssescterscccsrascsonans s ¥AF

G-8 pGlnLeuGlnSerThrLeuSerIleAspThrala*+*+

G-8 GCAGTTGCAATCTACATTATCCATTGATACTGCTTAG

PPRT = ceeeesane Geoesosasenonas Acevecsnscncs

34TF10 ssesescsssesccscasacsAceAACiccscacesns

Comparison of nucleotide sequence and deduced amino acid sequence of
OREF-2 from the 34TF10 and PPR clones of FIV (198) and the PCR generated
fragment of FIV-G8. Nucleotide and amino acid changes are indicated and
bold 3 letter codes indicate conservative amino acid changes. Stop codons
are shown as (***) and gaps () are introduced to give optimal alignment.
See Figure 6.2 for percentage relatedness between the sequences and text
(6.2.1, 6.4) for further discussion.
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Figure 6.2
Percentage Identities of Nucleotide and Deduced

Amino Acid Sequence of ORF-2 from Three FIV Isolates.

Nucleic Acid Amino Acid
Identity Identity Similarity
PPR:34TF10 78% 73% 91%
PPR:G-8 82% 75% 89%
34TF10:G-8 87% 80% 98%

This figure shows the percentage identities between the nucleic acid
sequence and the deduced amino acid sequence of the PPR and 34TF10
molecular clones (198) of FIV and the PCR fragment of ORF-2 from FIV G-8.
The amino acid similarity calculation ignores conservative amino acid
changes. See Figure 6.1 for sequence details and (6.2.1, 6.4) for further
discussion.
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6.2.2 Production of ORF-2 expression vectors.

The ORF-2 gene fragment was sub-cloned into several expression vectors.
The GST-fusion-gene vector system, pGex (2.1.4) was digested with Bam-
H1/Eco-R1 and ligated to the digested PCR product (2.2.12.1). Putative
recombinant clones were screened (2.2.3.4.1) and positive recombinants were
amplified (2.2.3.4.2) and checked by sequence analysis (2.2.4.1) prior to
induction with IPTG and analysed for protein expression on SDS-Page gels
(2.2.12.2). Several such attempts were made to generate a functional protein-
expressing clone but unfortunately none were found.

The eukaryotic expression vectors pCMV-IE (2.1.4) and pBabe (2.1.4) were
digested with Bam-H1 or Bam-H1/Eco-R1 respectively. ORF-2 fragments
were excised from pIC-20H-ORF-2 with Bam-H1/Bgl-ll or Bam-H1/Eco-R1.
These fragments were ligated to the expression vectors and positive
recombinants were selected, purified and checked by sequence analysis

using the T1 and T2 oligonucleotides, as detailed above (6.2.1)

6.2.3 Eukaryotic cell transfections.

Eukaryotic cell transfections were performed as outlined in (2.2.9.1) and
controls for DNA concentration, DNA uptake and protein concentration in
the cell extract, as outlined in (5.2.3), were maintained throughout these

experiments.

6.2.4 FIV infection.

CREK cells were incubated with Glasgow-8 FIV-infected cell supernatant
(kindly provided by Dr. M. Hosie). After 12 hours fresh medium was added
and the cells were cultured for a further 24 hours before transfection. At all

stages in the procedure FIV infection was monitored using the antibody
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based enzyme linked immunosorbent assay (ELISA) kit (Idexx). All of these
tests were performed by Dr. M. Hosie.

6.3 Results.
6.3.1 Transfection of FIV infected cells.

CRFK cells were infected with the Glasgow-8 strain of FIV as outlined above
(6.2.4). Cells were plated and transfected (2.2.9.1) with the wild-type FIV-
LTR-CAT construct, the deletion panel of LTR-CAT constructs (Figure 5.2)
and the control plasmids pLW2 (positive) and pCATI12 (negative). CAT
assays (2.2.10.4) were performed on the cell extracts (2.2.9.1) and Figure 6.3
shows the average counts (2.2.10.4) from three experiments, where each test
was performed in duplicate (also Figure 6.5 panel a and c). The figures are
expressed relative to wild-type activation (1.00). These results showed no
significant increase in the activity of the full length FIV-G8 LTR in FIV
infected cells. However a trans-activation effect of up to 10 fold was observed
when the AP-1/AP-4 site was deleted and this increase in gene expression
driven by the FIV LTR remained even after deletion of the C/EBP and ATF
sites (3 and 7 fold respectively) (see Figure 6.5 panel a and c).

6.3.2 Co-transfection with infectious molecular clones of FIV.

In a second approach FIV trans-activation was studied following co-
transfection with molecular clones of FIV. The molecular clones of FIV were
obtained from Dr. J. Elder (Scripps Clinic, La Jolla, California, 2.1.4, 43, 198).
These molecular clones, FIV-PPR and FIV-34TF10, were co-transfected with
either wild-type FIV-LTR-CAT plasmid, FIV-LTR-CAT deletion mutants or
the positive and negative control plasmids into CRFK cells (sub-clone ID10)
(2.2.9.1). Cells were harvested 48 hours after infection and tested for CAT
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Figure 6.3
Relative Activities of Wild-type and Deletion Mutant FIV-LTR-

CAT Constructs in Infected and Uninfected CRFK Cells.

Cell Line
LTR Site Deleted CRFK CRFK + FIV
Fold Activation

Wild-type - 1.00 1.00 1.0
-176 - 0.85 1.00 1.2
-147 "NFE-xB" 1.11 1.03 0.9
-126 AP-4 0.55 0.87 1.5
-113 AP-1 0.07 0.70 10.0
68 C/EBP (NF-1) 0.04 0.12 3.0
-47 (NF-1) ATF <0.01 0.07 7.0

This table details the activity of wild-type and deletion mutant FIV-LTR-
CAT constructs after transfection into uninfected and infected (+ FIV) CRFK
cells (sub-clone ID10). The numbers on the left refer to the position in U3
where the deletion begins and the proposed site that was deleted in each
case is indicated. The figures show the relative CAT activities of the mutant
panel normalised to the full length LTR (1.00) in uninfected cells. Each figure
represents the average of 3 experiments where each sample was transfected
in duplicate. The fold activation between the levels of expression in
uninfected cells compared to FIV infected cells is given in the final column.
See Figure 6.5 panels a and c for plots of the above figures and text (6.3.1, 6.4)
for further discussion.
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activity (2.2.10.4). The recorded levels of CAT activity for this experiment are
given in Figure 6.4. The figures are expressed relative to wild-type activation
(1.00) and the fold activation in the presence of the molecular clones is given
in brackets. From these results it can be seen that again there is no
discernible variation in the expression of the full length LTR and very little
effect on deletion mutants (-176 to -126). However, consistent with the
previous results, a more dramatic effect was seen when the AP-1 site was
deleted (-113) (Figure 6.5 panel a, b and d). In the co-transfection with the
FIV-PPR molecular clone re-activation was lost after deletion of the C/EBP
site and then partially regained after deletion of the ATF site (Figure 6.5
panel a and b). In contrast co-transfection studies using the FIV-34TF10 clone
(Figure 6.5 panel a and d) did not significantly alter the pattern for the LTR-
CAT transfection alone, suggesting some functional difference in the 34TF10
clone. The activity of the positive and negative control plasmids showed

little variation throughout the experiment. See Appendix F for discussion.
6.3.3 Co-transfection with the FIV ORF-2 gene.

It has been postulated that ORF-2 in the FIV genome may express a putative
trans-activator protein Tat (198). Several attempts to express this open
reading frame as a GST-fusion protein were unsuccessful, hence no
antibodies to this protein have yet been produced. Screening for ORF-2
expression from eukaryotic expression vectors CMV-IE-ORF-2 and pBabe-
ORF-2 (6.2.2), with pooled serum from FIV infected cats also proved
unsuccessful. However it is not known whether this was due to a low level
of antibodies to this gene product in FIV infected cat serum or due to low
protein expression from the constructs. Furthermore co-transfection studies
using these expression vectors together with wild-type FIV-LTR-CAT and
control constructs were carried out in a number of cell lines (CRFK, AH927

and HeLa, 2.1.5). However no significant increases in the level of FIV-LTR
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Figure 6.4
Relative Activities of Wild-type and Deletion Mutant FIV-LTR-

CAT Constructs after Co-transfection with FIV Molecular Clones.

Molecular Clone
LTR Site Deleted CRFK CRFK + CRFK +
FIV-PPR FIV-34TF10

Wild-type - 1.00 1.00 (1.00) 1.00 (1.00)
<176 - 0.80 0.60 (0.75) 0.45 (0.56)
-147 "NF-xB" 1.30 0.90 (0.69) 1.60 (1.20)
-126 AP4 0.70 0.75 (1.07) 0.67 (0.96)
<113 AP-1 0.05 0.76 (15.2) 0.06 (1.20)
-68 C/EBP (NF-1) 0.09 0.02 (0.22) 0.13 (1.40)
47 (NF-1) ATF <0.01 0.04 (4.00) 0.05 (5.00)

This table details the activity of wild-type and deletion mutant FIV-LTR-CAT
constructs after co-transfection into CRFK cells (sub-clone ID10). The numbers
on the left refer to the position in U3 where the deletion begins and the
proposed site that was deleted in each case is indicated. The figures show the
relative CAT activities of the mutant panel normalised to the full length LTR
(1.00). The fold activation in the levels of expression after co-transfection with
FIV molecular clones (PPR, 34TF10, 43, 198) is shown in brackets (). See Figure
6.5 panels a, b and d for plots of the above figures and text (6.3.2, 6.4) for further
discussion.
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driven gene expression was recorded in these experiments (results not
shown). Therefore the identity of the ORF-2 product as a Tat-like protein

remains unproven.

6.3.4 Heterologous frans-activation.

As noted previously there are interesting parallels between FIV and visna
virus which, unlike EIAV, lack predicted gene products and RNA structures
resembling HIV Tat and TAR (24, 161, 327). Furthermore the AP-1/ AP-4 site
in the visna virus LTR which is important for basal expression and is
thought to be the Tat trans-activation target (24) is closely homologous to the
FIV LTR site (Figure 3.9). It therefore seemed possible that FIV and visna
virus share a common trans-activation mechanism involving direct
interactions between viral and cellular transcription factors and that the
better characterised visna virus Tat might frans-activate the FIV LTR. This
was indeed suggested by preliminary studies in which the FIV-LTR-CAT
constructs were found to be much more active (20X) in Vero cells (2.1.5)
stably expressing visna virus Tat than in Tat minus control cells (162).
However when these Vero cell experiments were repeated using the deletion
panel of FIV LTR mutants it was not possible to localise the trans-activation
effect to any particular binding site in the FIV LTR since all mutants were
equally efficiently trans-activated as was the positive control plasmid
(pLW2). Furthermore we found no measurable frans-activation when a
plasmid encoding visna virus Tat (2.1.4) was co-transfected into CRFK cells
(subclone ID10) with the deletion panel of FIV-LTR-CAT reporter

constructs.
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6.4 Discussion.

The existence of viral encoded proteins which regulate lentiviral gene
expression have been well documented (Reviewed in 6, 21). Two distinct
mechanisms of lentiviral trans-activation have been defined (6, 126).
Experiments have shown that upstream U3 sequences in the viral LTRs are
important for viral trans-activation during visna and CAEV infection (24,
222, 279) and that the downstream R region (TAR) of the LTR is of primary
importance in HIV, SIV and EIAV (6). However sequence analysis of the FIV
LTR and RNA secondary structure predictions showed no obvious TAR-like
stem loop.

Therefore in an attempt to define any viral trans-activation effect on FIV gene
expression a number of preliminary experiments were carried out. However,
very little evidence of trans-activation was seen with the wild-type G-8-FIV-
LTR-CAT construct in transfection experiments carried out in FIV infected
CRFK cells. Furthermore co-transfection experiments with molecular clones
of FIV together with full length FIV LTR constructs showed no significant
trans-activation, in any of the cell lines tested.

These results compare with studies of the visna virus LTR which was found
to have a high basal activity in most cell lines (24) and trans-activation of the
visna virus LTR was also low in virus infected cells. However more
significant levels of trans-activation were observed when visna virus Tat was
over expressed in a stable environment (24, 161, 319).

Several small ORFs, evident in the FIV genome have been shown to be
conserved in a number of FIV clones (198). Due to the size and location in the
FIV genome, it was postulated that ORF-2 may encode a tat-like gene
product (Figure 6.6A) (198). This area of the genome is highly conserved
between different viral strains (Figure 6.1 and 6.2) and it therefore seems
likely that this region encodes an important viral protein/function.

Furthermore there are splice donor and splice acceptor sites (198) that would
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allow expression of this region as a putative product in FIV infected cells
(Figure 6.6B). Several attempts to express this open reading frame in a
prokaryotic expression vector failed, making the validation of eukaryotic
vectors expressing the FIV ORF-2 protein product less satisfactory.
Furthermore transient co-transfections with these ORF-2 expressing clones
and wild-type FIV-LTR-CAT plasmids did not give significantly greater
trans-activation levels than the experiments using infected cells or molecular
clones. Therefore it remains to be confirmed whether or not a functional
ORF-2 protein product is expressed by any of the constructs.

The constructs generated in this study contain a single exon encoding the
putative tat gene (198). However Tat products are often encoded by multiply
spliced transcripts in other viral systems (6, 8, 46, 47, 57, 75, 161, 339, 340).
Recent analyses of the splicing pattern of FIV transcripts in infected cells did
not reveal messages below 1.4kb (328). Therefore since ORF-2 only encodes a
356 base pair product it may be that the putative FIV Tat product is also
encoded by more than one exon (67, 328, 368). To date cDNA cloning of FIV
infected cells has identified several multiply spliced transcripts some of
which contain an in-frame ORF-2 (Figure 6.7) but no Tat-like function has
been observed from any of these clones (67, 368).

Therefore it is apparent that more work is required in order to identify the
FIV trans-activator. However since the full-length FIV LTR has a high basal
activity (67, 346) and may only respond to trans-activation under certain
cellular conditions (See Chapter 7 for further discussion) it may be necessary
to use deletion or site-directed LTR mutants in further trans-activation
studies. Furthermore it would be beneficial to construct stable cell lines
containing wild-type and mutated molecular clones of FIV as these are more
representative of the in vivo environment usually encountered by the virus
than those generated by transient transfection.

The sequences in the visna virus LTR that respond to viral trans-activation

are located upstream of the transcriptional initiation site in the viral
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Figure 6.6 Genomic Organisation of FIV.
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A: This figure shows the consensus genomic organisation of FIV. Features of both LTRs are
shown in the 5' LTR. The gug region encodes the matrix (MA), capsid (CA) and nucleocapsid
(NC) proteins. The pol region encodes protease (PR), reverse transcriptase (RT), protease-like
protein (PrL) and integrase (IN). The env region encodes the putative L protein (43, 161) as
well as the major (SU) and minor (TM) glycoproteins of the viral envelope. In addition to the
above genes six short ORFs (1 (putative vif gene (73)), 2, D, F, I and H) were evident and
conserved in both the US strains of FIV. Polypurine tract is indicated as (PPT) and the

primer binding site (PBS) is shown. Adapted form (198).

B: This figure shows the potential splice donor (D) and splice acceptor (A) sites in the
34TF10 isolate of FIV. The major ORFs of FIV are shown along the top. Two potential sub-
genomic RNA species of the 34TF10 clone of FIV (43) are shown below. Both of these
potential transcripts include ORF-2 which may code for the FIV Tat function (198). See text

(6.4) for further discussion. Adapted from (198).
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promoter/enhancer region of U3 (24). Preliminary studies have implicated
AP-1 binding sites as possible cis-acting elements in virus mediated trans-
activation (24). Experiments have shown that in a transfected Vero cell line
which stably expresses visna virus Tat, trans-activation of the visna LTR can
be as high as 45 fold and deletion mutants of the LTR implicated the AP-
1/ AP-4 site as the major recognition element for this increase in expression
(24). In similar co-transfection experiments using visna-virus-Tat constructs
and CAEV-LTR-CAT or SV40 promoter-CAT construct an increase in CAT
activity driven by these promoters was also seen (162). Furthermore a 20 fold
increase in the activity of the FIV-LTR was observed. However in contrast,
the expression driven by the HIV-1 LTR was not affected by visna virus Tat
expression (162). Experiments using the panel of FIV-LTR deletion constructs
showed that levels of gene expression from all the constructs were similarly
elevated in Vero-Tat cells so that the effect could not be attributed to any
specific enhancer element. However since all the constructs contain the
sequences from -47 onwards it cannot be excluded that visna Tat functions at
a specific site in this minimal promoter region.

These studies do not rule out the possibility that the reported and observed
effects of visna Tat are due to clonal variation of the Vero-tat cells since even
the expression from the positive control plasmid was increased significantly
in the Vero-tat cell line, alternatively this may indicate a lack of promoter
specificity in the activity of the visna Tat product (See Chapter 7 for further
discussion). Further mutational analysis of the FIV LTR and the
development of an inducible visna Tat expression system would help to
resolve these questions.

So far results from experiments on the FIV LTR deletion mutants in FIV
infected cells or in co-transfections with molecular clones seem to indicate
that trans-activation of FIV occurs through U3 sequences which is similar to

the mechanism outlined for visna virus gene regulation.
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Figure 6.7 Map of FIV cDNA Clones.
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This figure shows a map of the cDNA clones isolated from FIV infected cells
that have been studied to date. At the top is a diagrammatic representation
of the ORFs of FIV. The splicing pattern and ORFs of all three cDNA clones
are indicated. The dotted lines represent introns and the rectangles represent

exons. 'An' indicates the poly (A) tail. See text (6.4) for further discussion.

Adapted from (67).
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In contrast the HIV-1 LTR contains binding sites for several constitutive and
inducible transcription factors however the basal level of transcriptional
activity of this promoter is quite low in most established cell lines (286, 331).
Expression of the HIV-1 trans-activator Tat results in a large (up to 100 fold)
increase in HIV-1 LTR dependent gene expression (31, 115). Trans-activation
of HIV-2 and SIV is achieved by a similar mechanism and HIV-2 and SIV
TAR regions have been shown to provide fully functional targets for trans-
activation by HIV-1 Tat (322-325, 332).

In co-transfection experiments, in a number of cell lines, we did not observe
any trans-activation by HIV-1 Tat on the FIV LTR driven gene expression. In
all the cell lines tested the HIV-1-LTR-CAT plasmid (2.1.4) showed a very
low basal level of activity compared to the FIV-LTR-CAT plasmid. However
when the HIV-1 LTR was co-transfected with a plasmid which expresses
HIV-1 Tat, RC-P1, (2.1.4) (154), a significant increase in the level of trans-
activation was observed, but a similar effect on the FIV-LTR was not
observed (results not shown). This may indicate further that the FIV trans-
activator does not function via a Tat-TAR mechanism but is similar to visna
virus and CAEV in that frans-activation occurs through upstream U3
sequences. However it may be due to the fact that HIV-1 Tat cannot function
in the FIV system in the same way that HIV-1 and HIV-2 Tat-TAR
mechanisms are not reciprocal (6, 322-325, 332). Therefore further
experiments are required before the exact mode of action of a FIV trans-

activator is fully understood.
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CHAPTER 7
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Discussion

In the course of evolution retroviruses have found many ways to regulate
the expression of their genes and thus their replication. They have borrowed
heavily from the very cells they infect, acquiring elements that respond to or
interfere with cellular differentiation, hormonal and/or physiological
activation or even components of endogenous viruses. In these cases high
expression also results in cytopathology, ie proliferation leading to
unchecked growth and neoplastic transformation or cell death. Our
challenge is to understand the physiological processes and proviral elements
that lead to increased viral gene expression and replication, in the hope that
this may lead to the ultimate goal of rational interference with the viral life
cycle and with the development of retroviral diseases.

Several well characterised retroviral systems have highlighted the interaction
between cellular processes and replication. Examples are the developmental
regulation of Moloney murine leukaemia virus; the hormonal regulation of
MMTYV; the regulation of HIV by lymphoid activation signals; the regulation
of HIV and human T-cell leukaemia virus (HTLV) by homologous viral
trans-activators and finally regulation of HIV by heterologous viral trans-
activators. In all of these cases long terminal repeats (LTRs) and virus
encoded frans-activators help determine viral host range, tissue tropism and
pathogenesis of disease (Reviewed in 386).

Therefore in an attempt to define the mechanisms involved in the regulation

of FIV gene expression this study was initiated.

FIV, which belongs to the lentivirus group of retroviruses is closely related in
cell tropism and genome organisation to HIV, SIV and the ungulate
lentiviruses. (32, 33). It is known that FIV is cytopathic in tissue culture and
has a tropism for the CD4* subset of T-cells, macrophages and other cells
(44, 292, 387, 388, 397).
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Two infectious molecular clones of FIV (34TF10 and PPR) have been fully
sequenced and studied in some detail (198). Infectious clones have
constraints on their sequence variability as critical viral functions must be
maintained for the virus to remain viable. Thus essential functional domains
of FIV should be conserved between infectious molecular clones. However
the US strains of FIV that were studied differed in an important biological
property, their in vitro host cell range. In other retroviruses host cell
alterations have resulted from changes in the LTR and/or the env regions of
the virus (18, 389-396). It is likely that one or both of these regions are also
responsible for the host cell range of FIV. However the tissue restriction
shown by the molecular clones of FIV did not correlate with the ability of the
LTR to function as a promoter in various cell types. This study (Chapter 4)
has also shown that there is no obvious correlation between any cell-type
specific binding activity and permissiveness for FIV replication.
Consequently tissue restriction of FIV replication may involve other factors
such as early stages of infection (e.g. attachment or entry and integration) or
post-transcriptional events (e.g. translation of viral messages or assembly
and release of infectious virions). Therefore further studies are required

before the exact determination of the factors influencing host cell range can

be identified.

FIV proviral DNA is approximately 9.4kb in length (43) and encodes both
structural and regulatory gene products (Figure 6.6). In addition to the gag
(virion core products), pol (reverse transcriptase, endonuclease and
integrase) and env (envelope glycoproteins) genes FIV also encodes a post-
transcriptional regulator of viral mRNA processing, rev (67, 367) and vif
which is necessary for cell free virus infection in feline T-lymphoblastoid
cells (73). There is also a conserved open reading frame (ORF-2) whose
function is as yet unknown. The genetic organisation and transcription

pattern of FIV is similar to other members of the virus group which includes
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primate immunodeficiency viruses (HIV-1, HIV-2 and SIV) visna virus,
CAEV, and the lentiviruses isolated form horses (EIAV) and cows (BIV) (6,
386). FIV appears to have fewer genes than the primate lentiviruses and
consequently displays a simpler splicing pattern (67, 198, 328, 368) and it is
likely that this will also be reflected in differences in the post-transcriptional
regulation of FIV mRNA synthesis.

A comparison of the FIV LTR obtained from different viral strains revealed a
high degree of similarity (Figure 3.3) with divergent base positions clustered
at several sites. This finding is largely consistent with other lentiviral LTRs.
However a significant heterogeneity has been found in the LTR of different
EIAV isolates (236, 237, 386). A number of studies have shown that variants
of EIAV contain duplications and insertions of factor binding sites within a
30bpr region of the LTR. This diversity may also be manifested in varied
patterns of expression in certain tissues or in response to specific activation
signals. It is not yet known whether the distribution of LTR variants changes
during the course of infection and whether these differences in the EIAV
LTR sequence correlate with tissue tropism, pathology or disease course.
However this large sequence variation has not been found in the FIV disease
system. Therefore it will be interesting to study more FIV LTR sequences
from a wider range of different countries and also from highly pathogenic
strains of FIV to see if there are any changes in the LTR sequences which
may have produced an altered viral phenotype.

It will also be of interest to look for alterations in FIV LTR sequences which
are recovered from any FIV positive tumours that are found. Since tissue
specific enhancer duplications have been identified in the U3 regions of the
LTR in FeLV proviruses cloned from naturally occurring T-cell tumours
(268) or from splenic lymphomas (Dr. R. Fulton, Glasgow University,
personal communication) and in the MuLV system (216, 290) and it is

considered that cell type differences in binding activities to the motifs
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present may underlie the selective process which leads to outgrowth of
viruses with specific sequence duplications (268). Furthermore monoclonally
integrated HIV-1 sequences have been found in a number of human
lymphomas isolated from AIDS patients (54, 330). However it is not yet clear
whether the HIV-1 infection had a central role in the lymphocyte
transformation process. To date several tumours from FIV positive cats have
been studied by Southern blot analysis but no FIV proviral DNA sequenc;:s
have been identified in the tumour genome (J. Callanan and A. Terry,

personal communication).

The organisation of the FIV LTR is unique but shares common features with
the LTR elements of other animal lentiviruses, notably visna and EIAV
(Figure 7.1).

Binding site 1 in the FIV LTR (-130/-120) centres on a consensus AP-4/AP-1
motif which is closely homologous to regulatory sites in the SV40 late
promoter (240) and the visna virus LTR. In visna this site is known to be
important for basal activity and serum induction (22, 24) and has been
shown to bind the heterodimeric complex of Fos and Jun proteins (307). In
the FIV LTR the AP-4/AP-1 site also appears to be necessary for trans-
activation by feline herpes virus type 1 (397). This suggests a related
mechanism for regulation of FIV and visna virus by inducible and
regulatable cellular transcription factors.

The most striking similarity in organisation of the FIV LTRs is seen in the
WYO012 strain of EIAV which has 2 C/EBP motifs and an ATF motif in
similar spatial relationship (Figure 7.1) to the functional TATA box (386)
which may indicate similarities in the regulation of gene expression by both

EIAV and FIV and/or highlight shared mechanism of control.
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Figure 7.1 Schematic Diagram of the Similarities between the

Positions of the Protein Binding Sites Identified in Several

Animal Lentivirus LTRs.
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This schematic diagram shows the similarity between the types and spatial

positioning of the protein binding sites that have been identified in the FIV,

EIAV and visna virus LTRs. See discussion for further details. LTRs are

numbered with respect to their CAP site (0).
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DNase I footprinting analysis identified binding sites for multiple
transcription factors in the U3 region of the FIV LTR (Figure 4.1). Deletion
mutagenesis showed that these sites play a vital role in basal promoter
activity in a variety of cell lines (Figure 5.5 and 5.6). In particular AP-4/AP-1
and ATF sites at -120 and -55 respectively are necessary for full basal activity.
The full-length FIV LTR was not detectably trans-activated but the activity of
a deleted promoter construct lacking the AP-4/AP-1 motif could be partially
restored by frans-activation (Figure 6.3, 6.4 and 6.5).

These results shed further light on mutational analysis of the FIV LTR
performed prior to direct identification of the protein binding sites. Deletion
mutants of the FIV TM-1 LTR which were assayed in fcwf-4 feline
macrophage-like cells showed a similar 10-fold loss of activity on deletion of
the AP4/AP-1 motif (397). However in that study deletion of the C/EBP
motifs led to reduction of promoter activity to background levels while
similar deletion mutants in this study retained measurable activity. This
apparent inconsistency may be due to the different target cells used in the
respective transfection studies or to functional differences between the FIV
LTR elements studied. Fbr example the TM-1 isolate differs from FIV-G8 in
the NF-1 motif (Figure 3.8) which was identified as a protein binding site in
the footprinting analysis. NF-1 is a positive regulator of the feline leukaemia
virus LTR (267) and it is conceivable that it plays a similar role in FIV-G8 but
not FIV-TM-1. It will be interesting to study the difference between TM-1
and G8 LTR directed gene expression in different cell lines following

deletion or mutation of this site.

In another previous study on the FIV Petaluma (34TF10, 346) strain
mutations introduced into either of the AP-1 or ATF motifs led to 8-10-fold
decreases in basal promoter activity in CRFK cells. These mutations

appeared to have some selective phenotypic consequences since the AP-1
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mutation had a greater effect on protein kinase C-mediated responses while
the ATF mutation was more deleterious to c-AMP responses mediated by
protein kinase A (346). In view of the cross-competition between AP-1 and
ATF by an overlapping set of factors (287) it might be considered that one
intact site could mediate both responses, albeit less efficiently. It would
therefore be interesting to examine the effect of mutating both sites which
might be expected to have much more drastic consequences for promoter

function.

In a recent study (398) it was shown that the AP-1 binding site in the LTR of
FIV-TM-2 is important for achieving maximal expression of the FIV genome
but that the site is not required for the replication of FIV in feline T-
lymphocytes in vitro. But it remains possible that this region is required for
full biological activity in vivo. In transient transfection assays the AP-1 site of
the FIV LTR has been reported to be important for the responsiveness to T-
cell activation signals (346) and it is therefore likely that the AP-1 site in the
FIV LTR plays a role in an initial increase of viral gene expression in
response to T-cell activation signals. After initial augmentation of
transcription, viral replication might occur irrespective of the presence of
AP-1 and depend on other cellular factors in the cells, although it remains
possible that the AP-1 in T-cells can bind to and therefore function via an

alternative site such as ATF (398).

DNase I footprinting assays also defined a protein binding site in the U5
region of the G8 LTR (Figure 4.7). This protein appears to be most abundant
in nuclear extracts from feline T-cells. However competition analysis across
this site with a range of consensus oligonucleotides based on known protein
binding site sequences did not give any clues as to the identity of proteins
binding at this site. Site directed mutagenesis of this region should be

undertaken to examine possible functions for this binding site. In studies on
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the HIV LTR, no protein binding sites have been identified in U5 although
some sites have been found in the R region of the LTR (386). It is not yet
entirely clear what function these sites have but it has been proposed that
they may have either a repressive function on the initiation of LTR driven
gene expression (207-209) or that they may be involved in the attenuation of
transcription (136).

These studies also identified a weak negative regulatory element which
mapped to the 5' end of U3 in the FIV-G8 LTR (Figure 5.5). The effect was
slight in AH927 and CRFK cells but much more marked in HeLa cells. This is
similar to the results of a recent study on EIAV where a NRE was identified
between -110/-90. However the NRE effect was cell type specific, being
detected in FEA and HelLa cells but not in D17 cells (canine osteosarcoma).
DNase I and gel mobility shift assays have shown that this region of the
EIAV LTR can form specific complexes with cellular proteins but the precise
binding determinants and the nature of the factors that interact with this site
are not yet known (329). 5' deletion mutants of Japanese and US FIV isolates
showed a similar slight increase in fcwf-4 (397) and CRFK cells but a much
larger effect in G355-5 brain-derived cells (346). It is interesting to note that
the relevant area of the LTR includes a purine rich sequence (-135/-155) and
that negative regulatory activity has been mapped to similar purine rich
binding sites in the HIV and IL-2 gene promoters (114, 310, 311). Cellular
factors such as NFAT (310) and interleukin binding factor (311) have been
shown to interact with such motifs and it has been postulated that
transcriptional repression is relieved by degradation of inhibitory proteins or
their displacement by positive regulators (311). It would therefore be
interesting to examine the effect of deleting this domain on virus replication
in vitro and in vivo, and to study the footprinting pattern around this motif
with an extensive range of nuclear protein extracts, especially with those

extracted from HeLa or G355-5 cells.
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The virus-coded trans-activators of HIV and the primate lentiviruses are
essential for virus replication but despite the presence in FIV of small open
reading frames in similar genetic location it has hitherto been unclear
whether FIV encodes a Tat-like function (Figure 6.6 and 6.7). The results of
these experiments show that significant trans-activation can be detected if the
LTR is truncated past the AP-1/AP-4 motif (Figure 6.3 and 6.4). To explain
these observations a model can be suggested in which complete activation of
the full-length LTR is achieved via protein-protein interactions which
occlude a viral trans-activator. Only when one of the target binding sites is
removed by DNA deletion or one of the necessary factors (e.g. AP-1) is
absent would trans-activation be seen. It should be noted that established cell
lines often have aberrant constitutive expression of AP-1 as a function of
their transformed state (345) and that such cells may therefore be
unrepresentative of FIV infected cells in vivo. FIV target cells in vivo may
conceivably include AP-1 deficient environments where viral trans-activators
could play a significant role. Therefore further efforts should be made to
transfect cells which are known to have low AP-1 levels and then to study
the effect on LTR driven gene expression upon induction of AP-1. See

Appendix G for further discussion.

Further work will be required to identify the FIV product(s) responsible for
activating the minimal promoter element. The ORF-2 gene is a candidate
since it is fully open in the PPR and FIV-G8 isolates but prematurely
terminates in the 34TF10 clone (Figure 6.1) (198). However so far results have
been unable to show any activity with constructs confaining the isolated
ORF-2. It is possible that ORF-2 does not encode the complete gene product
or that a second virus-encoded protein is required to form a functional trans-
activating complex. Alternatively there may be other functional differences

between the three FIV strains which are responsible for these observations.
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Ravazzolo et al (399) have recently published a study which shows that there
was no significant trans-activation of the CAEV LTR in their system, which is
in agreement with the results of this study on FIV. They also noted that the
CAEV LTR was as readily trans-activated as that of visna virus when the
effector protein was visna Tat suggesting that the lack of trans-activation is
an intrinsic property of the CAEV Tat protein (400). It is unclear why visna
virus should encode a more potent frans-activator than CAEV (399) or FIV
(162) but one explanation may be that the Icelandic visna virus strain (K1514)
is a highly adapted strain which has been selected for high titre growth in
sheep fibroblast cells. Therefore it is possible that some naturally occurring
point mutations in the fat gene of visna virus have been selected for and they
in turn provide a more potent trans-activator in this cell type. Nevertheless
the trans-activating activity of the non-primate lentiviruses FIV, CAEV and
visna Tat is very low when compared to those reported with the HIV-1
system (6, 386). Therefore the significance of the Tat mediated trans-
activation in these systems could be questioned. Indeed the basal level of
activity of these promoters in fibroblasts is so high that one may wonder
why these viruses need a trans-activating factor. However fibroblasts are not
believed to be the main target cells for these viruses in vivo and could be a
poor system to study the trans-activation by Tat. Although the level of visna
tat trans-activation in the human promonocytic cell line U937 (399) was not
found to be significantly higher than that observed in the fibroblast system, it
remains to be seen if it would be more effective in primary cultures of goat
or sheep monocytes. Alternatively it has been shown that visna Tat is
moderately active on heterologous promoters including FIV, SIV and SV40
(162). This is in sharp contrast to the specificity of HIV-1 Tat but reminiscent
of the weak and promoter non-specific trans-activation by HIV-1 Vpr (379).
Given the weak but persistent similarity between CAEV tat and HIV and SIV
vpr (401) a reappraisal of the role of some non-primate lentivirus tat genes is

clearly needed.
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There are interesting parallels between FIV and visna which unlike EIAV
lack predicted gene products and RNA structures resembling HIV Tat and
TAR (327). Also the AP-4/AP-1 site of the visna virus LTR, which is
important for basal expression and is the target for trans-activation by tat is
closely homologous to the FIV LTR site characterised in this study. It
therefore seemed possible that FIV and visna virus share a common trans-
activation mechanism involving direct interaction with cellular transcription
factors. Although these results support a common role for the AP-4/AP-1
site in the regulation of basal expression in response to cellular signals
experiments with truncated LTR promoters failed to support a role for this
site in FIV viral trans-activation. In contrast the responsive deleted promoters
retain C/EBP and ATF binding sites. Further deletion mutants show that the
C/EBP sites are necessary for this response but do not rule out the possibility
that the ATF motif is also required. In support of a possible role for this site
in trans regulation, ATF has been shown to bind regulatory proteins
involved in cyclic-AMP and E1-A-inducible transcription (226) and ATF sites
are important for regulation by p38!2X in the bovine leukaemia virus LTR
(318). Furthermore ATF sites are important in the control of HTLV-1 gene
expression (386, 402, 403). It has been shown that cellular proteins of the
CREB/ ATF family interact with a 21 base pair repeat (TRE-1) in the HTLV-1
LTR and this same site is known to confer the trans-activation
responsiveness, via Tax-1, on viral gene expression (386). Therefore it would
be interesting to study the activity of different site specific FIV LTR mutants
and their response to different cell signalling pathways (e.g. induction of the
cyclic-:AMP pathway with forskolin) or if possible to study the effect of
heterologous trans-activators by co-transfection experiments with BIV p38tax

or adenovirus E1-A.

With hindsight it is apparent that this study was limited by the assay

systems that were available and it would definitely be advantageous to
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pursue T-cell transfections. This would allow one to study LTR driven gene
expression in a more realistic environment and also to have the added
advantage of low levels of certain binding factors which can be upregulated
if and when desired. Furthermore all the work described here has been
carried out with transient transfection assays which involve high copy
numbers of reporter plasmids. This is a poor reflection of the state of viral
DNA in an in vivo infection. Therefore stable cell lines with integrated FIV
provirus or LTR-reporter gene plasmids would provide a better and more
authentic environment and might also provide a more controllable model
system. Since discrepancies between the effect of mutations on LTR-driven
reporter gene expression and replication of the infectious molecular clones of
FIV have been noted (67, 198, 346, 368, 398) we must be cautious in drawing
too many conclusions from the in vitro transient assay data. It is therefore
apparent that this area of research should be continued using either stable
cell lines with integrated molecular clones of FIV which contain LTR or open
reading frame (ORF) deletions or by following the disease progression in

animals infected with mutated molecular clones of FIV.

In acquired immunodeficiency syndrome caused by HIV it is suspected that
co-factors might be involved in the acceleration of the clinical stages of AIDS.
The majority of opportunistic infections observed in AIDS patients are
herpesvirus infections and it is thought that these viruses may act as co-
factors that stimulate HIV gene expression which often results in the early
death of the AIDS patient (404, 405). It has been reported that in vitro the LTR
of HIV could be activated by herpesvirus (406-408, 411) papovavirus (407)
adenovirus (408) and HTLV-1 (310).

Feline herpesvirus type-1 (FHV-1) causes a severe upper respiratory tract
disease in cats (409). This disease occurs world-wide and is thought to be
responsible for nearly half of all feline respiratory illness (410).

A study which was initiated to determine the effect on FIV LTR driven gene
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expression by FHV-1 infection (411) demonstrated that FHV-1 did indeed
trans-activate the FIV LTR in vitro indicating that this FHV-1 may act as a co-
factor which could contribute to the acceleration of clinical disease in FIV
infected cats.

It has also been reported that FeLV infection greatly potentiates the severity
of the transient primary and chronic secondary stages of FIV infection in vivo
(11) suggesting that FeLV may also act as a co-factor which can accelerate
FIV pathogenesis. In an attempt to study this phenomenon in vitro FeLV
infected fibroblasts were transfected with the FIV-LTR-CAT reporter
plasmids however no effect on the level of gene expression was detected
(results not shown). This may indicated that the FeLV-FIV interaction occurs
via a mechanism that does not involve the viral LTR. However it should be
kept in mind that up-regulation of FIV may occur through the LTR in other
cell lines some of which may be target cells for the virus(es) in vivo. Therefore
a more detailed analysis of the FIV-FeLV interaction is needed before the

mechanism is understood.

In conclusion this study shows that host transcription factors which are
expressed in response to cellular activation bind to the FIV LTR and play a
prominent role in regulating its activity. Moreover viral frans-activation may
have an accessory and possibly cell type specific role. Further work with
viruses mutated in specific factor binding sites and small open reading
frames will help to elucidate the complexities of FIV regulation in vivo and

may assist in the design of attenuated viruses for vaccine application.
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Appendix A

In order to check the fidelity of the PCR reactions, FIV-G8 was amplified,
from infected cell DNA, on four separate occasions. On comparison of the
complete sequence of these four clones no changes were observed. Therefore
we were confident that the differences observed in the LTR sequences
isolated from the different viral strains were real and had not been

introduced during the amplification and cloning procedure.
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Appendix B

Enhancer binding protein AP-4 is a transcription factor that activates both
viral and cellular genes by binding to the palindromic DNA sequence,
CAGCTG. The gene encoding the human AP-4 protein has been cloned and
characterised (271). AP-4 is a helix-loop-helix regulatory protein and distinct
structural motifs responsible for transcriptional activation, DNA binding and
dimerisation have been identified. AP-4 can form very stable homodimers in
vivo which may interfere with the ability of other helix-loop-helix or leucine
repeat factors to function in some cell types. Mutational studies on the
different domains of AP-4 have indicated that under certain conditions AP-4
can form heterodimers with other proteins. Therefore it has been suggested
that post-translational modifications of AP-4 may allow distinct
heterodimers to form in vivo indicating novel levels of control which need

further investigation (271).
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Appendix C

Analysis of the EIAV LTR (329) has identified several cis-acting elements that
control viral gene expression. Gene regulation of EIAV is mediated by
multiple discrete elements some of which display cell type and condition
specificity. Four basic motifs were identified, a methylated DNA binding site
(MDBP), 2 PEA2 binding motifs, a PEA1/AP-1 site and an ets/PEA3 motif.
These sites were shown to bind protein and be important for LTR function
(329). This structure showed some similarity to the component elements of
the polyomavirus enhancer (431-434).

Sequences homologous to the PEA2 site are also present in the promoters of
other lentiviruses such as visna virus, CAEV, FIV and the hepatitis B
enhancer sequences (329). In the polyomavirus enhancer the PEA2 site
(GACCGCA) overlaps with an AP-1/PEA1 site and it has been proposed
that PEA1 binding factors could weakly interact with the PEA2 site (435)
thereby generating further control mechanism for gene expression. It will
therefore be interesting to investigate these sites and their interaction in the
lentiviral LTRs that have similar overlapping binding sites.

Members of the enhancer binding protein (EBP) family can bind to a
sequence similar to the PEA2 site (218, 219). It is known that the EBPs are
expressed in HeLa cells (436), but no binding was seen with HeLa extracts
and the EIAV PEA2 site. Therefore the proteins which bind to the PEA2
element have yet to be cloned and characterised and the significance of this

site in the FIV LTR needs further investigation.
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Appendix D

Cross competition between AP-1 and ATF binding may be the result of
co-operative binding between the two factors. It may be possible that either
AP-1 or ATF must bind to the FIV LTR before the correct conditions are
achieved which will allow the second protein to bind, resulting in the double
binding pattern that was observed in our competition analysis. In order to
test this theory single and double mutants of these sites in the FIV LTR
would have to be constructed and then binding patterns across these

mutations would allow a more detailed analysis of this phenomenon.
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Appendix E

C/EBP is a member of a class of proteins which utilises a characteristic motif
for protein-protein interactions known as the leucine zipper. Several genes
encoding members of this family of proteins have been cloned and have
been shown to contain 4 or 5 leucine residues that are spaced exactly 7
residues apart (262, 412). This allows a-helices to from in the proteins which
in turn allow the monomers to interdigitate to form heterodimers. However
it is sequences outwith this zipper region that are involved in binding to
DNA (83) and it has become increasingly clear that the leucine zipper acts as
an independent dimerisation region for different kinds of DNA binding

domains (12).
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Appendix F

The raw data from the various experiments were analysed in a T-test where
p=<0.05 indicated a significant difference between the results. A significant
drop in activity was observed in all the cell lines tested when the AP-4/AP-1
site was deleted. Deletion of the ATF site gave a significant drop in activity
in CRFK and HelLa cells indicating further that these sites seem to be of
prime importance in the control of FIV gene expression. In HeLa cells the
deletion between -176 and -147 produced a significant increase in the level of
gene expression indicating that the presence of a putative negative
regulatory element does affect the level of wild-type gene expression in this
cell line. The other deletions did not show any statistically significant effect
upon gene expression.

Results of further T-tests indicated that upon transfection of FIV-G8 infected
cells deletion of the AP-4/AP-1 site no longer gave a significant decrease in
the level of gene expression as compared to uninfected cells. Indicating that a
virus specific product may have an effect on viral gene expression under
certain conditions. In the presence of a viral infection deletion of the C/EBP,
NF-1 and ATF sites did give a significant reduction in the levels of gene
expression. However levels of gene expression driven by the mutants
remained significantly higher in the infected cell line compared to the low
levels of activity that were recorded in the uninfected line, again indicating
that a virus specific factor may function to drive viral gene expression in
infected cells.

In co-transfection studies with FIV molecular clones deletion of the ATF site
generated a significant reduction in gene expression in both experiments.
However there were differences in the significance of deleting the AP-1 site.
This had little effect in the presence of FIV-PPR but a significant drop in
activity was recorded in the presence of FIV-34TF10. Furthermore deletion of
the putative NRE was significant in CRFK cells co-transfected with FIV-
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34TF10 but had no effect in cells containing FIV-PPR. Therefore it appears
that the different viral strains can have different effects upon the level of
viral gene expression in transfected cell lines and further analysis of the LTR
and viral gene products will be required before the exact nature of the

different mechanisms can be fully explained.
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Appendix G

The proto-oncogene c-fos encodes a 55-62kd nuclear phosphoprotein (Fos)
which has a pivotal role in the transduction of extracellular and intracellular
signals which result in changes in gene expression (413, 419).

Fos functions as a transcriptional regulator for a set of target genes which it
can either activate (420-424) or repress (424, 426-428, 430). Fos has been
shown to function in conjunction with a number of Fos-associated proteins
(FAPs) (429) the best characterised being the sequence specific DNA binding
protein Jun with which it forms a heterodimeric complex (256, 420, 425).

The c-fos gene is subject to tight transcriptional controls. In most cells c-fos is
expressed at very low levels but can be rapidly and transiently induced by
exposure to various external stimuli (414-416, 419). Induction of the human
c-fos gene by serum growth factors is mediated through the serum response
element (SRE) (417) which contains the dyad symmetry element (DSE) (418),
which is the binding site for the serum response factor. Experiments have
shown that Fos can repress its own expression via negative feedback
regulation of its own promoter (426). It has been postulated that this occurs
through the binding of Fos and Jun heterodimers to consensus AP-1 binding
sites in the c-fos promoter (426, 427, 430).

A recent study to investigate the role of the cellular protein Fos and Jun on
the activation of the visna virus gene expression has shown that Fos and Jun
bind to an AP-1 site in the viral LTR in cells that have been stimulated with
TPA (307). It was found that the formation of this DNA-protein complex
could be substantially reduced in extracts which had been preincubated with
anti-Jun and anti-Fos antibodies, indicating that Jun and Fos are an integral
part of the complex which binds and activates the visna virus LTR. Further
studies are now underway in order to determine if viral factors can
upregulate Jun and Fos production in infected cells thereby creating a

feedback mechanism for viral gene expression. This type of regulation may
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be due to the action of the visna virus Tat protein although the mechanism of
action is not yet clear. Due to the obvious importance of the AP-1 site in the
FIV LTR it is now clear that the experiments detailed above should be
mirrored in the FIV system in order to identify any similar mechanisms that

may be involved in the control of FIV infection.

219

GLASGOW
UNIVERSITY
RARY

i




