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Abstract

Sub-Saharan Africa holds approximately half the population living with human immunodeficiency
virus (HIV) in the world (~19.6 million), of which around 7.2 million cases are found in South Africa.
Although antiretroviral therapy can suppress viral loads to below detectable levels in most cases, drug
resistance is a growing problem. Therefore, identifying novel treatment strategies are warranted
against HIV. The strongest human genetic associations with HIV disease have been found within the
human leukocyte antigen (HLA) region. The expression levels of various HLA genes have been
associated with HIV disease outcomes. Increased HLA-4 mRNA expression results in poor HIV
outcomes due to the inhibition of natural killer (NK) cells since high mRNA expression of HLA-A
results in high protein expression of HLA-E which serves as an inhibitory receptor for NK cells.
Identifying factors that regulate the expression of HLA-A has the potential to serve as an avenue for
HIV drug target sites. DNA methylation has previously been identified as one of the factors
responsible for HLA-A expression regulation. In this study, we aimed to identify additional regulatory
mechanisms for the HLA-A gene. The identification of a putative CCCTC-binding factor (CTCF)
binding site upstream of HLA-A suggested that CTCF may play a role in regulation of HLA-A.
Sequence alignments about 2 kilobases (2KB) upstream of the transcriptional start site (TSS) were
analysed for polymorphisms that associate with HLA-A expression. Six HLA-A promoter variants
(759260084, rs9260086, rs9260092, rs9260101, rs9260116 and rs41560714) were observed to
significantly associate with HLA-4A mRNA expression. However, only one single nucleotide
polymorphism (SNP), 59260084 (-993G>A), was predicted to disrupt a CTCF binding site. Despite
the predicted disrupted binding site, using a chromatin immunoprecipitation (ChIP) assay, we did not
detect any difference in CTCF binding across the -993 G>A variants. Additional transcriptional
regulators, Nuclear Factor 1 (NF1), Ras related protein (RAP1) and glucocorticoid receptor (GR),
were predicted to have differential binding to -993G>A, -226G>A and -885C>G, respectively. The
results provided here serve as a basis for further studies exploring the role HLA-A promoter variants
have in regulating HLA-A expression. These variants may serve as potential target sites for future
therapeutic intervention against HIV.
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Chapter 1



Introduction

Since the first diagnosis of HIV in humans in the 1980’s, over 70 million people globally have been
infected with the virus. Approximately half that number have died from acquired immunodeficiency
syndrome (AIDS) related causes [1]. At the end of 2017, an estimated 36.9 million people were living
with HIV on a global scale [1]. Half of these infected individuals (approximately 19.6 million) reside
within Sub-Saharan Africa [2].

South Africa has one of the highest burdens of HIV infection worldwide with approximately 7.7
million people living with HIV by 2019 [3]. South Africa hosts the largest HIV treatment programme
globally with 80% of antiretroviral therapy (ART) treatment being funded by the government [4].
The number of new infections each year in South Africa remains high despite the fact that 5 million

people were on treatment in mid-2019 [3].

HIV is transmitted via infected body fluids such as blood during blood transfusions, via the sharing of
needles during intravenous drug use, via semen during sexual intercourse and from mother to child
during breastfeeding [5, 6]. Following entry into the body, HIV attaches itself to receptors known as
CD4 and C-C chemokine receptor type 5 (CCR5) or C-X-C chemokine receptor type 4 (CXCR4)
most commonly on CD4+ T lymphocytes. HIV is an intracellular virus and causes cell lysis depleting
the CD4+ cell count of the infected individual. CD4+ T lymphocytes play a crucial role in combatting
infections. A low CD4+ T cell count is therefore associated with an increased risk of acquiring
opportunistic infections [7]. Once an HIV infected individual is exposed to opportunistic infections
and their CD4+ T cell count decreases, AIDS sets in. In 1996 ART became a standard of care
treatment to control and reduce HIV viral load levels in the blood [8]. Treatment, in the form of ART
has since been made available worldwide. ART, when adhered to, can suppress HIV viral loads but
cannot cure the disease due to the establishment of viral reservoirs within immune-privileged sites
such as the lymph node [9]. HIV is also able to lay dormant within a cell, a concept known as latency

[10, 11].

Due to non-adherence the emergence of HIV drug resistant strains has become a concern regarding
HIV treatment. Successful drug resistance testing on 697 HIV positive individuals from all age groups
across South Africa showed that 22.8% of individuals who self-reported not taking ART and who
tested negative for ART were infected with HIV drug resistant mutants [12]. In addition, of those who
reported having taken ART and tested positive for ART, 55.7% had drug resistant HIV mutants [12].
It is therefore imperative that researchers investigate alternate avenues — such as host genetics — when
updating HIV treatment regimens. Host genetics has shown a lot of promise in terms of HIV

treatment and cure. Two people have been cured to date with the use of host genetics. A mutation



called A32 in the CCR5 gene results in loss of CCRS expression on the cell surface [13]. If a person
has two copies of A32 they are naturally resistant to HIV strains which are CCR5-tropic [13]. Two
patients who had a form of white blood cell cancer — termed The London Patient and The Berlin
Patient — underwent bone marrow transplants with donor bone marrow which had the double A32
mutation. Since the donor marrow was naturally resistant to CCR5-tropic HIV, ART was stopped in
both patients and various body fluids were routinely tested for HIV [13, 14]. The Berlin Patient, who
was deemed cured of HIV in 2008 [13], is still HIV free 11 years later and The London Patient was
reported to be HIV free in March, 2019, 18 months after stopping ART [14].

Host genetics involves elucidating the impact of individual genes on disease outcome. Host genes
have been used as targets for drugs against HIV. It is already known that HIV uses CCRS5 as a
receptor to gain access to CD4+ T cells. It is also known that the loss of CCRS5 on the cell surface will
prevent viral entry into the cell. CCRS has therefore been used as a drug target for a class of ART
known as CCRS inhibitors [15]. The first CCRS antagonist known as Maraviroc functions by binding
to CCRS5 therefore barring HIV from binding CCRS5 [15, 16]. Other host proteins naturally inhibit
HIV. For example, tetherin (also known as BST-2, HM1.24 or CD317) has been shown to inhibit the
release of HIV virions from infected cells [17, 18], apolipoprotein B editing complex 3 (APOBEC3)
cytidine deaminase has the ability to induce lethal mutations in the HIV genome [19] and tripartite
motif 5-alpha (TRIMS5a) proteins can block incoming retroviral capsids as they fuse with the host cell
membrane [20]. Studies have identified a group of host genes as having the strongest association with

HIV. These genes are the human leukocyte antigen (HLA) genes [21].

HLA genes are located within the major histocompatibility complex (MHC) region which is found on
the short arm of chromosome 6 in humans (6p21.3) [22]. There are two distinct HLA classes known as
HLA Class I and Class II. HLA class I genes are divided in classical and non-classical. The classical
genes are HLA-A, HLA-B and HLA-C. The HLA class I molecules are expressed on the surface of all
nucleated cells in humans. This differs from class II because class II is found only on professional
antigen presenting cells (APC) e.g. dentritic cells, and on B cells. Class I genes have traditionally
been shown to play a role in influencing the human immune response via the binding and presentation
of antigenic peptides to various immune cells [23, 24]. Although the major function of HLA is
presenting antigens to T cells, some HLA class I molecules serve as ligands for NK cells such as
HLA-E which is a ligand for the inhibitory NK cell receptor NKG2A [25]. The relationship between
HLA molecules and the immune response has led to various HLA genes associating with a diverse

range of diseases including HIV [26, 27].

Individual HLA alleles are associated with increased or decreased risk of acquiring diseases based on
the specific peptide that is presented to the immune system. [28]. These diseases include viral [25, 29-

37], bacterial [38, 39], parasitic[39] and autoimmune [29, 40]. Different groups of HLA alleles confer



increased susceptibility towards or protection against HIV in different populations. An example is a
study in which various HLA alleles were examined for HIV associations in an Argentinian population.
The HLA-B*18 and B*39 groups of alleles were found to occur more frequently in HIV positive
subjects (p=0.058 and 0.008 respectively, odds ratio=3.84 and 11.96 respectively) suggesting that
those groups are associated with increased risk of acquiring HIV. The B*44 and B*55 groups were
not found at all in HIV positive subjects (p=0.013 and 0.056 respectively, odds ratio=0 for both)
which suggests that those groups may have a protective effect against HIV [41]. In Cameroon it was
found that a pairing of B*44 with 4*32 was significantly associated with protection from HIV
(p=0.03) [42].

HLA Class I genes have exhibited strong associations with HIV outcomes [21]. HLA class |
homozygosity was associated with accelerated HIV progression through narrow responses of
cytotoxic T lymphocyte (CTL) [21, 43, 44]). HLA-B*57, B*27, B*35-Px, B*51, Bw4, B*58:01, B*13
and B*81:01 are some of the allele groups that associate with slow HIV disease progression [21]. In
2010, a genome wide association study (GWAS) reported that in Caucasians, the top hit SNP,
rs9264942 (p=2.8 x 10, OR 2.9), was found in the HLA region [45] which means this SNP had the
strongest association with HIV compared to every other SNP analysed. Several other GWAS have
identified SNPs within HLA loci as top hits in association with HIV [21]. These GWAS support the

numerous other studies linking HIV disease outcomes to various HLA genes and gene expression.

A recent avenue of research has begun to associate HLA genes with diseases independent of peptide
binding and presentation. These studies have demonstrated the expression levels of HLA genes
contribute to various diseases [25, 31, 46]. Studies have shown that HLA-4 and HLA-C expression
levels vary across alleles [31, 46, 47]. HLA-C cell surface expression was measured using the
monoclonal antibody DT9 and the expression levels correlated significantly with HLA-C allotypes
after variance was analysed (p=5 x 10%") [31]. In African Americans, HLA-C*03:02 showed the
lowest expression with a mean fluorescence intensity (MFI) of approximately 90 and HLA-C*14:02
showed the highest expression with a MFI of just over 300 [31]. HLA-4 mRNA expression was
measured using specific HLA-A specific primers in European American (EA) individuals [46]. The
expression levels correlated significantly with HLA-A lineages and were continuously distributed

(R=0.6, p=5 x 10%°) [46]. The lowest expressed allele was HLA-A*03 with an average expression of

approximately 0.25 as measured by the 2 method [46]. The highest expressed allele was HLA-
A*24 with an average expression of approximately 1.0 [46]. Variation of HLA-A and HLA-C
expression levels have shown to associate with progression of many diseases including Crohn disease
where in a case control study, high HLA-C expression was associated with increased risk of

developing Chron disease (p=3 x 10”7, OR=1.35) [24, 31], and HIV where increased HLA-C



expression is associated with protection and increased HLA-A expression is associated with increased

progression to AIDS [25, 31].

Elevated HLA-C expression levels have been associated with a decrease in HIV disease progression
[31, 49]. This association was determined based on a positive correlation between elevated HLA-C
expression levels and CTL responses [31]. When HLA-C expression levels were elevated, the peptides
they presented to CTL elicited a greater immune response compared to peptides presented by low
expressing alleles [31]. There is a vast repertoire of peptides that bind HLA molecules and only a few
of these bind strongly enough to elicit an immune response. An increase in expression of HLA
molecules by as little as two-fold is advantageous as more molecules are present therefore increasing

the likelihood of peptide binding that is strong enough to generate an immune response [31].

Many of the mechanisms responsible for HLA-C regulation have been determined. One mechanism is
the downregulation of HLA-C by the microRNA mIR-148a [24] which accounts for approximately
9% of HLA-C expression variation. A polymorphism in the 3’ untranslated region (3’UTR) of HLA-C
marks upregulation or downregulation of MIR148A which in turn causes downregulation or
upregulation of HLA-C respectively [24]. When there is high expression of mIR-148a, mIR-148a
binds to HLA-C, directly inhibiting transcription. Another regulatory mechanism is the binding of a
transcription factor, Oct-1, to a polymorphic region within the HLA-C promoter [50]. This SNP is
termed rs2395471 and is an A/G variation which accounts for up to 36% of HLA-C variation [50].
Oct-1 binds strongly to alleles containing the A variant which in turn displays significantly higher
expression levels compared to the G variant to which Oct-1 binds weakly [50]. These regulatory
mechanisms are useful in raising the expression of HLA-C in order to combat HIV and similar studies

are underway regarding the other Class I genes such as HLA-A.

A study published in 2018 showed that increased expression levels of HLA-A results in poor control
of HIV and subsequently leads to worse disease outcomes. This study examined HLA-4 mRNA
expression in approximately 9,700 individuals from 22 cohorts across three ethnic backgrounds
(Africans, Caucasians and Hispanics) [25]. The authors reported higher mRNA expression of HLA-A
was associated with higher viral load due to receptor-mediated inhibition of natural killer cells [25]. A
signal peptide found on the leader sequence of HLA-4, -B and -C is responsible for the stabilization of
HLA-E on the cell surface [25, 51].

HLA-E serves as a ligand for CD94/NKG2A which is an inhibitory receptor found on NK cells [25].
High HLA-E expression is responsible for the inhibition of NK cells thereby dampening NK cell
response to HIV. When there is methionine at residue -21 on the signal peptide (-21M) HLA-E
expression is promoted and stabilized. HLA-A and -C are fixed for -21M however HLA-B contains a
polymorphism which results in either methionine or threonine (-21T) at that position [25]. The study
found that homozygotes for HLA-B -21M had a positive correlation with high HLA-A expression and



high HLA-E expression and therefore had higher HIV viral loads compared to homozygotes for -21T
who had lower expression levels of both HLA-4 and HLA-E and therefore lower HIV viral loads [25].
These findings highlight the crucial role HLA-4 mRNA expression plays in HIV disease outcomes.
Although HLA-A expression variation is only one of the factors that contribute to disease progression,
it is imperative to determine regulatory mechanisms for HLA-4 mRNA expression in order to better
understand how the regulation of HLA-A impacts the risk of acquiring HIV as well as the progression

to AIDS.

Studies have identified factors regulating HLA-A expression at the post-transcriptional level [52, 53].
One study looked at the role of interferon gamma (IFN-y) in the regulation of HLA-A [52]. Increased
IFN-y stimulation coupled with chromosome maintenance region 1 (CRM-1) promotes the expression
of HLA-A on the cell surface [52]. Another study looked at the function of the differential usage of
polyadenylation signals (PAS) in regulating HLA-A cell surface expression [53]. The binding of a
protein known as syncrip to the long 3’UTR resulted in lower expression compared to when syncrip
was knocked down [53]. These two studies examined at HLA-A expression on the cell surface
however it is mRNA expression which has been implicated in HIV disease. There has only been one
study which explored regulation of HLA-4 mRNA. Ramsuran et al 2015, showed that DNA
methylation is one of the mechanisms responsible for regulating the expression levels of HLA-A at the

allelic level [46].

As mentioned previously, HLA-4 mRNA expression varies across alleles. For example, HLA-A*24
displays very high expression levels compared to HLA-A*03 which displays one of the lowest
expression levels [46]. DNA methylation is able to lower the expression levels by preventing the
binding of transcription factors to the HLA-A promoter. The promoter of HLA-A*03 is heavily
methylated thereby preventing transcription factor binding and reducing expression whereas HLA-
A*24 contains much fewer methylation sites, allowing transcription factors to bind and enhance
expression. Methylation does not account for the full level of variation seen within HLA-4 mRNA,

therefore, in this study we propose HLA-A expression levels are regulated by multiple factors.

Using online predictive software, a binding site was found approximately 1kb upstream of the HLA-A
TSS that potentially binds CTCF [46]. CTCEF is an 82-kDa protein made up of 11 zinc-fingers and is
highly conserved across species [54]. CTCF is found ubiquitously within the human genome. CTCF
plays many roles within the human genome including long range chromatin interactions, gene
activation, gene repression and insulator functions. CTCF was found to play a role in regulating all of
the classical HLA Class Il genes [55]. The binding of CTCF in conjunction with the Class II
transactivator (CIITA) and a subunit of the X1 box factor, regulatory factor X5 (RFXS5), is responsible
for the upregulation of HLA Class II [56]. Loss of any of these factors resulted in almost complete
loss of Class II expression [56]. CTCF also ties in with DNA methylation, which is one of the



regulators of HLA-A expression. The presence of methylation has been shown to prevent CTCF

binding onto a CTCF binding site [48].

CTCEF playing such a crucial role in Class II expression coupled with the putative CTCF binding site
within the HLA-A promoter identified by Ramsuran et al. (2015) and the fact that CTCF cannot bind
in the presence of DNA methylation leads to the hypothesis that CTCF has a role in Class I
expression. This study therefore explores predicted CTCF binding to variants upstream of the HLA-A
TSS that associate with expression and determine the role of CTCF in the regulation of HLA-A.

Aim
To discover variants within the promoter region of HLA-A loci which play a role in the regulation of

HLA-A expression

Objectives

e To examine the 2kb region upstream of the TSS of HLA-A to identify variants

e To associate variable SNPs with expression using an unpaired t-test

e To determine CTCF binding sites across variable SNPs using online prediction software,
electrophoretic mobility shift assays and chromatin immunoprecipitation

e To determine additional potential transcription factor binding sites using online predictive

software
Hypothesis

CTCEF regulates HLA-A expression at the putative binding site found by Ramsuran et al., 2015.

Rationale

There is a gap in knowledge regarding the factors that regulate HLA-A expression levels. In this
study we examined HLA-A regulators by screening the promoter region for variants which may

disrupt potential transcription factor binding sites thereby regulating expression.
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Abstract

Many associations with HIV disease have been found within the human leukocyte antigen (HLA)
region. Increased HLA-A mRNA expression results in poor HIV outcomes due to the inhibition of
natural killer (NK) cells. Identifying HLA-A regulatory factors is crucial to identify additional HIV
drug target sites. One of the factors responsible for HLA-4 mRNA expression regulation is DNA
methylation. However gene regulation is multifactorial and additional regulatory mechanisms have
yet to be identified. CCCTC-binding factor (CTCF) plays a crucial role in the regulation of Class II,
however the role CTCF plays on HLA-A has yet to be explored. A predicted CTCF binding site was
previously found upstream of the HLA-A transcription start site (TSS). HLA-A4 sequence alignments
upstream of the TSS were analysed for polymorphisms which mark expression. An HLA-A promoter
variant, -993G>A, which significantly marks expression (p=0.0002) and to which CTCF was
predicted to differentially bind was identified. An electrophoretic mobility shift assay (EMSA) and
chromatin immunoprecipitation were used to confirm CTCF binding. We observed that CTCF did not
bind differentially and does not regulate HLA-A expression at position -993. Additional transcription
factors (NF1, Rapl and GR) were predicted to bind differentially to -993G>A -226G>A and -
885C>G. These data provide a basis for further study surrounding the role of transcription factors

regulating HLA-A expression.

Background

HLA genes are located within the major histocompatibility complex (MHC) region on the short arm of
chromosome 6. The classical HLA Class I genes are made up of HLA-A, HLA-B and HLA-C. These

genes have traditionally been shown to have a role in influencing the human immune response via the



presentation of antigenic peptides to various immune cells [1, 2]. Previously, specific HLA alleles
were associated with risk of acquiring certain diseases as well as with the outcome of certain
infections [3]. These diseases include viral [4-13], bacterial [14, 15], parasitic and autoimmune [4,
16]. Different groups of HLA alleles confer increased susceptibility towards or protection against HIV
in different populations. An example is a study in which various HLA alleles were examined for HIV
associations in an Argentinian population. The HLA-B*18 and B*39 groups of alleles were found to
occur more frequently in HIV positive subjects (p=0.058 and 0.008 respectively, odds ratio=3.84 and
11.96 respectively) suggesting that those groups are associated with increased risk of acquiring HIV.
The B*44 and B*55 groups were not found at all in HIV positive subjects (p=0.013 and 0.056
respectively, odds ratio=0 for both) which suggests that those groups may have a protective effect

against HIV [17].

A recent avenue of research has begun to associate HLA genes with diseases independent of peptide
binding and presentation. These studies have demonstrated that the expression levels of HLA genes
contribute to various diseases [6, 8, 18]. Studies have shown that HLA-4 and HLA-C expression levels
vary across alleles [6, 18, 19]. HLA-C cell surface expression was measured using the monoclonal
antibody DT9 and the expression levels correlated significantly with HLA-C allotypes after variance
was analysed (p=5 x 102 [6]. In African Americans, HLA-C*03:02 showed the lowest expression with
a mean fluorescence intensity (MFI) of approximately 90 and HLA-C*14:02 showed the highest
expression with a MFI of just over 300 [6]. HLA-A mRNA expression was measured using specific
HLA-A specific primers in European American (EA) individuals [18]. The expression levels correlated
significantly with HLA-A lineages and were continuously distributed (R=0.6, p=5 x 10%°) [18]. The

lowest expressed allele was HLA-A*03 with an average expression of approximately 0.25 as

measured by the 2% method [18]. The highest expressed allele was HLA-A*24 with an average
expression of approximately 1.0 [18]. Variation of HLA-A and HLA-C expression levels have shown to
associate with progression of many diseases including Crohn disease where in a case control study,
high HLA-C expression was associated with increased risk of developing Chron disease (p=3 x 107,
OR=1.35) [2, 6], and HIV where increased HLA-C expression is associated with protection and

increased HLA-A expression is associated with increased progression to AIDS [6, 8].

A study published in 2018 has shown that an increase in the expression of the HLA-A gene is
associated with poor control of HIV and subsequently leads to worse disease outcomes. This effect
was measured in 9,763 individuals from 22 cohorts across three ethnic backgrounds (Africans,
Caucasians and Hispanics) [8]. Higher expression of HLA-A was associated with higher viral load due
to receptor-mediated inhibition of natural killer cells [8]. A signal peptide found on the leader
sequence of HLA-A, -B and -C is responsible for the stabilization of HLA-E on the cell surface [8,
20]. HLA-E serves as a ligand for an inhibitory receptor found on NK cells known as CD94/NKG2A

10



[8]. High HLA-E expression is responsible for the inhibition of NK cells thereby dampening NK cell
response to HIV. If there is a methionine at residue -21 on the signal peptide (-21M), HLA-E
expression is promoted and stabilized. HLA-A and -C are fixed for -21M however HLA-B contains a
polymorphism which results in either methionine or threonine (-21T) at that position [21]. The study
found that homozygotes for HLA-B -21M had a positive correlation with high HLA-A expression and
high HLA-E expression and therefore had higher HIV viral loads compared to homozygotes for -21T
who had lower expression levels of both HLA-4 and HLA-E and therefore lower HIV viral loads [8].
These findings highlight the crucial role HLA-4 mRNA expression plays in HIV disease outcomes. It
is therefore imperative to determine regulatory mechanisms for HLA-4 mRNA expression in order to

better understand how regulation of HLA-A impacts HIV disease outcomes.

Previous studies reported varying polyadenylation signals (PAS) and differential interferon gamma
(IFN-y) stimulation as factors regulating HLA-A post-transcriptionally [22, 23]. These factors regulate
the expression of HLA-A on the cell surface and not at the mRNA level. The association between
HIV and HLA-A is only observed at the mRNA level [8]. There is therefore a need to investigate
factors that regulate HLA-A4 at the mRNA level for possible therapeutic target sites. A previous study,
identified DNA methylation as one of the factors contributing to HLA-4 mRNA regulation [18].
However, DNA methylation may account for only a portion of the variation observed in HLA-A allelic

expression levels.

Using online predictive software, a binding site was found approximately 1kb upstream of the HLA-A
transcription start site that potentially binds CTCF [18]. CTCF is an 82-kDa protein made up of 11
zinc-fingers and is highly conserved across species [24]. CTCF is found ubiquitously within the
human genome and plays many roles within the human genome including long range chromatin
interactions, gene activation, gene repression and insulator functions. CTCF binding is dependent on
DNA methylation, which is one of the regulators of HLA-A4 expression. The presence of methylation
within a CTCF binding site has been shown to prevent CTCF binding [25]. CTCF was found to play a
role in regulating all of the classical HLA Class Il genes [26] and is therefore a strong candidate for

the possible regulation of HLA-A.

In this study we explore the effects of the putative CTCF binding site on HLA-A expression as well as
determine which variants within the promoter region are responsible for the regulation of HLA-A

expression.
Methods

Ethics

Ethical approval for this study was obtained from the Biomedical Research Ethics Committee

(BREC). The BREC approval number is BE217/18.
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Samples

Cell lines: Cell lines were used as positive and negative controls for the chromatin
immunoprecipitation assay. Raji cells, a B cell line, was grown in order to be used for the detection of
Histone H3K and normal IgG. THP-1 cells, a monocytic cell lines, were also used for the detection of
Histone H3K and normal IgG. Both THP-1 and Raji cell lines used for controls were cultured using

90% RPMI-1640 and 10% fetal bovine serum (FBS) with antibiotic supplementation.

Peripheral blood mononuclear cells (PBMC): 20 HIV negative samples from the FRESH (Females
Rising through Education, Support and Health) cohort were used for chromatin immunoprecipitation.
This is a cohort of 300, initially non-infected women, aged 18 to 23. The samples were chosen based

on whether they were homozygous for specific variants (either A/A or G/G).

Sequence analysis and expression data

Sequences from homozygous samples and expression data from 216 healthy European American
(EA) individuals from the Research Donor Program at the Frederick National Laboratory for Cancer
Research [18] were analysed visually using BioEdit. These sequences and expression data were both
provided by the Carrington lab. Each variant that was found within the sequence alignment was
plotted the corresponding HLA-A allele using Microsoft Excel. The variants were compared against
HLA-A mRNA expression on GraphPad Prism 8 using an unpaired t-test to identify which variants
significantly marked expression. (HLA-A genotypic data and expression are available within

Ramsuran et al., 2015, Ramsuran et al., 2017 and Ramsuran et al., 2018.)

Determining putative CTCF binding sites

Online predictive software, CTCFBSDB 2.0 (http://insulatordb.uthsc.edu), was used to predict CTCF

binding to variants which mark HLA-A expression. CTCFBSDB 2.0 contains data from sources that
have determined tens of thousands of CTCF binding sites in seven species (human, macaque, mouse,
rat, dog, opossum and chicken) using various methods such as chromatin immunoprecipitation
(ChIP), ChIP-sequencing, ChIP-exo (a modification of ChIP-seq) and chromatin interaction analysis
by paired-end tag sequencing (ChIA-PET) [27]. The sequence surrounding each variant with
approximately 100bp flanking sequence on either side of the variant was inserted into the “scan”
option of the database. Putative binding motifs are then generated along with a binding score. If the

score is above 3 or below -3, CTCF has a greater likelihood of binding to the motif.

Electrophoretic mobility shift assay (EMSA)

The electrophoretic mobility shift assay was performed to determine whether CTCF binds to the
binding motif which was predicted using CTCFBSDB 2.0.
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Biotinylated target DNA, on which the CTCF may bind, was obtained from Integrated DNA
Technologies. This DNA contained the sequence of the predicted CTCF binding site along with either

the A variant or the G variant, some flanking sequence and biotin probes attached at the end.

Nuclear and cytoplasmic extractions were performed on Jurkat cells using the NE-PER Nuclear and
Cytoplasmic Extraction Kit (ThermoFisher Scientific) as per the manufacturer’s protocol. The nuclear
fraction of jurkat cells was extracted in order to obtain potential transcription factors that may bind.
Cells were washed by suspending the cell pellet in phosphate buffered saline (PBS) and pelleted by
centrifugation. The supernatant was removed and discarded. Ice-cold CER I and protease inhibitors
were added to the cell pellet which was then vortexed and placed on ice. Ice-cold CER II was then
added to the tube which was again vortexed and incubated on ice. The supernatant containing the
cytoplasmic extract was then transferred to a pre-chilled tube and stored at -80°C. The insoluble
fraction, which contains the nuclei, was resuspended in ice-cold NER containing protease inhibitors
and nuclear purification was performed. The purified nuclear extract was transferred to a new pre-
chilled tube and stored at -80°C until further use. The purity of the extracts was determined by
performing a Western Blot analysis using an antibody against a-tubulin for the cytoplasmic extract

and an antibody against KU80 for the nuclear extract.

An electrophoretic mobility shift (EMSA) was performed to determine whether any transcription
factors bind to the putative CTCF binding site and whether these transcription factors bind
differentially based on the variant. The assay was performed using the Lightshift Chemiluminescence
EMSA kit (ThermoFisher Scientific) according to the manufacturer’s guidelines. Briefly, a 6% native
polyacrylamide gel was set to pre-run for one hour at 100V. Binding reactions were performed by
adding the biotinylated DNA fragments to ultrapure water, 10X Binding Buffer, 1pug/uL Poly (dI-dC)
and the Jurkat nuclear extract. The mixture was incubated for 20 minutes at room temperature.
Loading dye was added to the binding reactions which were then loaded and run on the 6% native
polyacrylamide gel. Gel contents were transferred to a nylon membrane electrophoretically.
Transferred DNA was fixed onto the membrane via UV crosslinking. The membrane then underwent
blocking with the addition of stabilized streptavidin-horseradish peroxidase following washing. A
working solution made up of equal parts of luminol and stable peroxide solution was then added to
the membrane which was incubated for five minutes without shaking. The membrane was then

viewed using the ChemiDoc™ Touch Imaging System (Bio-Rad).

Chromatin immunoprecipitation (ChIP) assay

The chromatin immunoprecipitation assay was run to determine whether CTCF was found on the
putative CTCF binding site in live, human cells. ChIP was performed on Raji cells (as the positive

and negative controls), THP-1 cells (as the second positive and negative controls) and 20 healthy
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donor PBMC samples, ten of which were homozygous for A alleles and ten of which were
homozygous for G alleles using the SimpleChIP Enzymatic Chromatin IP kit (Magnetic Beads) (Cell
Signalling Technology) according to the manufacturer’s guidelines. Raji cells, THP-1 cells and
PBMCs were treated with formaldehyde at a final concentration of 1%. Glycine was added to stop the
cross-linking reaction. Cells were washed with ice-cold phosphate-buffered saline, pelleted by
centrifugation at 4°C and lysed using buffer A. The resulting nuclei were resuspended in ice-cold
buffer B and digested with micrococcal nuclease. The enzyme reaction was stopped by the addition of
EDTA. Nuclei were lysed by sonication on ice using a QSONICA sonicator (Lasec). The sheared
chromatin was collected by centrifugation and a total of 2pg anti-CTCF monoclonal antibody
(MERCK) was added to the test samples. For the positive control and negative control, 10ul of
antibody against histone H3 (Cell Signaling Technology) and 1pl normal IgG control antibody was
added respectively.

After overnight incubation at 4°C with rotation, ChIP-grade protein G magnetic beads were added and
samples were incubated further. Cross-linking was reversed by incubation with the addition of
proteinase K and NaCl. Purified DNA was eluted and real-time PCR was performed with the
SimpleChIP qPCR Master Mix (Cell Signalling Technology) and primers (https://primer3plus.com)
specific for the CTCF binding region upstream of HLA-A (Integrated DNA Technologies) (Table S2).
Primers for insulin like growth factor (IGF) [28] were also used to confirm the specificity of the
CTCEF antibody. The amount of immunoprecipitated DNA in each sample was calculated using the

percentage of input method.

Exploring online predictive software for binding of additional transcription factors

The sequence of variants marking HLA-A expression were inserted into AliBaba2.1 (http://gene-
regulation.com/pub/programs/alibaba2) in order to predict whether additional transcription factors
bind to the variants. This tool uses matrices that are constructed using a database called TRANSFAC
3.5 public. Matrices are constructed for specific sequences starting with a database of known

transcription factor binding sites and leading to the identification of new putative binding sites [29].

Determining linkage disequilibrium

Variants marking HLA-A expression were analysed for linkage disequilibrium using LDmatrix

(https://1dlink.nci.nih.gov/?tab=ldmatrix) in order to determine similarities between variants.
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Results

Analysis of 2KB sequences upstream of the TSS from HLA-4 homozygous alleles revealed 34
variable SNPs across alleles (Fig. S1). Each of these SNPs were compared with corresponding HLA-A
mRNA expression levels, which were generated from 216 healthy Caucasian donors. HLA-4 mRNA
expression levels from donors containing either the wild type or mutated variant were compared using
an unpaired t-test (‘wild type’ refers to the variant found on HLA-4*01, the reference sequence, and
‘mutant’ refers to the variant not found on HLA-A*01) (Table. S1). Six SNPs, rs41560714_T>G (-
55T>G), rs9260116_A>G (-226A>Q), rs9260101 G>A (-772G>A), rs9260092 C>G (-885C>QG),
rs9260086 _G>C (-960G>C) and rs9260084_G>A (-993G>A), were found to significantly associate
with HLA-A mRNA expression levels (Fig.1). Four SNPs (-772, -885, -960 and -993) marked
expression with equal significance when comparing homozygous mutant variants to homozygous wild
type which indicates a dominance effect (p=0.0002) (Fig. 1C, D, E, F). The genotypes found at
higher levels were -772A/A, -885G/G, -960C/C and -993A/A. These genotypes were 1.2385 fold
higher. The -55 SNP also significantly marked expression of homozygotes (p=0.0191), donors with
TT were significantly higher by 1.1511 fold compared to GG genotype. Within the -226 SNP only
one donor possesses the AA genotype, however we observed an expression difference between the
high expressing heterozygotes, AG, and low expressing homozygotes, GG (p=0.0405). The fold

change in the average expression of AG vs GG was 1.4657.
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Figure 1. Unpaired t-test six HLA-4 promoter SNPs that significantly marked expression.
Unpaired t-tests were performed on 34 SNPs found upstream of the HLA-A TSS using expression data
from 216 healthy European American individuals from the Research Donor Program at the Frederick
National Laboratory for Cancer Research. Only six SNPs, located at positions -55, -226, -772, -885, -
860 and -993 (labelled in red) located relative to the TSS, significantly marked HLA-A expression.
HLA-A mRNA expression was measured using a real-time PCR assay. The SNPs were identified

from 2KB alignments of common homozygous HLA-A alleles
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Following the association of six SNPs with HLA-4 mRNA expression, we examined putative binding

of CTCF, based on a previous study by Ramsuran et al. (2015), using the in silico prediction tool

(CTCFBSDB2.0, http://insulatordb.uthsc.edu). The sequences surrounding and including the -55, -
226, -772, -885, -960 and -993 variants were inserted into the software with default settings and
putative binding sites were observed (Fig. 2 A-F). No predicted CTCF binding was observed for
SNPs -55, -226, -772, -885 or -960 (Fig. 2 A, B, C, D and E). However, the -993 variant showed a
disrupted CTCF binding site when -993A is present and predicted CTCF binding to -993G with a
binding score of 12.6319 (Fig 2F). A binding score above 3 is suggestive of a CTCF binding match.

tcagtgtcgtecgeggtegedgttctaaagt ggcggtgtatggattggggagtcccage tgtctgggaaagtgcaacttagtagctttyg
tcagtgtcgtecgeggtegetgttctaaagt ta a 399 " a tgtctgggaaaatgcaacttagtagectttg
caacatataggaacacagtggctactttgt gaggggcattgtgagtgccttgaacagttyg tcctaaaaacaggcagtgcatgagcactagt
CTCF
caacatataggaacacagtcgctactttgt : @
gaggggcattgtgactgccttgaacagttyg :tcctaaaaacagacagtgcatgagcactagt

Figure 2. CCCTC-binding factor, CTCF, is predicted to bind to -993G but not to -993A or any
other of the five SNPs. Using online predictive software for CTCF binding called CTCFBSDB 2.0,
all six SNPs which significantly mark expression were analysed for CTCF binding. The red letters
indicate the sequence upstream of the HLA-4 TSS. The arrows indicate the position of each mutation.
The blue box represents a predicted CTCF binding site (GGCAGTGCA) and the numbers (-55, -226,
=772, -885, -960 and -993) indicate the position of the mutation relative to the HLA-A TSS. There was
differential binding of CTCF to -993G and not -993A, F. There was no predicted CTCF binding to
any of the other SNPS (-55, -226, -772, -885 and -960) A, B, C, D, and E.

Since CTCF was predicted to bind -993A and -993G differentially, we identified which HLA-A alleles
possess the -993A or G alleles. A sequence alignment of common homozygous HLA-A alleles
revealed which alleles contain -993G and -993A (Fig. 3). A*01, A*03, A*11, A*29, A*30, A*31,
A*32, A*33 and A*78 possess -993G whereas 4*02, A*23, A*24, A*25, A*26, A*34, A*66, and 4*68
possess -993A.
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AY01 CTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAGGGGCATTGT
AW02  |eececccecccscssecscscsssssssssssssssssssssssssnnse Achecccccccccscccscscsscsscsscssssncss
AVY03  fecccccccscccsccccscsccssscsssssensessscssnscsccafuashecccscscsccoccsccsccccscncnns
XG0 1 1 o
AW23 e e e s e ssassssaassssaassasaaasssaneetnaneennnnn -
AW24 et et esaasssaasssaaassasaaassaaaeettaneennnnn -
- T P T T -
AW2E = e e eeeeeseesaaaaecanaeeaaaaaaaaae e Aol coeeeeeeecccnccccncccnnnnnns
A¥29  Jeccvcccsessssssosenensscsenenssnssescsscsnsenss - | S, GeeccovosBleccescnss
AW30  Jecccccescsccsssccsscscsscsesssssncssensesassnss ssfbpecccscccsscccscscssssscsssssnsss
X 3 1 Y Beeeannnns
AW32 et e s e eaaasssaaasesaaaceaaaaacssaneestaneannnnn -
X 2 - N
AW34  ecccccccccsccsssscscsssssscssnssssesssssassnssnss L c c s ccanascacsansananannsaanans
AYEE  fecccscescsccscsccsscccsscncssscsssscssssnsenss BEL c cccccscsccnnssnsscssnssccnsce
AWE8  Jeecccccccsccssscsscsssscsssscsscsssssessssnss Bk cccccscscsascsssasssssnsscnssse
- S O Y Ty Bt eennnnan

Figure 3. Sequence alignment of HLA-A alleles indicating the mutation within the putative
CTCEF binding site, -993G>A (boxed in green). HLA-A sequences ~2kb upstream of the TSS from
common homozygous HLA-A alleles. HLA-A*01 was used as a reference sequence against which all
other sequences were aligned therefore all bases are represented by coloured letters. Below the
reference sequence each dot indicates that the same base pair is present and the letters indicate that a
different base i.e. a mutation is present. -993G>A, boxed in green, showed differential CTCF binding
based on -993G>A.

Since only position -993G>A showed predicted CTCF binding, we examined presence of differential
protein binding at this position. An EMSA was employed to detect differences in protein binding.
Biotinylated oligonucleotides containing either -993G or -993 A were run on a polyacrylamide gel
along with the nuclear extract of Jurkat cells to determine whether any protein found within the
nuclear extract bound to the fragment. Binding is seen by an upwards shift of the fluorescent bands on
the gel. A control containing no protein extract was run for each oligonucleotide to determine where
unbound DNA would lie i.e. determining a base from which an upwards shift can be seen. A second
control containing excess unbiotinylated DNA was run to show that excess unlabelled DNA will bind
the protein and not fluoresce thereby confounding results. This upwards shift was observed for the
fragment possessing -993G but not for the fragment containing -993A (Fig. 4). These results indicate
that a protein binds to -993G but not to -993A.
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Figure 4. EMSA showing protein binding to -993G but not to -993A. An EMSA was performed
using biotinylated oligonucleotides possessing -993G and -993A and the nuclear extract from Jurkat
cells. The first control for this assay was a lane containing no nuclear extract to indicate the position
of unbound bands (black arrow). The second control was a lane in which excess non-biotinylated
fragments were added to show that excess unlabelled fragments bind the extract and confound results
by not fluorescing. There was an upwards shift seen in the presence -993G (red arrow) indicating that
a protein found in the Jurkat nuclear extract binds to the fragment. There is no visible shift in the

presence of -993A (blue arrow).

In order to confirm the EMSA results as well as to identify the unknown protein as CTCF, chromatin

immunoprecipitation was performed using a CTCF specific antibody. The assay was run on 20
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healthy donor PBMC samples, 10 homozygous for -993G and 10 homozygous for -993A. The qPCR
results were calculated using the percentage of input method [30] and plotted using GraphPad Prism 8
software. An antibody against Histone H3 was used as a positive control for the experiment with
primers for exon 3 of the human RPL3 gene. Amplification of RPL3 was seen on average around
cycle 20 of the qPCR reaction indicating that the immunoprecipitation was successful. Only 19
PBMC samples were reported. One sample was excluded due to differing results when the qPCR was
repeated. The results indicated no significant difference between the binding of CTCF to -993G and -
993A (p=0.2773) (Fig. 5).
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Figure 5. ChIP results confirm CTCF binding to both -993G and -993A with a similar affinity.
20 healthy donor PBMC samples were immunoprecipitated. CTCF binding was calculated using the
percentage of input method. One sample was excluded due to non-conformity between technical

replicates. Each dot represents one sample. The amount of CTCF that binds to -993G was similar to

the amount that binds to -993A (p=0.2773).

Due to the lack of CTCF differential binding, we aimed to identify additional predicted transcriptional
factor binding using online predictive software called AliBaba2.1 for the six variants associated with
HLA-A expression. Sequences surrounding and including the -55, -226, -772, -885, -960 and -993
variants were inserted into the prediction tool. There was no predicted transcription factor binding to
either variant present at -55 (Fig. 6A). Ras-related protein 1 (Rap1) showed binding to -226G but not
to -226A. Pancreas transcription factor 1 beta (PTF1B ) was shown to bind -772G>A independent of
the variant present (Fig. 6C). -885 had differential binding of glucocorticoid receptor (GR) which
plays a role in transcription when bound to glucocorticoids (Fig. 6D). GR was predicted to bind to -

885G but not to -885C. There was no predicted transcription factor binding to -960 (Fig. 6E). Nuclear
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Factor 1 (NF1) is predicted to bind differentially to the exact CTCF binding site containing the SNP at
position -993 (Fig. 6F). NF1 was predicted to bind to -993G but not to -993A.

A B C
-55 =226 -772
tcagtgtcgtegeggtegedgttctaaagt gcggtgtatggattggggagtcccage  t9tctgggaaagtgcaacttagtagetttg
mmmmRAD 1 == =PTFl-beta
tcagtgtcgtecgeggtegetgttctaaagt ggcggtatatggattggggagtcccage :c]t_CLf}t;(;aggcr-a.acf_te..’_:La:‘_{r::LL:’_{
=PTFl-beta
D E F
-885 -960 -993
caacatataggaacacagtggctactttgt gaggggcattgtgagtgccttgaacagttg tcctaaaaacaggcagtgcatgagcactagt
==ss=GR=== m==saNF.] ==
===0ct-l==
caacatataggaacacagtcgctacttt @ @
aggggcattgtgactgccttgaacagttg :tcctaaaaacagacagtgcatgagcactagt
===0ct-l==

Figure 6. Transcription factors predicted to bind to the six SNPs (AliBaba2.1). Using an online
predictive tool for transcription factor binding called AliBaba2.1, transcription factors were predicted
to bind to the top four mutations. The red letters indicate the sequence upstream of the HLA-A TSS.

The arrows indicate the position of each mutation.

binding site and the numbers (-55, -226, -772, -885, -960 and -993) indicate the position of the

indicates the predicted transcription factor

mutation relative to the HLA-A TSS. A, there was no predicted transcription factor binding to -55. B,
Rap1 showed binding to -226G but not to -226A. C, there was predicted binding of PTF1B to -772
regardless of the variant. D, GR was predicted to differentially bind to -885. E, there was no predicted
transcription factor binding to -960. F, -993 showed differential binding of NF1 based on the variant.

Due to the four of the six SNPs displaying similar patterns and marking expression with the same
significance, LD analysis was performed to determine if any of the SNPs were in LD with one
another. The rs numbers of the six SNPs were inserted into LDMatrix and a matrix and correlation
score were generated for individual populations (African, Ad Mixed American, East Asian, European
and South Asian) as well as for all populations combined. Of the six SNPs, LD information was only
available for five. Information on -993 has yet to be found on LD databases. The three SNPs at
positions -960, -885 and -772 all display strong LD with one another in all populations available on
LD Link (r*=1) (Fig. 7). In each individual population (African, Ad Mixed American, East Asian,
European and South Asian) strong LD was consistently observed between -960, -885 and -772 (r’*=1.)
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(Fig. 7). -226 correlated very weakly with -772, -885 and -960 (1’=0.042). -55 also had a weak
correlation with -772, -885 and -960 (r°=0.114). This means that -55 and -226 are not in LD or are in
very weak LD with -772, -885 and -960. -55 and -226 are not in LD with one another since the

correlation score for these two SNPs was also very low (1°=0.038).
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Figure 7. Linkage disequilibrium matrix plot for five out of six SNPs. The top four SNPs were
analysed for linkage disequilibrium (LD) using LDmatrix. There was no LD information for -993. -
960 (r59260086), -885 (rs9260092) and -772 (rs9260101) displayed strong LD with each other (r*=1)
in All populations as well as in African, Ad Mixed American, East Asian, European and South Asian
populations individually. -226 (rs9260116) displayed very weak LD with -772, -885 and -960
(r’=0.042). -55 (rs41560714) displayed weak LD with -772, -885 and -960 (r*=0.114). -225 and -55
displayed very weak LD with one another (r*=0.038).
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Discussion

This study aimed to discover variants within the promoter region of HLA-A loci which play a role in
the regulation of HLA-A expression. The objectives of this study were carried out in order to better
understand how the regulation of HLA-A impacts the risk of acquiring HI'V as well as progression to

AIDS.

The 2kb region upstream of the HLA-A TSS revealed 34 variants with the potential to mark HLA-4
expression. It is unsurprising that so many variants were found since HLA genes are 20-fold more
diverse than the rest of the genome [31]. Following analysis using an unpaired t-test, only six out of
the 34 variants (-55, -226, -772, -885, -960 and -993) were found to significantly mark expression.
Out of the six significant variants, four (-772, -885, -960 and -993) showed identical patterns to one
another. Analysis of LD between the variants revealed that -772, -885 and -960 were in perfect LD
with one another. Visually -993 appears to be in perfect LD with -772, -885 and -960 however there
was no LD information on -993. The lack of LD information on -993 was because this variant did not

appear on any of the chips used to determine LD.

CTCFBSDB 2.0 revealed that CTCF may bind differentially to -993G>A. EMSA results seemed to
confirm this finding since there was a shift seen for -993G but not -993A. Our ChIP results
demonstrated that CTCF binds both -993G and -993 A with a similar affinity. CTCF therefore does
not regulate HLA-A mRNA expression at position -993. EMSA showed differing results to ChIP in
terms of CTCF binding to -993G>A. Although EMSA results have been shown to correlate with ChIP
results in terms of CTCF in some literature [32, 33] other literature revealed that the nature of CTCF
binding observed in the EMSA differed from the CTCF binding that was seen when confirmed using
ChIP [34, 35]. This may also be due to alternative (transcription) factors affecting CTCF binding. It
could also be the presence of methylation sites within putative CTCF binding sites [34] since the

presence of methylation has been shown to prevent CTCF binding onto a CTCF binding site [25].

Of the six SNPs shown to associate with HLA-4 mRNA expression levels, two SNPs (-55G>T and -
226G>A) were located within the core promoter region of the HLA-A gene. Despite -55G>T not
showing any predicted transcription factor binding, this SNP lies 2 base pairs outside of the TATA
box. The TATA box is where multiple transcription factors such as TATA binding protein and TFIID
bind to regulate expression [36]. It is possible the mutation at position -55 might affect the
transcription factor binding on the TATA box and therefore regulate the mRNA expression of HLA-A.

However, this is yet to be confirmed and future experiments are required.

The second SNP located within the HLA-A core promoter, -226G>A, is predicted to differentially
bind Rad1. Radl binding is predicted when G is present, but binding is disrupted when A is present.

The Rad1 protein has been shown to play a major role in regulation of gene expression in yeast [37-
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40]. In humans, Rad1 acts as a checkpoint protein [41, 42]. It forms part of a complex known as 9-1-1
which is activated to stop the cell cycle when DNA is damaged or DNA replication is incomplete [41,
42]. Further work is needed in the area to determine the contribution Rad1 has on HLA-4 mRNA

expression.

NF1 showed differential binding to the CTCF binding site at -993. NF1 acts as a transcriptional
activator in both humans and viruses. It has been shown that the level of NF1 binding is associated
with the level of transcription [43]. When NF1 binds strongly to a gene the transcription levels of that
gene are much higher than genes to which NF1 binds weakly [43]. Further analysis on the interaction
between NF1 binding -993G>A needs to be performed as NF1 is a possible regulator of HLA-A
expression. Another transcription factor, GR, showed differential binding to -885C>G. GR is a
ligand-activated nuclear receptor [44] which means that it needs to bind to steroid ligands in order to
function as a transcription factor. GR modulates transcription of genes in two ways: via the binding of
receptor dimers to specific palindromic sequences called glucocorticoid response elements (GREs)
and indirectly by interacting with other transcription factors e.g. Nuclear Factor kappa beta (NF-k[3)
[45] and activator protein 1 (AP-1) [44, 46, 47]. The binding of GR to -885C>G could be a regulatory
mechanism for HLA-A expression. PTF1B was found to bind to -772G>A regardless of the variant
however this transcription factor is involved in pancreatic function and is not relevant to HLA-A

regulation.

Limitations of this study include the relatively small sample size. It is possible that differences in
CTCEF binding can be seen in a much larger sample group. The type of sample used may also be a
limitation. Bulk PBMCs were used for the ChIP assay. It is possible differential binding of CTCF can
be seen across individual cell types. There is also the possibility of CTCF regulating HLA-A4 in
different ethnic groups since different ethnic groups have varying susceptibility to diseases [48-50]
and therefore may have variation in HLA-A expression. HLA-A expression was measured in
Caucasians, Hispanics and Aftricans previously and there was no significant difference in expression

data across those three ethnic groups [8] disproving the previous statement.

Further study needs to be conducted on the mechanisms of HLA-A regulation. The differential binding
of NF1 to -993G>A and GR to -885C>G need to be confirmed for possible effects on HLA-A
regulation since the variants are highly likely to be in perfect LD with one another. Studies should
also consider looking at HLA-A expression across different cell types to determine whether regulatory
mechanisms vary across the different cells that make up PBMCs. In conclusion, although CTCF does
not regulate HLA-A expression by differential binding to -993G>A, the possible binding of NF1 or
GR to a SNP in perfect LD with -993G>A serve as a basis for further study regarding HLA-A

expression regulation in order to better understand the implications HLA-A regulation has on HIV.
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Supplementary material

Table S1: Positions of SNPs found upstream of the HLA-A TSS and their rsID’s

Position Variant rsID

-55 T>G rs41560714
-142 A>T rs9260119
-155 C>T rs9260118
-226 A>G rs9260116
-407 G>A rs2734903
-412 T>C rs9260112
-414 A>C rs9260111
-617 C>T rs9260106
-716 T>A rs1230326099
-772 A>G rs9260101
-789 A>G rs9260100
-808 G>T rs9260099
-809 A>C rs9260098
-812 A>G rs9260097
-822 C>T rs9260096
-833 A>T rs9260095
-860 C>G rs9260094
-878 C>T rs9260093
-885 C>G rs9260092
-892 A>G rs9260091
-906 C>T rs9260090
-923 T>C rs9260089
-940 A>C rs9260088
-956 C>A rs9260087
-960 G>C rs9260086
-993 G>A rs9260084
-1084 C>A rs9260083
-1180 G>T rs9260081
-1263 C>T rs9260079
-1300 A>G rs9260078
-1379 G>A rs9260077
-1396 C>T rs78179089
-1647 T>C rs9260069
-1684 T>G rs9260067
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Table S2. 34 HLA-A SNPs upstream of the TSS. 34 HLA-A SNPs found upstream of the TSS according to HLA-A allele. Each letter indicates a single nucleotide and the

numbers indicate the position of the SNP relative to the TSS.
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Figure S1. Unpaired t-test of wild type vs mutant variants of 34 HLA-A SNPs. Unpaired t-tests

were performed on 34 SNPs found upstream of the HLA-A TSS using expression data from 216

healthy European American individuals from the Research Donor Program at the Frederick National
Laboratory for Cancer Research. Only six SNPs, located at positions -55, -226, -772, -885, -860 and -
993 (labelled in red) located relative to the TSS, significantly marked HLA-A4 expression. HLA-A

mRNA expression was measured using a real-time PCR assay. The SNPs were identified from 2KB

alignments of common homozygous HLA-A alleles.

Table S3: Table of primers used for sequencing and Real Time PCR

Sequencing HLA-A_PRO_F1
HLA-A_PRO_F2
HLA-A_PRO_F3
HLA-A_PRO_R1
HLA-A_PRO_R2
HLA-A_PRO_R3
PCR HLA-AF1
HLA-AR1
IGF/H19 F1
IGF/H19 R1

TATCCCCTCATATGCTCAAGTG
GGACTCACACAGAAACTCAGAGCTA
CCAGGCGTGGCTCTCA
CTCCCACTCCTTACCTGTCCA
GGAAGTATCCACTTCTAAGTGTTGTG
CAGGCACTTGAGCATATGAGG

CTCATGTGGGTCTGCCTAAAAAC
AATGCCCCTCACTAGTGCTC
GTGGCTCCCATGAGTGTTCT
AGTTGTGGAATCGGAAGTGG
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A*01 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTTCTTGGCAGTTGGCCTTTAATACCTCATGTGGGTCTGCCTAAAAACTA TTTTTTATGTTAATC
A*02 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*03 TTTTAATACATCAATCTACAGAGCCT. 'GTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTA TTTTTTATGTTAATC
A*11 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTTCTTGGCAGTTGGCCTTTAATACCTCATGTGGGTCTGCCTAAAAACTA TTTTTTATGTTAATC
A*23 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*24 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*25 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*26 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*29 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAACCTAATTTTTTATGTTAATC
A*30 TTTTAATACATCAATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTA TTTTTTATGTTAATC
A*31 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAACCTAATTTTTTATGTTAATC
A*32 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGCCTGCCTAAAACCTAATTTTTTATGTTAATC
A*33 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAACCTAATTTTTTATGTTAATC
A*34 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*66 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*68 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGTCTGCCTAAAAACTAATTTTTTATGTTAATC
A*74 TTTTAATACATCCATCTACAGAGCCTAGCAGGGTGTCCTTGGCAGTTGTCTTTTAATACCTCATGTGGGCCTGCCTAAAACCTAATTTTTTATGTTAATC

A*01 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAGGGGCATT
A*02 AGGTTTAAAAAATACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*03 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAGGGGCATT
A*1l AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAGGGGCATT
A*23 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*24 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*25 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*26 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*29 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCAGTAGTGAAGGGCATT
A*30 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAGGGGCATT
A*31 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAAGGGCATT
A*32 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAAGGGCATT
A*33 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAAGGGCATT
A*34 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*66 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*68 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGACAGTGCATGAGCACTAGTGAGGGGCATT
A*74 AGGTTTAAAAATTACTAAGTGTTCCTATAAAATATACACAACACTTAGAAGTGGATACTTCCTAAAAACAGGCAGTGCATGAGCACTAGTGAAGGGCATT

-993

Primer pair 1

Sequence (5'->3) Length Tm GC%  Self complementarity Self 3' complementarity
Forward primer CTCATGTGGGTCTGCCTAAAAAC 23 59.81 47.83 4.00 0.00
Reverse primer AATGCCCCTCACTAGTGCTC 20 59.46 55.00 8.00 2.00

Figure S2. Sequence alignment highlighting the primer positions for -993G>A and primer
BLAST showing that primers do not bind elsewhere in the genome. /LA4-4 primers specific for -
993G>A bound to HLA-A alleles and not to any other site in the human genome. Six alleles (A*29,
A*30, A*31, A*32, A*33 and A*74) were excluded when choosing samples for ChIP due to

mutations within the primer binding site.
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Synthesis

HIV remains one of the largest disease burdens in Sub-Saharan Africa. In South Africa the HIV
positive population continues to grow each year [57] despite the fact that free treatment is widely
available. Two of the reasons for the continual increase in the HIV positive population is poor
adherence to medication and the emergence of drug resistant HIV strains. Finding additional

mechanisms of controlling the disease is therefore of utmost importance.

Host genetic factors have been shown to correlate with multiple diseases. Studies have also shown
that high expression of HLA-C was associated with lower HIV viral loads [31]. In contrast, high
mRNA expression of HLA-A was shown to correlate with high HIV viral loads and poor disease
outcome [25]. This correlation is due to the fact that high mRNA expression of HLA-A stabilizes the
expression of HLA-E on the cell surface [25]. HLA-E serves as a ligand for an inhibitory NK cell
receptor. NK cells cytotoxic activity is therefore inhibited by the interaction [25]. Sites of variation in
the HLA-A gene therefore have the potential to act as HIV drug target sites provided that they regulate

mRNA expression.

Our study investigated the role of CTCF in HLA-A expression regulation since CTCF has a variety of
functions in the human genome and plays a large role in the regulation of Class II. The variant, -
993G>A, which was found within a putative CTCF binding site showed promise in terms of
becoming a novel HIV drug target site. Following sequence analysis -993G/A, along with five other
mutations (-960G>C, -885C>G, -772G>A, -226G>A and -55T>G), was shown to significantly mark
the expression of HLA-A. Predicted CTCF binding determined using online predictive software
showed differential CTCF binding only to -993G>A, making -993G>A the target of further analysis.
However the ChIP assay showed that CTCF bound both -993A and -993G almost equally and CTCF

does not regulate HLA-A expression at position -993.

To determine whether CTCF plays a role at all in HLA-A expression an experiment may be performed
where CTCF is knocked down from HLA-A and expression is measured before and after the
knockdown. Any change in expression would mean that CTCF does play a role in the regulation of
HLA-A. This process can also be carried out for the other Class I genes such as HLA-B and -C to

determine if CTCF regulates Class I as a whole the way it regulates Class II.

No transcription factors were predicted to bind to position -55 however this SNP may be regulating
transcription in other ways. -55 lies 2bp outside the TATA box of HLA-A [47]. The TATA box is a
core promoter region which is responsible for transcription initiation [62]. Some of these transcription
factors include the general transcription factor family such as TFIID of which TATA binding protein
is a subunit [62]. TFIID and TATA binding protein along with other factors make up the transcription

preinitiation complex which is what causes transcription to occur [62]. The close proximity of -55 to
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this transcription hub could mean that the variant present regulates transcription therefore further

study should be done around the -55 SNP to determine its role in transcription regulation.

-226 showed differential binding of Rad1l. Radl bound to G but not to A. Rad1 plays an important
role in regulation of gene expression in yeast [63-66] however the role of this transcription factor is
quite different in humans. In humans Rad1 does not regulate transcription, it instead acts as a platform
for the 9-1-1 complex which functions in halting the cell cycle when DNA is damaged or DNA

replication is incomplete [67, 68].

NF1 showed predicted differential binding to the CTCF binding site of -993G>A. NF1 traditionally
acts as a transcriptional activator in both humans and viruses. There isn’t much evidence of NF1
acting as a repressor however it has been shown that the level of NF1 binding is associated with the
level of transcription [69]. When NF1 binds strongly to a gene the transcription levels of that gene are
much higher than genes to which NF1 binds weakly [69]. Further analysis on the interaction between

NF1 binding -993G/A needs to be performed as NF1 is a possible regulator of HLA-A expression.

Another transcription factor, GR, showed differential binding to -885C>G. GR is a ligand-activated
nuclear receptor [70] which means that it needs to bind to steroid ligands such as cortisol and
dexamethasone in order to perform its transcription factor activities. GR modulates transcription of
genes in two ways: via the binding of receptor dimers to specific palindromic sequences called
glucocorticoid response elements (GREs) and indirectly by interacting with other transcription factors
e.g. Nuclear Factor kappa beta (NF-x3) [71] and activator protein 1 (AP-1) [70, 72, 73]. Since GR is
found on genes responsible for immune modulation, there have been highly effective drugs that target
GR in order to reduce inflammation [70] making the binding of GR to -885C>G a good candidate for
further study surrounding HLA-A expression regulation. PTF1B was found to bind to -772G>A
regardless of the variant however this transcription factor is involved in pancreatic function and is not

relevant to HLA-A regulation.

Both NF1 and GR could be working in conjunction with one another through LD. LD was measured
between the top four SNPs using LDmatrix. There is currently no LD information available for -
993G>A however the other three SNPs were all in perfect LD with one another. Visually, -993G>A
seems to be in perfect LD with the other three SNPs as well. -993 and -885 appear to be in perfect LD
where whenever there is a G in -993 there is a G in -885. Whenever there is an A in -993 there is a C
in -885. NF1 binds when there is a G present and binding is lost when there is an A present. GR binds
when there is a G present and binding is lost when there is a C present. The perfect LD that may be
present between -993G>A and -885C>G therefore warrants further study of both NF1 and GR

binding for their potential roles in HLA-A4 expression regulation.
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A possible limitation of the study is the small sample size. Using a much larger sample size for ChIP
may yield different results. Another limitation is that the study was not performed across different
ethnicities. People of different ethnic groups have a large variation in SNPs found within the human
genome [58]. Different ethnicities also have varying susceptibility to diseases [59-61]. It is possible
that variation in HLA-A expression and regulation may be witnessed across ethnicities and that CTCF
could show differential binding in certain ethnicities. This may not be true because HLA-A expression
was measured in Caucasians, Hispanics and Africans previously and there was no significant
difference in expression data across those three ethnic groups [25]. A third limitation could be the cell
type used. Due to sample availability, bulk PBMCs were used in the ChIP assay. There is no
published data available on the regulation of HLA-A across the different cell types that make up
PBMCs. There may be variation in HLA-A4 expression across cell types and therefore different modes
of regulation across various mononuclear cells. It would have been useful to have measured
expression in specific cell types that make up bulk PBMCs and determine the pattern of CTCF

binding on those cells.

Regulating HLA-A expression has been a topic of interest since disease associations were made with
HLA-A expression. Apart from HIV, the outcomes of other diseases such as autoimmune vitiligo [48]
and various cancers [74, 75] are affected by HLA-A expression. High expression of HLA-A, especially
HLA-A*02:01, is associated with increased risk of developing autoimmune vitiligo due to the
tendency of HLA-A*02:01 to present peptides of melanocytes that initiate an autoimmune response
mediated by T cells [48, 76]. In colorectal cancer, patients with a lower expression of HLA-A tend to
have better disease outcomes compared to patients in which HLA-A is not down-regulated [74]. The
mechanism behind this is hypothesized to be due to a lack of NK cell inhibition therefore allowing
NK cells to clear cancer cells which try to escape into circulation [74]. These findings support the
need for HLA-A expression regulation because similar to HIV, the outcomes of autoimmune vitiligo

and colorectal cancer will be improved by lowering the expression of HLA-A.

There are, however, findings that do not support the need to downregulate HLA-A. In prostate cancer,
downregulation of HLA-A is linked with metastasis. Patients diagnosed with benign prostatic
hyperplasia expressed HLA-A at high levels whereas those who had metastatic prostate carcinomas
had either diminished or no HLA-A expression [75]. High expression of HLA-A is also required to
regulate the activation of NK cells [25]. If HLA-A expression is diminished, HLA-E will not be
sufficiently expressed on the cell surface leading to a decrease in the inhibition of NK cells. These
sensitive mechanisms are in place to regulate NK cell responses and could have catastrophic effects if
altered. There is still much that is unknown about the genetics of the immune response. Very few
studies have looked at HLA-A expression as a whole in relation to diseases. Lowering the mRNA
expression of HLA-A will lower the cell surface expression of the HLA-A protein ultimately reducing

the amount of HLA-A restricted peptides that are presented to immune cells. Using mechanisms
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which regulate the expression of HLA-A as a drug target for HIV could lead to off-target effects that
would expose patients to other issues such as increased susceptibility to viral, bacterial or parasitic
infections, loss of regulation or over-regulation of other areas of the immune response and even a
diminished response to certain cancers e.g. prostatic carcinoma. All these above mentioned issues
need to be taken into consideration and investigated before a site of HLA-A expression regulation can

be used as a drug target site to improve HIV disease outcomes.

In summary, high expression of HLA-A has been linked with poor disease outcomes in those living
with HIV. Regulating the expression of HLA-A will aid in slowing down the rate of disease
progression to AIDS and will also aid in lowering viral loads. Apart from DNA methylation it
remains unknown what the additional mechanisms of HLA-4 mRNA expression regulation are,
therefore stressing the need to find what additional regulatory mechanisms may exist. A variant, -
993G>A, within a putative CTCF binding site approximately 1kb upstream of the HLA-4 TSS marked
expression. Although CTCF binding to -993G>A was confirmed, the lack of differential binding
excluded CTCEF as a regulator of HLA-A expression at that site. It was found that NF1 is predicted to
bind differentially to -993G>A and GR is predicted to bind differentially to -885C>G, making these
two variants and transcription factors good targets for further study on HLA-A regulatory factors
especially since they appear to be in perfect LD with one another. Using HLA-A expression regulatory
sites as an HIV drug target is warranted since this treatment could be used to prevent autoimmune
vitiligo and improve the prognosis of colorectal cancer however it would worsen the outcomes of
prostatic carcinomas and possibly worsen the outcomes of other cancers as well as viral, bacterial and
parasitic diseases since HLA-A is after all an immune gene. Additional research and careful
consideration of the effects of altering HLA-A expression needs to be carried out when using this gene

to develop a drug.

In conclusion, this study found that CTCF does not regulate HLA-A expression at position -993. We
did discover putative differential binding of NF and GR, both of which play a role in transcription
regulation. Confirmation of the nature of the binding of these transcription factors could prove useful
in understanding the mechanisms of HLA-A regulation. This study serves as a basis for further
investigation into the regulatory mechanisms surrounding HLA-A in order to better understand the

association between HLA-A expression and HIV.
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