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ABSTRACT OF THE THESIS

The Role of high mobility Group AT-Hook 1 (HMGA1) Gene
Expression in HIV Reactivation

by

Hosiana Abewe

Master’s of Science in Chemistry

University of California, San Diego, 2017

Professor Douglas Richman, Chair

In the present era of combination anti-retroviral therapy (ART), the la-
tent cellular reservoir of HIV is recognized as the major barrier to a cure. HIV
latency may be reversed by a controlled induction of virus reactivation in the pres-
ence of ART to reveal latently infected cells for immune system recognition and
destruction. Histone deacetylase inhibitors (HDACis) have been used as poten-
tial latency reversing agents for HIV. Suberoylanilide hydroxamic acid (SAHA),

the most widely tested HDACIH, has effectively induced expression of HIV RNA
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in patients on suppressive ART, but has failed to reduce the size of the latent
reservoir. The secondary effects of SAHA on host gene and protein expression are
among the possible explanations of why SAHA has failed to deplete the latent
reservoirs. SAHA upregulates the high mobility group AT-hook 1 (HMGA1) gene,
which encodes a protein that represses reporter transcription from HIV promoter,
long terminal repeat (LTR) in primary CD4 T cells. In this thesis study, we inves-
tigated the role of HMGA1 in HIV reactivation by SAHA. Latently infected CD4
T cells from 11 different blood donors were generated through in vitro model of
HIV latency and were each treated with 1TuM SAHA or its solvent dimethyl sulfox-
ide (DMSO). The expression of HMGA1 and HIV reactivation were assessed using
droplet digital PCR (ddPCR). The degree of HMGA1 upregulation by SAHA neg-
atively correlated with levels of HIV reactivation. Knockdown experiments were
conducted using GapmeR technology in primary CD4 T cells. HMGA1 GampeRs
were used to test whether HMGA1 played a role in HIV reactivation by SAHA.
Latently infected CD4 T cells from 5 seronegative blood donors were generated
through in vitro model of HIV latency and were each treated with 1 uM SAHA
or DMSO. The expression of HMGA1 and HIV multiply spliced transcripts was
measured using ddPCR. Although, a modest knockdown of HMGA 1 was achieved,
the improvement of HIV reactivation by SAHA in three samples suggested that
HMGAT presents a potential target for improvement of HIV reactivation by SAHA.
However, further studies that optimize HMGA 1 knockdown are needed to fully un-

derstand the role of HMGA1 in HIV reactivation by SAHA.
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1 Introduction

1.1 Cellular reservoirs of latent infection are the

major barrier for an HIV cure

Although the mortality and morbidity in human immunodeficiency virus
(HIV) infected individuals has decreased impressively over the past decades, HIV
and acquired immunodeficiency syndrome (AIDS) remain among the world’s great-
est public health challenges. According to the Joint United Nations Programme
on HIV and AIDS (UNAIDS) 2016 report, nearly 36.7 million people were living
with HIV, including 2.1 million new infections, at the end of 2015 (Global AIDS
update, 2016). Chronic HIV infection is currently a major health burden. The
introduction of antiretroviral therapy (ART) has prevented the progression of HIV
infection to AIDS by inhibiting ongoing virus replication and thereby reducing
patients’ plasma viral load to undetectable levels by standard assays (<50 copies
of HIV/ml) (Blankson et al., 2002). ART has thus prolonged the life expectancy

of individuals infected with HIV and reduced the risk of HIV transmission. Never-



theless, ART does not eliminate the virus in infected individuals; residual viremia
persists in ART treated patients, thus requiring a lifelong treatment. Interruption
of ART results in increased levels of viremia from HIV-1 latent reservoirs, which
consists of a small population of cells bearing replication-competent provirus that
persists during therapy (Darcis et al., 2017). As a chronic disease, HIV infection
is potentially associated with inflammation and immunodeficiency complications,
such as cardiovascular and liver diseases (Shahbaz et al., 2015; Bica et al., 2001).
Because of side effects of ART), its cost and poor adherence in some cohorts, re-
searchers have focused on finding a cure for HIV, whereby the latent reservoirs can
be either inactivated or eliminated.

HIV integration into the host genome can result in two types of infections,
productive or latent. HIV preferentially infects CD4 T cells and integrates into
their genomes as part of the replication cycle. The viral integration is usually fol-
lowed by productive infection, in which the viral genome is transcribed and virions
are produced causing lysis of the infected cell due to their cytopathic effect (Archin
et al., 2014) or recognition by the immune system of viral proteins produced by
infected cells, resulting in destruction of the cells (Blankson et al., 2002). How-
ever, in rare occasions, latency occurs instead of productive infection (Kumar et
al, 2015). In these cases, latency can arise from direct resting cell infection, during
which resting CD4 T cells subsets, mostly memory and stem central memory cells
are infected (Chun et al., 1997; Chomont et al., 2009), or from infection during

deactivation, in which infection occurs in activated effector cells that are transi-



tioning to a resting state during generation of memory cells (Chun et al., 1997;
Archin et al., 2014; Donahue & Wainberg, 2013). During latent infection, the viral
genome remains stably integrated and transcriptionally silent, due to host cellu-
lar mechanisms, such as histone and DNA modifications, the absence of necessary
transcriptional activators or the presence of transcriptional repressors, which allow
them to escape immune system detection (Duh et al., 1989; He & Margolis, 2002).
The residual plasma viremia in HIV infected individuals under ART is believed to
predominantly correlate with the size of latent reservoir in resting CD4 T subset
cells; the CD4 T memory stem cells in particular may present a favorable escape
for the virus because of their abilities for self-renewal, resistance to apoptosis and
long lifetime (Buzon et al 2013).

The viral reservoirs are established in the early days of infection usually
before diagnosis. Hence, by the time ART is administered the size can be limited,
but the establishment can’t be prevented (Strain et al.,2005; Whitney; J.B. et al.,
2014). Targeting HIV latent reservoirs using ART presents several limitations, in-
cluding the fact that they exist in very small numbers (<50copies/ml) (Blankson
et al., 2002) and are predominantly located in organs, such as the brain, lymph
nodes, gut, female reproductive tract and other tissues, where ART accessibility
may be low (Fletcher et al., 2014). The viral reservoirs are capable of producing
virions upon various cellular stimuli; expression of viral RNA and protein is acti-
vated at the encounter of an antigen or expose to specific cytokines or chemokines,

leading to productive infection. Thus, there is a need to eliminate the HIV latent



reservoirs to prevent resumption of viral replication on withdrawal of ART (Davey

et al., 1999) and to provide a cure to eliminate the need for lifelong ART.

1.2 Strategies to eliminate the cellular reser-

voirs of latent HIV infection

Several therapeutic strategies targeting the HIV latent reservoirs are cur-
rently being tested to reduce or eliminate the latent reservoir or render the virus
inactive. Studying HIV latency has been challenging, since latently infected cells
are rare, and there are complex molecular mechanisms involved, which are not fully
understood yet. Despite the challenges, transcriptional regulation is likely the key
approach to latency (Van Lint et., 2013). Different cellular mechanisms implicated
in latency establishment operate at post-transcriptional level, but mostly at the
pre-transcriptional level (Darcis et al., 2017). Sequential elements have to occur to
allow a successful transcription. The initial stages of transcription involve cell sig-
naling that promotes chromatin decondensation and activates transcription factors,
which assemble on the provirus promoter. If one of these initial stages is hindered,
transcription does not occur. Important mechanisms involved in inhibition of HIV
transcription include histone modifications affecting chromatin condensation (Van
Lint et al., 1996; Van Lint et al., 2013), absence of inducible host transcription
factors (Duh et al., 1989; He and Margolis, 2002) and the blockage of the cellular

transcription elongation factor (P-TEFb) (Eilebrecht et al., 2014). To this end,



the potential proposed curative approaches aim either at reactivating the latent
proviruses and revealing the latently infected cells for host immune system recog-
nition and destruction or at locking them out permanently to avoid reactivation
and viral rebound (Darcis et al., 2017).

Deep understanding of several cellular pathways involved in viral transcrip-
tion is the core for successful implementation of the previously mentioned curative
approaches. The most extensively studied pathways are associated with inhibition
of viral transcription. In this study, we will limit our discussion to the role of
chromatin packaging in HIV latency. Chromatin packaging greatly influences gene
expression. The loosely packaged form of chromatin named euchromatin favors
transcription, whereas the tightly packaged form called heterochromatin reduces
transcriptional activity. HIV proviruses are subjected to the same chromatin re-
modeling like any other host genes (Kumar et al., 2015). One of mechanisms
associated with chromatin remodeling and HIV latency is histone reversible acety-
lation. This modification is mainly governed by the activity of two types of en-
zymes: histone acetyltransferases (HATSs), which decondense the chromatin by
adding acetyl group to the amino group of lysine residues in histone tails, and
histone deacetylases (HDACs), which compact the chromatin by removing the
acetyl groups (Van Lint et al., 2013). HDACs are classified into groups based on
homology: class I HDACs (HDAC1,2,3 & 8), class I HDACs (HDAC 4,5,6,7,9 &
10), class IIT deacetylases (SIRT1-7) and class IV HDAC (HDAC11); all groups are

zinc-dependent except class I11, which is NAD dependent (Keedy et al., 2009; Xing



and Siliciano, 2012). Among these groups, only three class | HDACs (HDACI, 2
and 3) have been located at the promoter of integrated HIV, 5’ long terminal re-
peat (LTR) (Xing and Siliciano, 2012). In latent HIV reservoirs, these HDACs
are recruited to the HIV 5° LTR by host factors including late SV40 factor (LSF),
Ying Yang 1(YY1), NF-kappaB p50 (Williams et al.,2005), where they reduce
the accessibility of DNA templates by removing acetyl groups, therefore inhibiting
transcriptional activity (Kumar et al., 2015).

The “shock and kill” treatment strategy proposes the use of latency re-
versing agents (LRAs) to promote transcription of silent proviruses, upon which
cells harboring these proviruses are lysed by the viral cytopathic effects or cy-
tolytic effector mechanisms of the host immune system detecting induced viral
proteins (Darcis et al., 2017). LRAs, including protein kinase C (PKC) agonists,
HDAC inhibitors (HDACis), histone methylation inhibitors (HMTi), DNA methy-
latransferase inhibitors (DNMT1), inhibitors of bromodomain and extraterminal
(BET) domain proteins (BET1), and disulfiram, target different cellular pathways
involved in viral transcription, particularly the ones associated with inhibition of
viral promoter activity (Van Lint., 2013; Darcis et al., 2017). For example, hexam-
ethylene bisacetamide (HMBA), BETi (Contreras et al., 2007; Bartholomeeusen
et al., 2013) as well PKC agonists such as bryostantin-1 (Mehla et al. 2010) acti-
vate P-TEFDb production and its recruitment to the HIV LTR, thereby promoting
viral transcription. The shock and kill strategy also uses LRAs that interfere with

enzymes implicated in reversible chromatin modifications, such as HATs, HDACs,



and histone methyltransferases, leading to alterations in the chromatin structure in
a way that prevents transcription factors to access the viral genome, thus promot-
ing viral silencing. Our discussion is restricted to the histone modifying enzymes,
HDACS, responsible to HIV latency and how they are targeted using shock and
kill strategy.

Histone deacetylase inhibitors (HDACis) are among the well characterized
LRAs in wvitro and ex wvivo, and are used to promote a transcriptionally favor-
able environment for integrated HIV proviruses (Darcis et al., 2017). HDACis
have been applied to cancer therapies and are currently investigated to induce
latent proviruses by inhibiting HDACs. More than 10 HDACis are tested in differ-
ent phases of clinical trials for various human diseases (Delagreverie et al., 2016).
Vorinostat, also called suberoylanilide hydroxamic acid (SAHA), has been the most
widely tested HDACIH in clinical trials for HIV activation (Contreras et al., 2009;
Darcis et al., 2017). Initially, SAHA was approved by the Food and Drug Ad-
ministration (FDA) for the treatment of cutaneous T cell lymphoma (Mann et al.,
2006). SAHA’s hydroxamic acid moiety is highly efficient zinc chelator and makes
SAHA a potent inhibitor of zinc-dependent HDACs 1,2, 3, and 6 (Wagner et al.,
2013), which has resulted in induction of HIV RNA expression in patients on ART
(Contreras et al., 2009; Xing and Siliciano, 2012). Archin and colleagues demon-
strated that upon administration of SAHA, in each of eight patients studied, a
single-dose of SAHA induced acetylation of histone H3 and transcription of HIV

RNA in resting CD4 T cells simultaneously (2012). Although SAHA has effectively



reactivated latent virus in patients, it has failed to reduce the size of the latent
reservoir (Elliott et al., 2014). It is possible that the net effect of SAHA results
in induction of gene expression from the HIV promoter at insufficient levels to kill
the infected cells (Margolis and Hazuda, 2013). The fact that SAHA binds not
only to HDACs, but other proteins (Bantscheff et al. 2011), opens the possibility
of secondary effects, which may add to or interfere with its primary effects.
Indeed, using combined proteomic and transcriptomic profiling, White and
colleagues demonstrated that SAHA had mixed effects on host genes and proteins
with a role in regulation of HIV transcription, in addition to the primary mech-
anism of chromatin unwinding (White et al., 2015). For example, up-regulation
of transcriptional repressors, such as genes related to negative regulation of chro-
matin silencing and nuclear euchromatin, as well as down-regulation of transcrip-
tional activators, including genes associated with histone acetylation and histone
acetyltransferase, by SAHA (Beliakova-Bethell et al., 2013). A number of genes
with a role in HIV reactivation are significantly affected at the RNA and protein
levels by SAHA (White et al., 2015). Further analysis confirmed that three genes,
including the High mobility group AT-hook 1 (HMGAT1), Anti-silencing function
1A histone chaperone (ASF1A) and Amino-terminal enhancer of split (AES) were
modulated by SAHA at both the RNA and protein levels. AFES, which has a
positive effect on HIV transcription, was down-regulated by SAHA, whereas both
HMGA1 and ASF1A, which negatively affect HIV transcription, were up-regulated

by SAHA (White et al. 2015). Further analyses are needed to gain insights on



how up-regulation or down-regulation of each of these proteins correlates with HIV

transcription in primary cells, and how they can be targeted for HIV cure.

1.3 HMGA1, a potential target for improve-

ment of SAHA’s efficacy

Also called architectural transcription factors, HMGA1 proteins play an
essential role in gene expression. They are members of the high mobility group
superfamily, which consists of non-histone proteins involved in chromatin remodel-
ing (Benecke and Eilebrecht, 2015). All of these proteins share an acidic carboxyl-
terminus and differ from each other by unique functional motifs that confer dis-
tinct DNA binding domains and biologic activities (Shah et al., 2013). The HMGA
family, which consists of HMGA1 and HMGA2, is characterized by AT-hook bind-
ing motifs. This thesis study particularly focuses on HMGA1 gene. The HMGA1
gene encodes two protein isoforms, HMGA1a and HMGA1b, resulting from alter-
natively spliced messenger RNA (Shah et al., 2013). Using the three AT-hook
domains, HMGA1 protein binds the minor groove of chromosomal DNA at A/T-
rich regions, thus inducing conformational changes in DNA structure creating a
more favorable DNA conformation for factor binding, which promotes transcrip-
tion (Eilebrecht et al, 2014; Benecke and Eilebrecht, 2015). Moreover, HMGA1 in
concert with other factors regulates gene expression; upon binding the A/T rich

DNA sequences in gene promoter or enhancer regions, HMGA1 recruits additional
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transcription factors, with which it forms a higher order transcriptional complex
or enhanceosome (Shah et al., 2013). Consequently, HMGA1 is highly expressed
in rapidly proliferating cells, including early embryonic cells, neoplastic tissues
(Henderson et al., 2000) and cancer cells (Benecke et al., 2015).

Apart from being involved in tumor progression, HMGA1 is implicated in
gene expression of several types of viruses, such as herpes simplex virus (HSV)
(French et al., 1996), human papovavirus JC (Leger et al., 1995), Epstein — Barr
virus (EBV) (Schaefer et al., 1997) and HIV. Previous studies have revealed the
role of HMGA1 as a host-specific factor required for the integration of HIV-1
pre-integration complexes or for the integration of HIV pre-integration complexes
(Miller et al., 1997; Henderson et al., 2000). Moreover, the identification of different
low- and high-affinity HMGA1 binding sites within the HIV LTR have suggested
a role of HMGA1 during HIV transcription (Henderson et al., 2000; Eilebrecht et
al., 2013). Eilebrecht and colleagues have demonstrated two mechanisms by which
HMGAT! interferes with HIV reactivation. First, HMGA1 specifically binds to
the viral transactivating response element (TAR), thus competing with the viral
transactivator of transcription (Tat) for TAR binding (2013). Secondly, in the ab-
sence of Tat, TAR-bound HMGA 1 prevents the binding of transcription activating
host co-factors to TAR, thus diminishing HIV-1 promoter activity (2014). Droplet
digital PCR (ddPCR) and RNA-seq analysis have suggested that significant up-
regulation of HMGA1 by SAHA can be potentially associated with the failure

of SAHA to induce enough virions to kill latent reservoirs (Beliakova-Bethell et
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al., unpublished observations). In the present study, two hypotheses are tested in

primary CD4 T cells:

1. The degree of HMGA1 upregulation by SAHA negatively correlates with

levels of HIV reactivation.

2. Knocking down HMGA1 expression improves the ability of SAHA to reacti-

vate latent HIV.



2 Methods

2.1 In Vitro model of HIV latency

An in vitro model of HIV latency is the method used to generate latently
infected CD4 T cells. Peripheral blood from HIV seronegative donors were col-
lected by venipuncture according to institutional review board approved protocols.
Peripheral blood mononuclear cells (PBMC) were isolated from blood using the
density gradient centrifugation strategy. CD4 T cells were isolated from PBMCs
using EasySep™ Human CD4 T Cell Isolation Kit through the fully automated
RoboSep. A portion (~80 %) of the freshly isolated CD4 T cells (bystander) was
set aside and incubated at 37°C for four days. The remaining portion (~20%) of
CD4 T cells were stained with the organic dye Alexa Fluor 700 (eFluor 700) and
incubated overnight at 37°C. On the next day, the stained cells were infected with
HIV for 4 hours, stimulated on plates coated with anti-CD3/CD28 and incubated
for three days at 37°C. On day four, the unstimulated, unstained bystander cells
were mixed with the fully activated, productively infected, stained, cells at a ratio

of 4:1 in the presence of interleukins IL 2 and IL15. Bystander cells were infected

12
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via cell to cell HIV transmission from the productively infected cells over the next
three days. On day seven, the mixed cells were sorted using a MoFlo instrument
to separate unstained resting cells, which contained latent provirus. The cells were

retained in culture for three more days, and on day ten, the latent cells were ready

for assays.
‘ Isolation ‘ I Infection | ‘ Mixing ‘ ‘ Sorting | ‘ Assay |
Resting CD4
Teells
(80%) Resting : Infected|
4:1
00 04
0 OOO 3
OO 8 S —
%O C? Q g Oﬁ / . \\ Cells ready
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| T +IL-2/IL-15 “00 OO 0G0 Q
... e OOCp —) OOOO 8
" | @ YL
® o Q0 o0 O
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Figure 2.1: In vitro model of HIV latency used to generate latently HIV
infected primary CD4 T cells. Day -1: Staining of 20% of freshly isolated CD4
T cells with viable dye eFluor; 80% of cells (resting cells) are maintained unstained
and incubated until day 4. Day 0: eflour stained cells are HIV infected for 4 hours
and stimulated on aCD 28 & aCD 3 coated plates for 3 days. Day 4: resting cells
are mixed with stained, infected, stimulated cells at a ratio 4:1 and incubated until
day 7. Day 7: small unstained cells from the mixture are sorted by flow cytometry.
Day 10: cells are ready for treatment.

The in wvitro model of HIV latency was used both in the analysis of the
relationship between HMGA1 upregulation by SAHA and HIV reactivation, and

HMGAT1 gene expression knockdown studies.
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2.2 Assessment of CD4 T cell purity, activation,
and HIV infection by flow cytometry during

the model set up

To assess the purity of the freshly isolated CD4 T cells, CD4 T cells were
stained with anti-CD4 fluorescein isothiocyanate (anti-CD4-FITC). An antibody
against anti - human leukocyte antigen -D related (HLA — DR) labeled with phy-
coerythrin (PE) was used to check the levels of activation in CD4 T cells and
to ensure that it is low (<10%), since mostly resting cells were required for our
experiments. Cells were incubated with antibodies for 30 minutes at 4°C, washed
with phosphate buffered saline (PBS) and fixed with 1% formaldehyde. On days
4 and 7, aliquots of mixed cells along with controls, including bystander cells, un-
infected stimulated unstained cells, infected unstained unstimulated cells, infected
unstained stimulated cells and infected stained stimulated cells, were washed with
PBS, fixed and permeabilized for 20 min. for intracellular p24 staining. The cells
were incubated with the mouse monoclonal HIV-1 p24 antibody for 30 min at
4°C; finally, they were washed to remove unattached antibodies and fixed with
1% formaldehyde. Percentages of CD44, HLA-DR+ and p24+ cells were assessed

using BD Accuri C6 flow cytometer.
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2.3 GapmeR-mediated gene expression knock-

down

GapmeRs manufactured by Exiqon Inc, is an emerging technology used to
silence the expression of a specific gene. GapmeR is a type of antisense oligonu-
cleotide comprised of a synthetic single strand containing central block of DNA
nucleotides flanked by locked nucleic acids on each side, which increase the stability
of the strand in the biological fluid. GapmeRs are taken up by macropinocytosis
(Fazil et al., 2016) and bind to the complementary sequence of the mRNA of inter-
est. The host RNase H, a ubiquitous enzyme located in the nucleus as well as in
the cytoplasm, recognizes RNA-DNA hybrids formed after sequence-specific bind-
ing of antisense oligonucleotides to their target mRNA and degrades the mRNA.
GapmeRs present advantages over other commonly used synthetic molecules for
knockdown, such as small interfering RNA (siRNA), because of their small size,
stability, and ability to enter cells without the need of transfection, resulting in
increased cell viability (Crooke et al., 2017).

To optimize usage of GapmeRs in primary CD4 T cells, cells from HIV
seronegative donors were used. Positive control GapmeR developed by Exiqon,
Inc., which targets host gene MALATI, encoding a long non-coding RNA, was
used for the initial optimization studies. Cellular uptake was monitored using
a fluorescein-labeled GapmeR; and knockdown efficiency was determined using

ddPCR. Different GapmeR concentrations (100-500 nM) were used over a time
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course to determine optimal conditions for the knockdown of gene expression.
The optimal knockdown conditions (300 nM for 3 days) were then used to test
experimental HMGA1 GapmeRs (1-8), designed by the Exiqon, Inc. online tool.
GapmeRs 1-4 were designed against exonic regions of HMGA1, while GapmeRs

5-8 were designed against intronic regions to target RNA as it is synthesized.

2.4 Reactivation of HIV with SAHA following
HMGA1 gene expression knockdown using

GapmeR

Latently infected cells were generated using the in vitro model of HIV la-
tency, treated with GapmeR (300uM), plated and incubated for three days at 37°C.
Untreated cells were used for background reference to determine the level of gene
expression knockdown. On day three, cells that were incubated in the absence or
presence of the HMGA 1-specific GapmeR were treated with SAHA or its solvent
dimethylsulfoxide (DMSO). The next day, cells from all treatment conditions were

counted using Accuri flow cytometer and were collected for RNA extraction.

2.5 RNA extraction

At the end of the experiment, cells were collected in 1.5 ml centrifuge tubes

and spun at 300g for 8 min in a tabletop centrifuge. Upon removal of supernatant,
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the cell pellets were lysed with lysis buffer from the Qiagen RNeasy micro kit
(RLT buffer containing [-mercaptoethanol). Lysates were frozen at 80°C, and
were processed for RNA extraction when all samples were collected for an exper-
iment. RNA was extracted using the Qiagen RNeasy micro kit according to the
manufacturer’s instructions. Complementary DNA (cDNA) was synthesized from

the extracted RNA using qScript manufactured by Quanta Bio Inc.

2.6 Droplet digital PCR (ddPCR)

DdAPCR, is a novel technology that is used to precisely quantify the target
nucleic acids in a sample. The ddPCR workflow starts like any other quantitative
PCR assay; water or buffer, primers, DNA polymerase, deoxynucleotide triphos-
phates, and cDNA template are required to set up the reaction. In addition,
ddPCR, in particular, requires fluorescently labeled internal hybridization probes
(TagMan probes) for detection of the amplification product (Mazaika and Homsy,
2014). We used the following TagMan gene expression assays by Applied Biosys-
tems: HS00852949-g1 for HMGA1 and Hs03044961-g1 for RPL27. HIV MS assay
was a custom assay from Integrated DNA Technologies, Inc. ddPCR Supermix
for probes (No dUTP) (Bio-Rad, Inc., Hercules, CA) was used for cDNA ampli-
fication. The reactions were partitioned into 20,000 droplets using the Bio-Rad
QX-100 Droplet Generator (BioRad Inc., Hercules, CA) following the manufac-

turer’s instructions.
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Upon transferring the droplets in the 96-well plate, which was heat sealed
with foil, cDNA was amplified to endpoint using PCR cycles. For HMGA1 and
RPL27 assays, the following cycle was used: 95°C 10 minutes (1 cycle), 94°C
30 seconds and 60°C 1 minute (45 cycles), 98°C 10 minutes (1 cycle), 4°C until
droplet reading. For HIV MS assay, the following cycle was used: 95°C 10 minutes
(1 cycle), 94°C 30 seconds and 62°C 1 minute (50 cycles), 98°C 10 minutes (1
cycle), 4°C until droplet reading. The data were processed and acquired using the
Bio-Rad droplet reader, which measures concentration of target cDNA as copies
per microliter from the fraction of positive droplets using Poisson statistics, from

which total number of copies per reaction can be obtained.

2.7 HMGA1 knockdown calculations

HMGAT expression in both HMGA1 GapmeR treated and untreated sam-
ples was first normalized to a host gene normalizer, RPL27, which is a gene that
encodes a member of the L27e family of ribosomal proteins and is a component
of the 60S subunit. RPL27 expression is not modulated by SAHA, and thus is
used to normalize HMGA1 expression to account for technical errors during the
experiment. The percent expression was then calculated by taking the ratio of
HMGAT1 expression in cells treated with HMGA1 GapmeR to HMGA1 expression
in cells not treated with HMGA1 GapmeR. Percent knockdown was calculated by

taking the difference between 100% and percent HMGA1 expression.
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2.8 HIV reactivation calculations

HIV expression data was normalized to the number of cells participating
in each ddPCR reaction to generate the number of the multiply spliced (MS)
HIV transcripts per cell. The ratio of MS/cell in samples treated with SAHA to
DMSO treated samples was taken to calculate the fold changes of HIV expression
in the absence or presence of HMGA 1-specific GapmeR. The two fold changes
were then divided (HMGA1 GapmeR/no HMGA1 GapmeR) to determine percent

improvement of the ability of SAHA to activate the latent provirus.

2.9 Statistical analyses

The relationship between the degree of HMGA1 upregulation by SAHA
and HIV reactivation was assessed using Pearson correlation in Bioconductor R. To
compare HIV reactivation by SAHA in the HMGA1 GapmeR-treated vs untreated

cells, the paired ¢ test was used.



3 Results

3.1 The degree of HM GA1 up-regulation by SAHA
negatively correlates with levels of HIV re-

activation

Several studies have led to important observations about the variability in
host response to SAHA at the level of gene expression, as well as HIV reactivation
out of latency (Elliott et al., 2014; Bantscheff et al. 2011; White et al., 2015).
Based on previous studies by Eilebrecht and colleagues (Eilebrecht et al. 2014),
the effect of SAHA on HMGA1 expression is predicted to be inhibitory for HIV
reactivation. Because HMGA1 was upregulated by SAHA, we hypothesized that
this effect of SAHA on the host might be inhibitory with respect to HIV reacti-
vation. Here we tested whether the degree of upregulation of HMGA1 expression
by SAHA was negatively correlated with the degree of induction of HIV RNA. To

test this hypothesis, the in vitro model of HIV latency was used. RNA samples

20
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from 11 different blood donors, treated with 1 uM SAHA or its solvent DMSO
were previously generated in the lab. These samples were used to measure expres-
sion of HMGA1, the host gene normalizer RPL27 and the HIV MS transcript by
ddPCR. Fold changes of the normalized expression values were used for the corre-
lation analysis (please see Methods for details). A significant negative correlation
(R=-0.87; p=0.0005) was observed between up-regulation of HMGA1 by SAHA
with induction of HIV multiply spliced transcripts (figure 3.1). In other words, the

more up-regulation was HMGA 1, the less HIV activation was observed.
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Figure 3.1: The degree of HIV reactivation by SAHA negatively corre-
lated with the degree of upregulation of the host gene HMGA1 (R=-
0.87; p=0.0005). Gene expression was measured by ddPCR in samples from
N=11 independent blood donors. Upregulation of HMGA1 and HIV are expressed
as fold change in SAHA- treated relatively to DMSO-treated samples. Bioconduc-
tor R was used for Pearson correlation analysis.

As an alternative approach to analyze these data, donors were classified
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into responders or non-responders. The technical variation of the MS assay in
ddPCR was 1.5, which was the difference that could be seen with repetitive ddPCR
reactions from the same RNA sample. Thus, any donor with HIV MS fold change of
less than 1.5 following SAHA treatment was denoted a “non-responder”, while any
donor with fold change greater than 1.5. was denoted a “responder”. Up-regulation
of HMGA1 was higher in non-responders, average HMGA 1 up-regulation of 2-fold
in responders vs 1.7-fold in non-responders, (p=0.0056) (figure 3.2). These results
were consistent with the idea that HMGA1 was a potential HIV transcriptional

repressor in primary CD4 T cells.
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Figure 3.2: HMGA1 was upregulated by SAHA the most in samples
with no HIV reactivation. Donors were classified into non-responders (NR,
HIV multiply spliced HIV transcript (MS) fold change <1.5) and responders (R,
HIV MS fold change >1.5). Fold change cut off was selected based on the technical
variation of the HIV MS assay in ddPCR. Differences between fold changes was
assessed using Student’s t-test.
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3.2 (GapmeRs induce gene expression knockdown

in primary CD4 T cells

3.2.1 Assessment of knockdown with GapmeR in primary

CD4 T cells

To perform a more direct assessment of HMGA1 function in HIV reacti-
vation from latency, we employed the novel GapmeR technology for knockdown
of gene expression. Most of the tests and experiments with GapmeRs thus far
was performed using cell lines. Therefore, our first goal was to determine whether
GapmeRs could induce knockdown of gene expression in human primary CD4 T
cells.

To establish conditions that promote efficient knockdown of gene expres-
sion in primary CD4 T cells, a dose response experiment was conducted using the
positive control GapmeR specific for long-noncoding RNA MALATI1. CD4 T cell
samples from three HIV seronegative donors were separately treated with different
doses (100-500 nM) of MALAT1-specific GapmeR labeled with a fluorescent dye
(fluorescein, or FAM), to enable visualization of its uptake by cells by flow cytom-
etry. As depicted on figure 3.3 (right), MALATI-specific GapmeR was taken up
by nearly 99.9% of cells, evident from their shift in fluorescence intensity.

All tested concentrations of MALATI-specific GapmeR were efficiently

taken up by cells (>90% GapmeR+), except for the 100 nM concentration, with
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Figure 3.3: Positive control, MALAT1-specific GapmeR, was efficiently
taken up by primary CD4 T cells. Cellular uptake of MALAT1 GapmeR
was assessed using Accuri flow cytometer. MALAT1-specific GapmeR was labeled
with fluorescein (FAM). (Left) cells without MALAT1-specific GapmeR treatment;
(Right) cells with MALAT1-specific GapmeR treatment.

which only 50% of GapmeR was taken up by cells (figure 3.4).
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Figure 3.4: MALAT1-specific GapmeR was efficiently taken up by un-
infected primary CD4 T cells at multiple concentrations. Flow cytometry
was used to assess cellular uptake of MALAT1-specific GapmeR labeled with flu-
orescein (FAM) in samples from N=3 HIV seronegative blood donors. Cellular
uptake of MALAT1-specific GapmeR at 200-500nM was >75%, whereas it was
~50% at 100 nM.

Next, the expression of MALAT! was measured using ddPCR to assess
the level of knockdown achieved by different doses of MALAT1-specific GapmeR.
Samples treated with 100 nM GapmeR were excluded as the uptake by cells was
suboptimal. A dose response was observed; however, the largest improvement of
knockdown was seen between 200nM and 300nM (percent MALATI expression
compared to untreated dropped from 53% with 200 nM GapmeR to 37% with 300

nM GapmeR (figure 3.5). Since 300, 400, and 500 nM doses exhibited relatively
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similar percentages of knockdown (37%, 32%, 26% respectively), the 300 nM dose

of GapmeR was selected for further studies to reduce cost (figure 3.5).
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Figure 3.5: MALAT1-specific GapmeR induced MALAT1 expression
knockdown in a dose-responsive manner. MALAT1 expression was measured
using ddPCR in samples from N=3 HIV seronegative blood donor. A dose response
was observed with major difference between 200 and 300nM concentrations. There
was no major knockdown improvement among 300, 400, 500nM doses. .

3.2.2 Knockdown of HMGA1 with GapmeR in primary

CD4 T cells

With the established conditions, four different top predicted GapmeR. se-
quences within the coding region of HMGA1 (HMGA 1-specific GapmeRs 1-4) were
tested in primary cells for their ability to induce HMGA1 knockdown. CD4 T cells

from two seronegative donors were separately treated with HMGAI GapmeRs 1-
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4. The expression of HMGA1 and RPL27 was measured using ddPCR. HMGA 1
GapmeR 4 induced a modest knockdown with a reduction in expression of 13%
and 45%, whereas other GapmeRs did not exhibit any knockdown activity (fig-
ure 3.6). Because HMGA1 GapmeR-induced knockdown was modest as compared
to knockdown induced by MALATI-specific GapmeR, further experiments were
performed to increase HMGA1 GapmeR — 4 concentration (500 nM) and time of
treatment (5 days). However, no improvement of knockdown was observed under

these conditions.
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Figure 3.6: HMGA1-specific GapmeR 4 induced a modest knockdown
of HMGA1 in uninfected primary CD4 T cells. HMGA1 expression was
measured using ddPCR in samples from N=2 HIV seronegative blood donors.
HMGA1-specific GapmeRs 1-4 were designed based on four top predicted se-
quences within HMGA1 coding area. HMGA1-specific GapmeR 4 induced 13%
knockdown in Donor 1 and 45% knockdown in Donor 2, whereas the remaining
GapmeRs did not demonstrate any knockdown activity.

Because the positive control MALATI, which was knocked down well by
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a GapmeR, was a long non-coding RNA localized exclusively in the nucleus, we
hypothesized that GapmeR-mediated knockdowns might be more efficient when
an RNA was targeted in the nucleus, as opposed to the cytoplasm. Therefore,
GapmeRs against intronic HMGA1 sequences were designed to target HMGAI
RNA in the nucleus as the transcript was being synthesized, before it is spliced
and exported into the cytoplasm. These GapmeRs, 5-8, were tested in CD4 T cells
from three different HIV seronegative donors, along with the original GapmeR 4 as
a point of reference. GapmeRs against intronic HMGA1 sequences demonstrated
less ability to induce knockdown than HMGA1 GapmeR 4 (figure 3.7). HMGA1
GapmeR 4 was therefore used in the following studies to evaluate the general
effect of HMGA1 knockdown on HIV reactivation by SAHA despite its modest

knockdown activity.
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Figure 3.7: HMG A 1-specific GapmeRs 5-8 designed against intronic re-
gion of HMGA1 gene demonstrated no knockdown activity. HMGA1 ex-
pression was measured using ddPCR in samples from N=3 HIV seronegative blood
donors. HMGA1-specific GapmeRs 5-8 consisted of four top predicted sequences
within HMGA1 intronic region. HMGA1 Gapmer 4 was included as benchmark
for testing. HMGA1-specific GapmeR 4 induced 33% knockdown, and remained
the only GapmeR with any knockdown activity among all GapmeRs tested.

3.3 HMGA1 knockdown increases HIV reacti-

vation by SAHA

3.3.1 Knockdown of HMGA1 with HMG A 1-specific Gap-
meR 4 in HIV infected primary cells

For this experiment, the in vitro model of HIV latency was used with cells
from five different blood donors. The purity of CD4 T cells after isolation was

>95%, and less than 10% of cells expressed HLA-DR activation marker. Cells
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from all donors were successfully infected with HIV, as assessed by p24 staining
during the set up of the latency model. Following establishment of latency, cells
were treated first with HMGA1-specific GapmeR to induce knockdown (or left
untreated). Following three days of incubation with GapmeR, both GapmeR-
treated and untreated cells were treated with either SAHA or its solvent DMSO
for 24 h, to assess HIV reactivation by SAHA with or without HMGA 1 knockdown.

Cells were collected and counted 24h following SAHA treatment and 4 days
following addition of GapmeR to the culture. HMGA1 knockdown was assessed
using samples which were not treated with SAHA, but treated with DMSO, by
comparing expression in cells that were incubated in the presence of HMGA1 Gap-
meR 4 to cells incubated without GapmeR. The average HMGA1 knockdown in
5 experiments was 30% (70% expression level, range 62-86%). The difference in
expression between GapmeR-treated and untreated cells was significant (figure

3.8).
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Figure 3.8: Incubation in the presence of HMGA1-specific GapmeR
4 prior to and during SAHA treatment improves HIV reactivation by
SAHA. The in vitro model of HIV latency from N=5 blood donors were incubated
for 3 days in the absence or presence of HMGA1-specific GapmeR 4. HMGA1
knockdown was assessed using samples which were not treated with SAHA and
then treated with either SAHA or its solvent DMSO for additional 24 h. The
expression of HMGA1 and RPL27 was measured using ddPCR. HMGA1 expres-
sion is calculated as copies of HMGA1 RNA molecules per thousand RPL27 RNA
molecules. HMGA1 GapmeR 4 induced 30 % knockdown (p<0.01) in all 5 samples.

3.3.2 HIV reactivation with SAHA following HMGA1
knockdown

HIV MS RNA copy numbers obtained by ddPCR were normalized to cell
counts, and fold changes between SAHA and DMSO treated cells were calculated
for both GapmeR-treated and untreated cells. On average, HMGA1 knockdown
resulted in a modest improvement of HIV reactivation by SAHA (average 36%,

p=0.048; range 7-76%) (figure 3.9). However, among the five donors tested, two
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donors, the ones with the highest (75%) and lowest (7%) improvement of HIV
reactivation in the presence of HMGAI knockdown could not be assessed with
certainty, because the absolute fold changes of HIV expression in SAHA to DMSO
treated samples were less than 1.5 (-1.27 vs 1.39 and 1.28 vs 1.37), below the
technical variation of the assay. FExcluding these donors, HIV reactivation by
SAHA was increased, on average, by 33% (p=0.03) in the presence of HMGA1
GapmeR. These results are consistent with the idea that even a modest reduction
of HMGA1 expression results in the improvement, albeit also modest, of SAHA to
reactivate the latent HIV provirus, and with a role for HMGA1 in the regulation

of HIV transcription in primary CD4 T cells.
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Figure 3.9: Incubation in the presence of HMGA1-specific GapmeR
4 prior to and during SAHA treatment improves HIV reactivation by
SAHA. The in vitro model of HIV latency from N=5 blood donors were incu-
bated for 3 days in the absence or presentce of HMGA I-specific GapmeR 4 and
then treated with either SAHA or its solvent DMSO for additional 24 h. HMGA1
and HIV MS expression was measured using ddPCR. Circle colors indicate sam-
ples from the same blood donor. On average, a higher increase of MS expres-
sion following SAHA treatment was observed in cells incubated in the presence of
HMGA1-specific GapmeR 4.

Chapter 3. section 1, in full, include the material as it appears in the fol-
lowing abstract and any subsequent publication of this study: Abewe H, Mukim A,
Deshmukh S, Spina CA, Richman DD, Beliakova-Bethell N. Role of High-Mobility
Group A1 (HMGA1) Gene Expression in Reactivation of Latent HIV. Conference
of Retroviruses and Opportunistic Infections. Seattle, Washington 2017. The the-

sis author was the primary author of this abstract.



4 Discussion

Studies to eradicate the latent reservoir are in their early stages; the tools,
assays and cure approaches currently used remain limited. SAHA, the most char-
acterized HDACi for reversing HIV latency, has induced transcription of proviruses
from HIV infected individuals; however, it has failed to deplete latent reservoirs
to a measurable level (Archin et al., 2017). Several reasons have been proposed to
explain why HIV reactivation by SAHA has not led to measureable reductions of
this reservoir. SAHA can bind to HDACs and other host proteins, which are impli-
cated in HIV replication; however, the effects of SAHA on the host gene expression
are broad.

There are additional mechanisms of action resulting from the expression
of genes upregulated by SAHA as the result of chromatin unwinding. Numerous
genes are up- or down-regulated as the result of SAHA treatment (White et al.,
2015). It is crucial to understand if their up- or down-regulation interferes with HIV
reactivation by SAHA and whether they can be experimentally and therapeutically

modulated to improve the efficacy of other HDACi. With a long-term goal of
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studying different host genes modulated by SAHA at RNA and protein levels, we
conducted a pilot study on one of the genes up-regulated by SAHA at both RNA
and protein levels, HMGA1.

Published studies have shown that HMGA1 inhibits viral transcription in
cell lines (Henderson et al., 2000; Eilebrecht., 2013); however, it has not yet been
clarified if similar inhibition is observed in primary CD4 T cells, and if there is
a negative relationship between HMGA1 up-regulation and HIV reactivation by
SAHA. The present study has conducted experiments using a primary CD4 T cell
model of HIV latency to evaluate the role of HMGA1 in regulating HIV expression
and the ability of SAHA to reactivate the latent provirus. The results from this
study are consistent with the idea that HMGA1 may have a role in regulation
of HIV expression in primary CD4 T cells, and a modest reduction of HMGA1
expression results in the improvement, albeit also modest, of SAHA to induce
reactivation of latent HIV provirus.

Gene knockdown in primary cells using common techniques have shown
limitations. The knockdown using the RNA interfering (RNAi) technique has
been ineffective due to the fact that primary T cells are hard to transfect and
possibly lack an efficient RNAi machinery (Yin, J. et a., 2006; Oberdoerffer, P.
et al., 2005). SiRNA transfection uses electroporation, which, however, involves
high electrical pulses that can lead to significant loss of cell viability (Freeley, M.
Long, A.; 2013). To avoid the issues associated with delivery of complex molecules

into primary T cells, we used the novel GapmeR technology, which should be more
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easily taken up by cells by macropinocytosis, without the need for transfection
(Fazil et al., 2016).

We used an online tool developed by the manufacturer of GapmeRs, Exiqon
Inc., to design HMGA 1-specific GapmeRs (1-4). A single Gapmer 4, demonstrated
an ability to induce HMGA1 knockdown, while the remaining GapmeRs had no
activity. The knockdown was modest, and varied among different donors tested,
between 13 and 45%, averaging 30% among all experiments. There are possible
reasons why there was no knockdown activity in most of the GapmeRs. It was
possible that the GapmeRs were not internalized properly by cell-surface proteins,
thus resulting in inefficient knockdown. Studies have revealed two main steps
through which GapmeR are taken up by primary T cells: adsorption and inter-
nalization (Crooke et al., 2017). During adsorption, GapmeRs bind to cell surface
proteins with no energy requirement and can saturate the cell surface (Yu et al.,
2014). Once bound to the cell surface, cell - surface proteins direct their inter-
nalization through multiple pathways, and depending on cell surface proteins, the
internalization can be productive, that is leading to knockdown of gene expression,
or non-productive, which does not result in knockdown of the gene (Juliano et al.,
2014).

Even though macropinocytosis has been reported as the main mechanism
of GapmeR internalization by primary T cells, that study was performed using
activated T cells (Fazil et al., 2016). It is possible that the mechanism of Gap-

meR uptake differs in resting and activated primary cells. Compared to the 30%
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knockdown achieved with HMGA 1-specific GapmeR, an average knockdown of
63% could be achieved with the control MALATI1-specific GapmeR under the
same conditions. These results demonstrate that GapmeR-mediated knockdowns
may be dependent on the gene or localization of the targeted RNA of interest. To
test localization hypothesis, we used HMGA I-specific GapmeRs designed against
intronic regions of the gene to target preemRNA (GapmeRs 5-8); but no HMGA1
knockdown was achieved using these GapmeRs.

Despite achieving only a modest reduction of HMGA1 expression, knocking
down HMGA1 using HMGA1-specific GapmeR 4 improved HIV reactivation by
SAHA by 36% (or 33% when excluding donors who were non-responders). The
best responder (SAHA/DMSO=2.23 in the absence of GapmeR) had the least
improvement with the GapmeR (25%), suggesting that the HMGA1 effect on
the knockdown of HIV reactivation by SAHA may be less pronounced in samples
that respond well to SAHA. The small sample size in the knockdown experiment
presents a limitation of our study, and we were not able to correlate the degree
of HMGA1 knockdown with the improvement of HIV reactivation by SAHA, or
stratify samples based on responder vs non-responder groups. A larger sample size
is being collected to perform both types of analyses.

The negative correlation observed between HMGA 1 up-regulation and HIV
reactivation by SAHA, and the improvement of HIV reactivation by SAHA after
HMGA1 knockdown in three donors suggest that HMGA1 may contribute to regu-

lation of HIV expression and reactivation in primary CD4 T cells. However, given
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the limitations encountered in this study, investigations to improve knockdown
is necessary. We plan to either optimize HMGA1 GapmeR by studying and im-
proving their cellular uptake or to use alternate knockdown methods to validate
improvement of HIV reactivation by SAHA. Moreover, we are currently increasing
the number of samples to demonstrate how HMGA1 knockdown affects the ability
of SAHA to reactivate latent HIV. Even though the trend was consistent with the
five donors, data from the two donors were inconclusive due to technical variation
of the assay.

Ultimately, if the role of HMGA1 in HIV reactivation is confirmed in the
future studies, this gene would present a potential target for improvement of HIV
reactivation, when using SAHA as a baseline treatment, which may potentially
lead to depletion of the latent reservoirs. Overall, the approach of identifying
host genes whose expression is perturbed by HDACis in a manner that may be
inhibitory to HIV reactivation may lead to finding novel candidate treatments for

HIV cure.



References

[1] Archin, N. M., Liberty, A. L., Kashuba, A. D., Choudhary, S. K., Kuruc, J.
D., Crooks, A. M., . . . Margolis, D. M. (2012). Administration of vorinostat
disrupts HIV-1 latency in patients on antiretroviral therapy. Nature,487(7408),
482-485. doi:10.1038 /naturel1286

[2] Archin, N. M., Sung, J. M., Garrido, C., Soriano-Sarabia, N., & Margolis, D.
M. (2014). Eradicating HIV-1 infection: seeking to clear a persistent pathogen.
Nature Reviews Microbiology,12(11), 750-764. doi:10.1038 /nrmicro3352

[3] Archin, N. M., Kirchherr, J. L., Sung, J. A., Clutton, G., Sholtis, K., Xu, Y., .
.. Margolis, D. M. (2017). Interval dosing with the HDAC inhibitor vorinostat
effectively reverses HIV latency. Journal of Clinical Investigation,127(8), 3126-
3135. doi:10.1172/jci92684

[4] Bantscheff, M., Hopf, C., Savitski, M. M., Dittmann, A., Grandi, P., Michon,
A., ... Drewes, G. (2011). Chemoproteomics profiling of HDAC inhibitors re-

veals selective targeting of HDAC complexes. Nature Biotechnology,29(3), 255-
265. doi:10.1038/nbt.1759

[5] Bartholomeeusen, K., Xiang, Y., Fujinaga, K., & Peterlin, B. M. (2012). Bro-
modomain and Extra-terminal (BET) Bromodomain Inhibition Activate Tran-
scription via Transient Release of Positive Transcription Elongation Factor b (P-
TEFD) from 7SK Small Nuclear Ribonucleoprotein. Journal of Biological Chem-
istry,287(43), 36609-36616. doi:10.1074/jbc.m112.410746

[6] Beliakova-Bethell, N.; Massanella, M., White, C., Lada, S. M., Du, P.,
Vaida, F., . . . Woelk, C. H. (2013). The effect of cell subset isolation
method on gene expression in leukocytes. Cytometry Part A,85(1), 94-104.
doi:10.1002/cyto.a.22352

[7] Benecke, A., Eilebrecht, S., Benecke, A., & FEilebrecht, S. (2015).
RNA-Mediated Regulation of HMGA1 Function. Biomolecules,5(2), 943-957.
d0i:10.3390/biom5020943

[8] Bica, I., Mcgovern, B., Dhar, R., Stone, D., Mcgowan, K., Scheib, R., & Sny-
dman, D. R. (2001). Increasing Mortality Due to End-Stage Liver Disease in

39



40

Patients with Human Immunodeficiency Virus Infection. Clinical Infectious Dis-
eases,32(3), 492-497. doi:10.1086,/318501

[9] Blankson, J. N., Persaud, D., & Siliciano, R. F. (2002). The Challenge of
Viral Reservoirs in HIV-1 Infection. Annual Review of Medicine,53(1), 557-593.
d0i:10.1146 /annurev.med.53.082901.104024

[10] Buzon, M. J., Sun, H., Li, C., Shaw, A., Seiss, K., Ouyang, Z., . . . Lichterfeld,
M. (2014). HIV-1 persistence in CD4 T cells with stem cell-like properties. Nature
Medicine,20(2), 139-142. doi:10.1038 /nm.3445

[11] Chomont, N., El-Far, M., Ancuta, P., Trautmann, L., Procopio, F. A.,
Yassine-Diab, B., . . . Sékaly, R. (2009). HIV reservoir size and persistence are
driven by T cell survival and homeostatic proliferation. Nature Medicine,15(8),
893-900. doi:10.1038/nm.1972

[12] Chun, T., Carruth, L., Finzi, D., Shen, X., Digiuseppe, J. A., Taylor, H., . . .
Siliciano, R. F. (1997). Quantification of latent tissue reservoirs and total body
viral load in HIV-1 infection. Nature,387(6629), 183-188. do0i:10.1038/387183a0

[13] Contreras, X., Barboric, M., Lenasi, T., & Peterlin, B. M. (2007). HMBA
Releases P-TEFD from HEXIM1 and 7SK snRNA via PI3K/Akt and Activates
HIV Transcription. PLoS Pathogens,3(10). doi:10.1371 /journal.ppat.0030146

[14] Contreras, X., Schweneker, M., Chen, C., Mccune, J. M., Deeks, S. G., Mar-
tin, J., & Peterlin, B. M. (2009). Suberoylanilide Hydroxamic Acid Reactivates
HIV from Latently Infected Cells. Journal of Biological Chemistry,284 (11), 6782~
6789. doi:10.1074/jbc.m807898200

[15] Crooke, S. T., Wang, S., Vickers, T. A., Shen, W., & Liang, X. (2017). Cellular
uptake and trafficking of antisense oligonucleotides. Nature Biotechnology,35(3),
230-237. doi:10.1038 /nbt.3779

[16] Darcis, G., Driessche, B. V., & Lint, C. V. (2017). HIV La-
tency: Should We Shock or Lock? Trends in Immunology,38(3), 217-228.
d0i:10.1016/j.it.2016.12.003

[17] Davey, R. T., Bhat, N., Yoder, C., Chun, T.-W., Metcalf, J. A., Dewar, R.,
... Lane, H. C. (1999). HIV-1 and T cell dynamics after interruption of highly
active antiretroviral therapy (HAART) in patients with a history of sustained
viral suppression. Proceedings of the National Academy of Sciences of the United

States of America,96(26), 15109-15114.

[18] Donahue, D. A., & Wainberg, M. A. (2013). Cellular and molecular mech-
anisms involved in the establishment of HIV-1 latency. Retrovirology,10(1), 11.
do0i:10.1186/1742-4690-10-11



41

[19] Duh, E. J., Maury, W. J., Folks, T. M., Fauci, A. S., & Rabson, A. B. (1989).
Tumor necrosis factor alpha activates human immunodeficiency virus type 1
through induction of nuclear factor binding to the NF-kappa B sites in the long

terminal repeat. Proceedings of the National Academy of Sciences of the United
States of America,86(15), 5974-5978.

[20] Eilebrecht, S., Wilhelm, E., Benecke, B., Bell, B., & Benecke, A. G. (2013).
HMGAT directly interacts with TAR to modulate basal and Tat-dependent HIV
transcription. RNA Biology,10(3), 436-444. doi:10.4161/rna.23686

[21] Eilebrecht, S., Douce, V. L., Riclet, R., Targat, B., Hallay, H., Driessche, B.
V.,...Benecke, A. G. (2014). HMGA1 recruits CTIP2-repressed P-TEFbD to the
HIV-1 and cellular target promoters. Nucleic Acids Research,42(8), 4962-4971.
doi:10.1093 /nar/gkul68

[22] Elliott, J. H., Wightman, F., Solomon, A., Ghneim, K., Ahlers, J., Cameron,
M. J., . .. Lewin, S. R. (2014). Activation of HIV Transcription with Short-
Course Vorinostat in HIV-Infected Patients on Suppressive Antiretroviral Ther-
apy.PLoS Pathogens,10(11). doi:10.1371/journal.ppat.1004473

(23] Fazil, M. H., Ong, S. T., Chalasani, M. L., Low, J. H., Kizhakeyil, A., Mamidi,
A., ... Verma, N. K. (2016). GapmeR cellular internalization by macropinocyto-
sis induces sequence-specific gene silencing in human primary T-cells.Scientific
Reports,6(1). doi:10.1038 /srep37721

[24] Fletcher, C. V., Staskus, K., Wietgrefe, S. W., Rothenberger, M., Reilly,
C., Chipman, J. G., . . . Schacker, T. W. (2014). Persistent HIV-1 replica-
tion is associated with lower antiretroviral drug concentrations in lymphatic
tissues. Proceedings of the National Academy of Sciences, 111(6), 2307-2312.
do0i:10.1073 /pnas.1318249111

[25] Freeley, M., & Long, A. (2013). The two hit hypothesis: An improved method
for siRNA-mediated gene silencing in stimulated primary human T cells. Journal
of Immunological Methods,396(1-2), 116-127. do0i:10.1016/j.jim.2013.08.005

[26] French, S. W., Schmidt, M. C., & Glorioso, J. C. (1996). Involvement of
a high-mobility-group protein in the transcriptional activity of herpes simplex
virus latency-active promoter 2.Molecular and Cellular Biology,16(10), 5393-
5399. doi:10.1128 /mcb.16.10.5393

[27] Global AIDS update. (2016). Retrieved from
http://www.unaids.org/sites/default /files/media-asset /global-AIDS-update-
2016-en.pdf



42

(28] He, G., & Margolis, D. M. (2002). Counterregulation of Chromatin Deacety-
lation and Histone Deacetylase Occupancy at the Integrated Promoter of Hu-
man Immunodeficiency Virus Type 1 (HIV-1) by the HIV-1 Repressor YY1
and HIV-1 Activator Tat.Molecular and Cellular Biology,22(9), 2965-2973.
http://doi.org/10.1128 /MCB.22.9.2965-2973.2002

[29] Henderson, A., Bunce, M., Siddon, N., Reeves, R., & Tremethick, D. J. (2000).
High-Mobility-Group Protein I Can Modulate Binding of Transcription Factors
to the U5 Region of the Human Immunodeficiency Virus Type 1 Proviral Pro-
moter. Journal of Virology,74(22), 10523-10534.

[30] Juliano, R., Ming, X., Carver, K., & Laing, B. (2014). Cellu-
lar Uptake and Intracellular Trafficking of Oligonucleotides: Implications
for Oligonucleotide Pharmacology. Nucleic Acid Therapeutics,24(2), 101-113.
do0i:10.1089 /nat.2013.0463

[31] Keedy, K. S., Archin, N. M., Gates, A. T., Espeseth, A., Hazuda, D. J.,
& Margolis, D. M. (2009). A Limited Group of Class I Histone Deacetylases

Acts To Repress Human Immunodeficiency Virus Type 1 Expression. Journal of
Virology,83(10), 4749-4756. doi:10.1128 /jvi.02585-08

[32] Kumar, A., Darcis, G., Lint, C. V., & Herbein, G. (2015). Epigenetic control
of HIV-1 post integration latency: implications for therapy.Clinical Epigenet-
ics,7(1). doi:10.1186/s13148-015-0137-6

[33] Leger, H., Sock, E., Renner, K., Grummt, F., & Wegner, M. (1995). Functional
interaction between the POU domain protein Tst-1/Oct-6 and the high-mobility-
group protein HMG-1/Y. Molecular and Cellular Biology,15(7), 3738-3747.

[34] Mann, B. S., Johnson, J. R., Cohen, M. H., Justice, R., & Paz-
dur, R. (2007). FDA Approval Summary: Vorinostat for Treatment of Ad-
vanced Primary Cutaneous T-Cell Lymphoma.The Oncologist,12(10), 1247-
1252. doi:10.1634 /theoncologist.12-10-1247

[35] Margolis, D. M., & Hazuda, D. J. (2013). Combined approaches
for HIV  cure.Current Opinion in HIV —and AIDS,8(3), 230-235.
d0i:10.1097 /coh.0b013e32835ef089

[36] Mazaika, E.,  Homsy, J. (2014). Digital Droplet PCR: CNV Anal-
ysis and Other Applications.Current Protocols in Human Genetics /
Editorial Board, Jonathan L. Haines ... [et AlL],82, 7.24.1-7.24.13.
http://doi.org/10.1002/0471142905.hg0724s82

[37] Miller, M. D., Farnet, C. M., & Bushman, F. D. (1997). Human immun-
odeficiency virus type 1 preintegration complexes: studies of organization and
composition. Journal of Virology,71(7), 5382-5390.



43

[38] Mehla, R., Bivalkar-Mehla, S., Zhang, R., Handy, I., Albrecht, H., Giri, S., .
.. Chauhan, A. (2010). Bryostatin Modulates Latent HIV-1 Infection via PKC
and AMPK Signaling but Inhibits Acute Infection in a Receptor Independent
Manner. PLoS ONE,5(6). doi:10.1371/journal.pone.0011160

[39] Oberdoerffer, P., Kanellopoulou, C., Heissmeyer, V., Paeper, C., Borowski,
C., Aifantis, I., . . . Rajewsky, K. (2005). Efficiency of RNA Inter-
ference in the Mouse Hematopoietic System Varies between Cell Types
and Developmental Stages. Molecular and Cellular Biology,25(10), 3896-3905.
d0i:10.1128 /mcb.25.10.3896-3905.2005

[40] Schaefer, B. C., Paulson, E., Strominger, J. L., & Speck, S. H. (1997). Consti-
tutive activation of Epstein-Barr virus (EBV) nuclear antigen 1 gene transcrip-
tion by IRF1 and IRF2 during restricted EBV latency.Varies between Cell Types
and Developmental Stages. Molecular and Cellular Biology,17(2), 873-886.

[41] Shah, S. N., Cope, L., Poh, W., Belton, A., Roy, S., Talbot, C.
C., . . . Resar, L. M. (2013). HMGA1l: A Master Regulator of Tu-
mor Progression in Triple-Negative Breast Cancer Cells.PLoS ONE,8(5).
doi:10.1371/journal.pone.0063419

[42] Shahbaz, S., Manicardi, M., Guaraldi, G., & Raggi, P. (2015). Car-
diovascular disease in human immunodeficiency virus infected patients:
A true or perceived risk? World Journal of Cardiology,7(10), 633-644.
http://doi.org/10.4330/wjc.v7.i10.633

[43] Strain, M., Little, S., Daar, E., Havlir, D., Giinthard, H., Lam, R., . . .
Wong, J. (2005). Effect of Treatment, during Primary Infection, on Establish-

ment and Clearance of Cellular Reservoirs of HIV-1.The Journal of Infectious
Diseases, 191(9), 1410-1418. doi:10.1086 /428777

[44] Xing, S., & Siliciano, R. F. (2013). Targeting HIV latency: pharmaco-
logic strategies toward eradication.Drug Discovery Today,18(11-12), 541-551.
d0i:10.1016 /j.drudis.2012.12.008

[45] Van Lint, C., Emiliani, S., Ott, M., & Verdin, E. (1996). Transcriptional acti-
vation and chromatin remodeling of the HIV-1 promoter in response to histone
acetylation. The EMBO Journal,15(5), 1112-1120.

[46] Van Lint, C. V., Bouchat, S., & Marcello, A. (2013). HIV-1 transcription and
latency: an update. Retrovirology,10(1), 67. doi:10.1186/1742-4690-10-67

[47) Wagner, F. F., Wewer, M., Lewis, M. C., Holson, E. B. (2013). Small Molecule
Inhibitors of Zinc-dependent Histone Deacetylases. Neurotherapeutics,10(4),
589-604. http://doi.org/10.1007/s13311-013-0226-1



44

[48] White, C. H., Johnston, H. E., Moesker, B., Manousopoulou, A., Margolis, D.
M., Richman, D. D., . . .Beliakova-Bethell, N. (2015). Mixed effects of suberoy-
lanilide hydroxamic acid (SAHA) on the host transcriptome and proteome and
their implications for HIV reactivation from latency. Antiviral Research,123, 78-
85. doi:10.1016/j.antiviral.2015.09.002

[49] Whitney, J. B., Hill, A. L., Sanisetty, S., Penaloza-Macmaster, P., Liu, J.,
Shetty, M., . . . Barouch, D. H. (2014). Rapid seeding of the viral reservoir prior
to SIV viraemia in rhesus monkeys. Nature. doi:10.1038 /nature13594

[50] Williams, S. A., Chen, L., Kwon, H., Ruiz-Jarabo, C. M., Verdin, E., &
Greene, W. C. (2005). NF-B p50 promotes HIV latency through HDAC re-
cruitment and repression of transcriptional initiation. The EMBO Journal,25(1),
139-149. doi:10.1038/sj.emboj.7600900

[51] Yin, J., Ma, Z., Selliah, N., Shivers, D. K., Cron, R. Q., & Finkel, T.
H. (2006). Effective gene suppression using small interfering RNA in hard-
to-transfect human T cells.Journal of Immunological Methods,312(1-2), 1-11.
d0i:10.1016/j.im.2006.01.023

[52] Yu, J., Pandey, S. K., Khatri, H., Prakash, T. P., Swayze, E. E., & Seth, P. P.
(2014). Synthesis and Antisense Properties of 2-O-(2S-Methoxypropyl)-RNA-
Modified Gapmer Antisense Oligonucleotides. ChemMedChem,9(9), 2040-2044.
d0i:10.1002/cmdc.201402099





