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Abstract

A CRISPR Screen of HIV Dependency Factors to Identify Host Proteins Necessary for
Activation of Latent HIV Proviruses

Terry Hafer

Chair of the Supervisory Committee:
Michael Emerman
Department of Microbiology and Department of Global Health

The human immunodeficiency virus (HIV) integrates into host DNA and therefore
persists as a long-lived pathogen in people living with HIV (PLHIV). One of the greatest
challenges to achieving a cure for human immunodeficiency virus (HIV) is the presence of
latently infected long-lived immune cells that endure throughout the course of antiretroviral
treatment. If antiretroviral therapy is stopped, these immune cells will sporadically produce
virions which contribute to viral rebound and progressive infection. There are several approaches
to targeting the latently infected cell population. One approach, called “shock and kill”, relies on
small molecule drugs called latency reversal agents (LRAs) that stimulate transcription of HIV
proviral genes which could lead to the infected cells being targeted by the immune system for
elimination. The second approach, which is predominantly the focus of this thesis, is called
“block and lock” which seeks to permanently silence the viral reservoir to prevent viral

reactivation from the latent cell population. In this thesis, I performed a CRISPR screen in



latently infected Jurkat T cell lymphocytes to identify host factors required for latency
reactivation using a gene set of putative HIV dependency factors previously described. The goal
was to broadly screen for these factors in Jurkat T cells but ultimately validate these hits in
primary CD4+ T cells. I identified several factors that are novel for reactivation from latency
including ALYREF, UBE2M, TBL1XR1 and AMBRAL. The top hit, Cyclin T1 (CCNT1) is a
member of the P-TEFb complex with cyclin-dependent kinase 9 (CDK9) known to required for
HIV transcription elongation but also for host gene transcriptional elongation. I found that
CCNT1 knockout prevents reactivation using LRAs that target a broad spectrum of pathways,
and that CCNT1 knockout in primary CD4+ T cells dramatically prevents latency reactivation
without affecting T cell receptor activation. RNA sequencing of CCNT1 knockout cells revealed
minimal effects on host gene transcription but dramatic effects on HIV transcription. I
hypothesize that CCNT1 knockout is compensated by its paralogs CCNT2 or CCNK for host cell
function, and thus CCNT1 may be a promising target in a block and lock model of HIV cure.

Moreover, I hypothesize that HIV dependency factors also play a key role in latency reactivation.
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Chapter 1. Introduction

The role of HIV as a global issue cannot be understated; at the end of 2022, the
UNAIDS/WHO estimated that there were 39 million people living with HIV globally, and that
630,000 people died from HIV-related causes [7]. The advent of antiretroviral therapy (ART) has
dramatically increased the outcome of people living with HIV (PLHIV), but is limited by access
and a need to promptly and consistently administer treatment throughout an individual’s lifetime.
Thus, treatment is difficult for those living in more remote locations and for whom it is a
challenge to regularly obtain and/or afford treatment, including those with substance use
disorders.

A major challenge for finding a cure for HIV is the existence of a latent reservoir. HIV
integrates its genome into cells and while ART suppresses active virus replication, a pool of cells
which have integrated provirus but are not actively transcribing viral genes or producing virions
make up the “latent reservoir.” The latent reservoir reactivates — i.e. begins to express viral genes
and produce virions upon cessation of antiretroviral therapy. Thus, it is key to understand the
mechanisms of HIV latency; how it is established, the factors that maintain latency, and factors

that contribute to reactivation from latency.

1.1 Dynamics of the Latent Reservoir

CD4+ T cell lymphocytes are the primary target of HIV-1 infection and it is thought that
subsets of these cells largely contribute to the expansion of the latent reservoir. The ability to
prevent the latent reservoir from forming seems unlikely as the latent reservoir forms regardless
of early intervention of ART therapy [8]. There are several mechanisms that are postulated to be

involved in establishment and expansion of the latent reservoir. When CD4+ T cells are infected,



a portion of the cells are activated, and a portion of those cells are cleared by the immune system.
A subpopulation of those cells will become memory T cells and harbor latent provirus until a
stimulus provokes transcription of proviral genes or the cell dies [1, 9, 10].

CD4+ T cells are a component of the adaptive immune system that play a key role in the
recognition of foreign antigen by their T-cell receptors, upon which T cells undergo expansion
(rapid proliferation) and secrete cytokines which further mount an immune response. T cells that
have not yet found cognate antigen are located in the thymus and known as naive T cells. T cells
are stem-like and differentiate over time, with proliferation and self-renewal decreasing as
differentiation occurs. The differentiation of memory T cells (Tm) occurs in the following order:
naive T cells (Tn), stem cell-like memory T cells (Tscwm), central memory T cells (Tcm), and
effector memory T cells (Tem) (depicted in Figure 1.1). The latent HIV reservoir largely resides
in Tcm and Tewm cells — and thus exists in multiple states of T cell proliferation potential. On
encountering antigen that the T cell receptors recognize, naive T cells differentiate into Tscm and
subsequently into Tcum. Both of these T cell subtypes maintain self-renewal properties. What is
key about these subtypes, especially in the context of HIV-1 infection, is their ability to
recognize antigen and activate on response thereby dividing and expanding the pool of cells to
respond to foreign antigen on recurrent infection [5].

Antigen-driven proliferation of T cells is one of the major processes that contributes to
clonal expansion of the latent reservoir [5]. When the T cell receptor of an HIV-1 infected
memory T cell sees its cognate antigen, the T cell will undergo rapid proliferation and expansion.
As the T cells proliferate, cells harboring latent provirus also expand and replicate the integrated
genome, thus enlarging the latent reservoir. It is important to note that this can occur without

actively producing virus [11]. It has been shown that some T cells from PLHIV who underwent
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Figure 1.1: The T cell lymphocyte subtypes are depicted above in the chronological order of their
differentiation; naive T cells (Tn), stem cell-like memory T cells (Tscm), central memory T cells (Tcwm),
and effector memory T cells (Tgm). Each T cell subtype expresses a unique set of cell surface markers.
The Tscm and Tewm subtypes exhibit self-renewal potential. As stem cells differentiate from subtype to
subtype (as indicated by arrows), they lose their stemness and self-renewal potential and eventually
become terminally differentiated. Reproduced with permission, Elsevier license # 5621660382224 [3].

chemotherapy are responsive to cytomegalovirus (CMV) and Epstein-Barr virus (EBV) and
those CMV and EBV-responding T cells harbor HIV-1 at a higher frequency than other CD4+ T
cells [12]. CMV commonly affects PLHIV and drives inflammation. Thus, CMV can be a source
of expansion of the HIV latent reservoir through antigen-driven proliferation. It also has been
shown that those who have more viral shedding of CMV and EBV tend to have higher diversity
of HIV DNA, suggesting that indeed CMV+ or EBV+ T cells actually comprise of a significant
population that contribute to the reservoir [13].

While antigen-driven proliferation is one of the major components that contributes to the
expansion of HIV-1 infected cells, homeostatic proliferation of T cells which is characteristic of
Tscm and Tewm cells also contributes to clonal expansion of HIV-1 infected cells. For example,
treatment of HIV-1 infected CD4+ T cells from PLHIV with the cytokine IL-7 led to a dramatic

increase in the number of CD4+ T cells that harbored HIV DNA [14]. Moreover, memory T cells
3



have a half-life of approximately 3.7 years [1] and thus their longevity constitutes a major
obstacle to the elimination of latently infected cells.

HIV-1 integration site can also impact proliferation of T cells. It is known that HIV-1
integrates into more actively transcribed genes [15], and therefore HIV-1 integration sites near
genes involved with cell growth may promote expansion of those latent cells [16]. Host genome
HIV-1 integration sites that have been shown to be over-represented include BACH2, MKL?2,
NFATC3 and STAT5B [5]. For example, genes that have HIV-1 integration upstream of a
proliferation gene such as BACH? can lead to increased expression of that proliferation gene, and
subsequently lead to clonal expansion. In a similar manner, integration of HIV-1 downstream of
a proto-oncogene, such as VAV, can lead to aberrant splicing and its truncated expression leads
to increased cell proliferation and expansion of that clonally integrated site [17].

Collectively, it is estimated that over 50% of cells in the latent reservoir are maintained
through clonal expansion [5]. The dynamic nature of the various mechanisms of HIV-1 latency
is depicted in Figure 1.2 [5]. While the expanded cells contain a mix of cells that harbor
replication-competent and replication incompetent virus, replication-competent virus
nevertheless can reactivate upon immune stimulation. Critically, antiretroviral therapy does not
stop the expansion of cells that harbor the latent provirus. Thus, the expansion of HIV-1 clonally

infected cells poses a major challenge towards elimination of the latent reservoir.
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Figure 1.2: A model describing the dynamics of the latent reservoir. Several factors contribute to the decrease and increase of
HIV-1 infected cells and establishment of the latent reservoir. On left, while viral cytopathic effects and immune clearance of
HIV-infected cells decreased the overall pool of cells which are infected, this is counterbalanced with the clonal expansion of
latently infected cells. On right, the various mechanisms contributing to the frequency of HIV infected cells is shown. Image is
reproduced with permission under the Creative Commons CC BY license [5].

Prior to ART initiation, cells enter but do not persist in the latent reservoir, and slowly
decline over time. Decline of the reservoir in the pre-ART period may occur through several
mechanisms, including immune clearance of cells which are infected and as a result of the
natural half-life of infected cells. While studies in non-human primates have shown that the
reservoir can be established during the initial stages of lentiviral infection [18], more recent work
has shown that the latent reservoir that persists over time is actually established at the time of
ART initiation. One study examined the viral sequences that were circulating in nine women

living with HIV, before and during antiretroviral treatment. Remarkably, about 71% of the



sequences that were present post-ART initiation were also present prior to ART initation [19].
This suggests that ART largely stabilizes the latent reservoir. To that end, initiation of ART can
change the rate at which cells enter the latent reservoir [19, 20]; when ART is initiated, new HIV
infections are blocked through the action of administered integrase inhibitors and nucleoside
reverse transcriptase inhibitors [21]. Changes in the latent reservoir are thought to occur in part
by changes in cell signaling which lead integrated provirus into deeper latency, the gradual
increase of epigenetic marks over time, and viral suppression increasing the half-life of CD4+ T
cells, including HIV+ T cells [1, 19, 22].

There are several implications of these observations. First, ART therapy when
administered may contribute to a more homogenous latent reservoir, and it may be easier to
target and eliminate a reservoir that is less diverse and comes from a limited number of clones.
Second, the latent reservoir likely differs for those who have administered ART early after
infection versus later in infection, and thus targeting latent cell populations may be different for
these two groups. Thus, the amount of time that lapses between infection and ART treatment
poses a major challenge for eliminating the latent reservoir and achieving a functional cure for
HIV, especially for those whom it is harder to obtain and maintain consistent administration of

ART.

1.2 The Tissues of the Latent Reservoir

Although HIV latency is most conveniently measured in CD4+ T-cells in the peripheral
blood, these are a minority of the infected cells in the body. In fact, HIV-1 infects and resides in
a wide range of tissues and poses a major challenge for the functional cure of HIV. During initial

stages of infection, one of the major targets of HIV-1 is the gut-associated lymphoid tissue, also



sometimes referred to as GALT. The lymphoid tissue of the gut lines the intestinal epithelium
and provides a barrier that protects the human body from bacterial invasion from the microbiota
of the intestinal tract. When these cells are infected and die, bacteria from the intestine can
penetrate the epithelium. Elevated lipopolysaccharides (LPS) of these bacteria in the blood leads
to systemic immune activation [23-25]. The GALT is a major component of the latent reservoir
and that this tissue is replication-competent reservoir poses a unique challenge for eradication of
the latent reservoir.

HIV-1 is not limited to infecting only CD4+ T cells, but also infects cells of the myeloid
lineage and may maintain a reservoir of latent infection in macrophages. That is, HIV-1 typically
exhibits tropism for cells which express CCRS5 or CXCR4 receptors (RS T-cell tropic and X4 T-
cell tropic, respectively) and have high CD4 receptor expression, but is also able to adapt to
infect low CD4 expressing T-cells (M-tropism). M-tropic viruses also can target macrophages
[26]. The ubiquitous presence of macrophages throughout the body poses an additional challenge
for elimination of the latent reservoir, especially in compartments which are notably harder to
access such as the central nervous system. Recently, it has been shown that microglia — resident
macrophages of the central nervous system — harbor replication-competent HIV; when microglial
cells were isolated from an individual with HIV, virus from these cells was able to infect other
microglial cells and peripheral blood mononuclear cells (PBMCs) [27]. HIV-1 nucleic acid has
been detected in other tissues aside from the peripheral blood — including in the brain and
cerebrospinal fluid (CSF), lymphatic tissue, and other non-lymphoid tissues including the liver,
kidney, adipose tissue and reproductive tract even in those who are on antiretroviral therapy
(Figure 1.3) [1]. However, the presence of HIV-1 DNA in a tissue is not necessarily indicative of

replication-competent virus, as there are many barriers to viral production. Most of the latent
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Figure 1.3: Tissues and organs of the latent reservoir. The various tissues in the human body where it is known
that HIV establishes replication competent reservoirs is shown in red text, whereas the tissues where HIV nucleic
acid has been detected but virus has not been recovered is shown in black text. Reproduced with permission
(Elsevier license 5621650622248) [1].

reservoir consists of defective HIV-1 proviral DNA sequences which result in part from the host
protein APOBEC3G which induces G-to-A hypermutation in the viral genome [1, 28, 29]. It is
important to note that the lack of detection of a replication-reservoir in a particular tissue does
not rule out the possibility that a replication reservoir does not exist in these tissues. Moreover,
detection of HIV-1 nucleic acid in various tissues poses a challenge in cure approaches that rely

on elimination of the reservoir latent reservoir, in that drug therapies need to be able to access



and target a variety of cell types and tissues. The diversity of the latent reservoir and the tissues it

resides in therefore poses a major barrier to a cure for HIV.

1.3 HIV-1 viral replication and transcriptional mechanisms

While a description of the entire HIV lifecycle is outside the scope of this thesis
introduction, two important aspects of HIV replication, integration into the host cell genome, and
transcriptional regulation of the HIV LTRs are critical elements of latency establishment,
maintenance, and release. Shortly after viral entry, the HIV RNA genome is transported via the
capsid through the cytoplasm and nuclear envelope, where capsid uncoating and viral replication
occurs. HIV is a positive-sense RNA genome that undergoes reverse transcription to generate
cDNA. It subsequently undergoes integration into the DNA of host cells, by way of a viral
enzyme known as Integrase. Integrase itself does not have preference for any particular DNA
content, but rather is driven to integration site preferences by virtue of binding a host protein
called LEDGF/p75. LEDGF has a binding domain for integrase as well as a chromatin-binding
domain which thereby links integrase to DNA through LEDGF. HIV DNA integration into host
cells by LEDGEF largely favors transcriptionally active regions, and thus integration favors a
chromatin state that is conducive to transcription of HIV viral genes for initial rounds of
replication [15, 30, 31]. Additional host factors, including CPSF6 which bind to the capsid
protein, are also critical for the integration of HIV into active gene regions. It has been shown for
example that when Capsid and CPSF6 interactions are abolished, HIV integrates into
transcriptionally silenced regions at the nuclear lamina as opposed to more active gene-dense
regions in the nuclear interior [32]. Thus, CPSF6 facilitates and directs the pre-integration

complex away from the nuclear periphery to allow for active gene expression [32]. CPSF6 and



LEDGF together are two examples of host factors that HIV hijacks in order to facilitate
successful integration and expression of viral genes to enable viral fitness.

After integration, transcriptional mechanisms of HIV-1 play a key role in the formation of
the latent reservoir as well as the maintenance of the reservoir over a sustained period of time,
even in the presence of ART. HIV-1 transcription relies on several components of viral
machinery but also uses host machinery in order to allow for promote transcription of host genes.
The 5’ Long-Terminal Repeat (LTR) of the integrated HIV provirus serves as the region for
recruitment of viral and host factors that enable transcription to occur. There are host
transcription factor binding sites present in the 5’ LTR, including those for NF-xB, Sp1, NFAT,
IRF, C/EBP, AP-1, and several others [33, 34]. Some of these TFs seem to be essential for
activation of HIV-1 transcription, including NF-kB and Sp1 [35], whereas others are not essential
but do have an effect on levels of HIV-1 transcription, including LEF-1 and YY1 [34, 36, 37].
Collectively these transcription factors aid in the recruitment of RNA polymerase II to the HIV
promoter to allow for initiation of transcription.

As is the case with most host genes, transcription of HIV-1 is stalled shortly after
transcription initiation. HI'V-1 needs to overcome the stalled RNA polymerase II in order to allow
for productive elongation and transcription of viral genes. Host genes relieve paused RNA
polymerase II using a variety of factors, such as those associated with the Super Elongation
Complex (SEC). The SEC includes the positive Transcription Elongation Factor b (P-TEFb)
complex, ELL, AFF family proteins 1-4, and EAF [6]. P-TEFb is made up of a complex of
Cyclin-Dependent Kinase 9 and either Cyclin T1, Cyclin T2, or Cyclin K [38]. P-TEFb can also
be associated with BRD4 or the 7SK small nuclear ribonucleoprotein (snRNP) complex (Figure

1.4) [6]. The HEXIM1 protein and 7SK snRNP serve as modulators of P-TEFb activity; when

10
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Figure 1.4: The various complexes of P-TEFb and regulation of activity. A. RNA Pol II shown in green is
phosphorylated at Ser5 (marker of transcription initiation), but does not progress when P-TEFb is in an inactivated
complex with the 7SK RNA and HEXIM1/2. Thus, RNA Polll transcription is stalled in this example. B. The BRD4
complex can recognize acetylated histones and recruit the P-TEFb complex to RNA PollI to allow for phosphorylation
of Ser2 and productive elongation of host genes. C. The super elongation complex (SEC) o SEC-like complex respond
to acetylated histones. The SEC comprises of several different components but includes the P-TEFb complex, and thus
P-TEFb can promote Ser2 phosphorylation and allow for productive transcription elongation of host genes.
Reproduced with permission under Springer Nature License #: 5621661476525 [6].

bound to the 7SK snRNP and HEXIM1, P-TEFb is inactive [6]. Upon release of P-TEFb from
HEXIM1 and 7SK, P-TEFb is active and can phosphorylate RNA polymerase II to relieve the
stalled RNA polymerase and allow for productive transcription elongation and processivity.
Because host genes and HIV-1 proviral genes alike rely on transcription elongation
factors to relieve paused RNA polymerase I, HIV-1 has evolved a mechanism that allows it to
compete with host genes for viral fitness. Early in its transcription, HIV-1 transcribes an RNA

hairpin known as the trans-activation response (TAR) element. This hairpin serves as a binding
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site for the viral Tat protein, and together the viral Tat and TAR elements recruit the P-TEFb
complex to the 5’ LTR and relieve stalled RNA polymerase II. With elongation of HIV-1 genes,
transcription of the structural proteins and the enzymes essential for synthesis and integration of
HIV-1 into the host genome can occur. Encoded in the viral genome are the structural proteins —
collectively gag — which encode for the Matrix (MA), capsid (CA), nucleocapsid (NC), and p6
proteins. The pol gene encodes for the reverse transcriptase enzyme, integrase, and a protease
[39]. The env gene encodes for the HIV-1 envelope protein, a glycoprotein that is required for
viral entry in host cells [40]. Genomic RNA is packaged along with the structural proteins and
the envelope glycoproteins in order to infect new cells. Collectively, HIV-1 genes have evolved

to hijack host cell machinery for productive transcription of viral genes.

1.4 Molecular Mechanisms of HIV Latency Establishment and Maintenance

There are several molecular mechanisms that help to establish and maintain the HIV-1
latent reservoir, but the common theme is that each mechanism leads transcriptional silencing of
proviral genes. These can broadly be classified into three categories; epigenetic silencing
mechanisms, transcription initiation blocks, and transcription elongation blocks. HIV-1
preferentially integrates into regions of actively transcribed genes, and this is key for the
transcription of genes prior to latency establishment [15]. In the scenario that HIV-1 integrates
into a more heterochromatic region, or that integration occurs in a euchromatic region that is
later silenced, these factors can lead to reduction of viral transcripts. The latter is thought to
occur in part on initiation of ART; when ART is initiated, cells that harbor latent virus can
undergo epigenetic silencing that leads to downregulation of the HIV-1 proviral genes. The 5’

LTR has several nucleosomes which can be subjected to epigenetic histone modifications much
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Figure 1.5: Epigenetic restrictions that contribute to HIV latency. Histone deacetylases (HDACs), the Polycomb Repressive
Complex 2 (PRC2), and the H3K9 histone lysine methyltransferase (HKMT) all contribute to the epigenetic silencing of
nucleosomes that are present at the LTR Reproduced with permission under Elsevier license # 5621650622248 [1].

like those surrounding host genes, including H3K27 methylation by the histone
methyltransferase EZH2 of polycomb repressive complex 2 (PRC2), and H3K9 methylation. In
contrast, there are also acetylation marks at the nucleosomes, which are signatures of active
transcription. Host histone deacetylases (HDACs) can remove these active epigenetic marks,
thus leading to a more transcriptionally silent provirus. Moreover, it is well understood that
covalent epigenetic modifications are intact through cell division. This leaves room for the
epigenetic marks of the HIV LTR — whether repressive or active — to expand in the latent
reservoir. Collectively, epigenetic marks can contribute to the establishment and maintenance of
the latent reservoir (Figure 1.5) [1].

In addition to these epigenetic mechanisms that control HIV latency, another contributing
factor that facilitates entry into the latent reservoir is the availability of transcription factors
which are essential for binding the LTR and initiating transcription. NF-xB is predominantly
present in the cytoplasm where it is bound to inhibitors of NF-kB (IxBs). In the canonical NF-xB
signaling pathway, upstream signals — including TNFa and interleukin-1p (IL-1p) trigger the
phosphorylation and degradation of IkB, and the resulting NF-«xB can translocate to the nucleus
[41]. Thus, in the absence of inflammatory signals, NF-«B is in the cytoplasm and not active
[42]. In memory T cells, it is expected that there is relatively low NF-«B signaling, unless these

T cells are activated, in which case NF-kB signaling resumes. An additional transcription factor
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NFAT acts at the LTR, but NFAT levels have been shown to be low in resting CD4+ T cells [43,
44]. The lack of host transcription factors via blocked signaling or abundance therefore is a
major contributing factor to HIV latency.

Abundance of P-TEFb for transcription elongation is considered another major factor that
contributes to viral latency. Despite the presence of the viral Tat protein and TAR element, the
relative availability of free P-TEFb and competition between HIV-1 transcription elongation and
host transcription poses a challenge for viral fitness. This may in part be exacerbated by low
levels of the viral Tat protein. It has also been proposed that overall levels of P-TEFb in resting
CD4+ T cells is low thereby leading to blocks of transcription elongation in resting T cells [45].
Cyclin T1 (CCNT1) of the P-TEFb complex is phosphorylated at two amino acid residues —
Thr143 and Thr149 — by protein kinase C (PKC) and this promotes binding to CDK9. Without
this phosphorylation, CCNT1 is degraded by the proteasome, thus leading to less free P-TEFb
for transcription elongation of both host genes and viral genes [46]. The regulatory mechanisms

of P-TEFD in part may contribute to HIV latency in memory T cells.

1.5 Strategies and approaches to targeting the latent reservoir

The approaches to targeting the latent reservoir can be broadly classified into two
approaches — “shock and kill” (also sometimes described as “shock and suicide”) and “block and
lock.” The shock and kill approach seeks to target latently infected cells — preferably for a short
period of time — using small molecule drugs to reactivate the latent cell population. These small
molecule drugs are called latency reversal agents (LRAs). As previously described, the latent cell
population has multiple barriers that lead to the transcriptional silencing of HIV-1. These LRAs

largely seek to upregulate transcription of proviral genes, by targeting the mechanisms that
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facilitate the entry and maintenance of HIV latent cell populations — the epigenetic silencing of
provirus, as well as transcription initiation and elongation. Variations of the shock and kill
approach also rely on antigen-driven activation of latent proviruses and enhanced immune
control such as administration of long-acting broadly neutralizing antibodies [47]. However, in
this thesis, I will concentrate on LRAs as a means of activating the latent provirus.

One of the challenges of evaluating different LRAs is that their effectiveness in latency
reactivation is dependent largely on the model of latency that is being employed. A model
commonly used for HIV latency are Jurkat T cell lymphocytes with a single latent provirus in
their genome (called J-Lat cells for Jurkat Latent). The ease of manipulation and scalability of
this model provides an excellent tool for identifying host genes important for latency and have
also been useful in the context of identifying the host genes that are important throughout the
viral life cycle for establishing infection [48]. To generate J-Lat models, Jurkat cells are often
infected with a GFP reporter virus, cultured over time, and eventually a subset of these
previously GFP+ cells will naturally go into latency. The GFP- cells can be used in bulk, but also
individual clones can be isolated. The advantage of the former is that these cells represent a wide
variety of integration sites and contexts, whereas the advantage of J-Lat clones is that the
integration site can be mapped and can be used to characterize in depth the chromatin landscape
that facilitates transcriptional silencing. A common theme is that LRAs tend to be more potent in
Jurkat T cell lymphocytes than in more pertinent and relevant models, and thus J-Lat models
serve as an excellent way to screen and identify critical components that underly HIV latency but
require further validation using more relevant models.

A more relevant model of HIV latency are primary CD4+ T cells. Cells are isolated from

blood from healthy donors and then infected with an HIV reporter virus, and cultured into
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latency over a span of several weeks [49, 50]. The drawback of primary T models are that cell
quantities are often a limiting factor, the cells have a limited lifespan in culture, and primary T
cells cultured in vitro as not the same as those in vivo. Primary CD4+ T cells can also be isolated
from PLHIV — typically from aviremic individuals — and viral reactivation can be detected using
a quantitative viral outgrowth assay (QVOA) [51, 52]. However, these studies are invasive since
they require large quantities of blood and human subject approvals, and therefore would most
often be done only after validation by other approaches.

Animal models of latency have also been used for characterizing LRAs, but at the
expense of scalability, time and cost. It is known that HIV does not infect mice, due to several
barriers including differences in key host genes including CCNT1 and differences in the immune
system [53-55]. Bone marrow/liver/thymus (BLT) humanized mice have provided a good model
for characterizing LRAs as these mice respond to HIV-1 infection as well as ART therapy. BLT
mice are generated in backgrounds of immunodeficient mice, and fragments from human fetal
liver and thymus are transplanted into these mice [56]. Finally, aside from directly testing LRAs
in PLHIV, non-human primate models are excellent for characterizing the effectiveness of LRAs.
Studies performed on rhesus macaques serve as one of the best and most accepted models of
HIV and SIV infection (simian immunodeficiency virus)[57]. Primary CD4+ T cells isolated

from healthy donors and J-Lat models are the models used in this dissertation.

1.6 Latency Reversal Agents (LRAs) and Latency Promoting Agents (LPAs)
Small molecules that either activate latent proviruses (LRAs), or do the opposite and
enhance HIV latency (LPAs) have been developed. The most potent LRAs to date have dramatic

effects on cell viability or broadly affect pathways and thus are not feasible for use as LRAs in a
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clinical setting. As one example, Phorbol 12-myristate 13-acetate and ionomycin (PMAI1) are
typically used as positive controls as latency reversal agents but drastically affect cell viability of
peripheral blood mononuclear cells (PBMCs) [58]. Additionally, stimulation of the CD3/CD28
co-receptors or TNFalpha and T cell activation can serve as a mechanism to upregulate NF-KB
signaling, but these signaling mechanisms act broadly and can have dramatic effects on cells.

Thus, a major goal in the search for an HIV cure is to identify those LRAs which can be
used at low doses and have minimal effects on cells but have a long-lasting impact on HIV
replication. Most recently, AZD5582 has been shown to reactivate latency in HIV-infected
humanized mice models, and in SIV-infected rhesus macaques [59]. AZD5582 is a non-canonical
NF-KB activator that is a mimetic of a second mitochondrial-derived activator of caspase
(SMAC). Under normal conditions the cellular inhibitor of apoptosis protein (cIAP) is active and
contributes to silencing of the NF-KB pathway by degrading an NF-KB inducing kinase (NIK).
AZDS5582 inhibits the cIAP proteins and thereby promotes NF-KB signaling by enabling
downstream processing of p100 to p52 which can translocate to the nucleus and activate
transcription of target genes with RelB [59, 60]. Importantly, AZD5582 can be used at relatively
low concentrations and for the most part had minimal effects on the animals tested; in animals
that experienced side effects, these were alleviated upon stopping AZD5582 treatment [59].
AZDS5582 may be a good option to stimulate reactivation in HIV-1 infected cells which have a
block to transcription initiation that maintains their latency.

While AZD5582 is a promising candidate, the consensus in the HIV field is that targeting
the latent reservoir will likely involve targeting multiple arms of HIV latency [49, 61]. There are
many additional drugs that have been developed to target the epigenetic mechanisms and

transcriptional blocks to latency. One of the earliest LRAs — SAHA/Vorinostat — is a histone

17



deacetylase inhibitor. Acetylation marks serve as active markers of transcription on histones. In
normal cell biological conditions, the histone deacetylase enzymes remove this active chromatin
marks that are recognized by transcriptional enhancers. Thus, inhibiting these enzymes can
promote active transcription of proviral genes in contexts where latency contributions come from
silenced, heterochromatic regions. In addition to removing acetylation marks from histones,
HDAC:s can also regulate histone crotonylation [62], and crotonylation has been shown to
sensitize AZD5582-induced latency reversal [63]. SAHA/Vorinostat has shown some promising
results in people living with HIV; individuals treated with Vorinostat had an increase in cell-
associated HIV RNA, but ultimately the pool of latently infected cells did not decrease in these
people [64].

Additional latency reversal approaches have targeted the transcription elongation arm of
latency. To date, the transcription elongation arm largely involves the use of bromodomain
inhibitors, including I-BET151 and JQ1 [65, 66]. These bromodomain inhibitors target several
BRD proteins, including BRD2, BRD3 and BRD4 [67, 68]. BRD4 binds to acetylated histones
and recruits the P-TEFb complex to allow for transcription elongation of host genes. The
mechanism of action of these bromodomain inhibitors and their role in HIV reactivation is not
entirely clear. Many have argued that BRD4 is antagonistic to HIV transcription as HIV
transcription relies on the P-TEFb complex for transcription elongation in addition to host genes
and thus HIV transcription competes with BRD4 and host genes for free P-TEFb . Two isoforms
of BRD4 exist, a short and long isoform. The long isoform of BRD4 contains a P-TEFb binding
region, whereas the short isoform does not. In fact, the overexpression of the C-terminal domain
of the long isoform of BRD4 is sufficient to inhibit Tat-dependent transactivation [69]. Thus,

bromodomain inhibitors like JQ1 and I-BET151 can promote the reactivation of HIV by
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inhibiting bromodomain proteins from binding P-TEFb and thus allowing for P-TEFb to be
recruited by Tat and TAR to the LTR for transcription elongation [66]. BRD2 and BRD3 have
separate functions as well, and thus the mechanism of latency reactivation can be difficult to
decipher. Recent studies have suggested that the combined treatment of latently infected cells
with an inhibitor of apoptosis protein inhibitor (IAPi) such as AZD5582, and with a pan-
bromodomain inhibitor drug [-BET151 showed latency reversal. Bromodomain inhibitors
specific for BRD1 or BRD2 also have transcription elongation of proviral genes and latency
reversal, but transcription is more pronounced with the pan-BETi. Therefore, there is likely some
degree of HIV latency reactivation from the BRD3 and BRD4 proteins which are also targeted
by the pan-BETi drugs I-BET151 and JQ1 [61].

The combined use of LRAs targeting multiple mechanisms of latency is increasingly
becoming an approach to target the latent reservoir in in vitro studies. One such example is the
combination of AZD5582 and I-BET151, which together have been used to lead to improved
reactivation over either LRA alone. Moreover, the use of these two LRASs can also lead to
“synergistic” reactivation from latency, in that the use of two LRAs leads to more viral
production than either LRA used alone [61]. Synergistic combinations of drugs are advantageous
as they can be used at lower doses to achieve a desired affect and thereby reduce the toxicity and
side effects which often happens at higher dosages. The challenge with AZD5582 and I-BET151
is that while there is synergistic latency reversal in latently infected Jurkat T cell models, this
synergistic drug combination does not lead to reversal CD4+ T cells isolated from aviremic
donors. Ultimately, it was found that there remain additional blocks to transcription elongation as
there are reduced transcripts of full length proviral sequences relative to more potent (but toxic)

LRA combinations [61].
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In a parallel manner as LRAs function in a “shock and kill” approach, latency promoting
agents (LPAs) function in a “block and lock™ approach. A block and lock approach may be key
for targeting the persistent reservoir in those cells which cannot be eradicated by the shock and
kill approach. LPAs seek to lock the HIV promoter into a permanently silenced state by targeting
factors required for HIV replication in order to prevent viral reactivation from latency. Some of
these LPAs are targeted at the viral Tat-TAR interaction and thus prevent transcription of the
provirus. For instance, didehydro-Cortistatin A (dCA) inhibits Tat/TAR interaction and therefore
“promotes” latency by inhibiting Tat transactivation [70]. Other approaches have relied on
siRNA in order to target the LTR and prevent transcription of proviral genes which can lead to
epigenetic silencing on recruitment of histone modifying complexes to the LTR region [71, 72].
The only potentially successful block-and-lock drug to date is ruxolitinib, a JAK/STAT inhibitor
which has made it to a clinical Phase 2a study [73].

Collectively, both shock and kill and block and lock therapeutic approaches will likely
involve manipulation of multiple arms of HIV latency for a desired outcome. Either approach
alone may not be sufficient for elimination or silencing of the reservoir. The shock and kill
approach relies on reactivating integrated provirus from a large range of tissue contexts and
integration sites, and therefore the block and lock approach may be essential for permanently
silencing viral replication in those cells which are not eliminated by shock and kill. Thus, block

and lock drugs need to be further explored in a therapeutic context.

1.7 An HIV Dependency Factor Screen
HIV dependency factors are host factors that HIV requires for its viral replication cycle.

At each stage of the viral replication cycle, there is at least one host factor that facilitates HIV
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viral replication. Briefly, as examples; CD4 and CXCR4 receptors are host proteins that facilitate
the binding and entry of HIV viral particles into cells. Integration into actively transcribing gene
regions away from the nuclear lamina requires the host genes LEDGF/p75 and CPSF6. The
transcription of HIV relies extensively on host genes, including the transcription factor NF-KB
and the P-TEFb complex, comprising of CCNT1 and CDKO9. These dependency factors may
serve as excellent targets for silencing the latent reservoir, especially if their inhibition has
greater effects on HIV replication than on host cell function. Previous work in our lab has
examined the role of dependency factors in HIV replication by performing a CRISPR screen.
This CRISPR screen was able to identify novel host dependency factors across multiple strains
of HIV [48]. In this CRISPR screen, a library called the HIV-Dependency factor gene library
(HIV-Dep) was developed by selecting for the top hits from a genome-wide screen, along with
genes that were top hits from another screen using the Human Epigenome Library (HuEpi) [49].
The HIV-Dep library consists of 525 genes, with 8 guides targeting each gene and 210 non-
targeting controls. Altogether, this HIV-Dep library contains 4401 guide RNAs. The basis of the
screen was to generate CRISPR knockout pools using the HIV-Dep gene library in Jurkat T cells,
and subsequently infecting these knockout cells with different strains of HIV. The screen was
able to robustly identify host genes that were required for HIV replication regardless of the strain
of HIV used, but also was sensitive enough to differentiate tropism of different viruses. For
example, the LAI strain of HIV requires CXCR4 and CD4 receptors for binding and entry of
viral particles, but not CCRS5; this was reflected in the CRISPR screen results. Beyond the host
cell receptors, the screen was able to identify gene hits across a wide variety of pathways,
including transcription, rRNA processing, chromatin remodeling, protein modification and

translation. When a subset of gene hits across these different pathways were selected for
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validation, over 90% of the selected hits were validated to be required for HIV replication.
Moreover, several of these gene hits were novel and not previously described to be involved as
dependency factors [48].

When I started my project, I saw the potential for the HIV-Dependency factor gene set to
inform several aspects of HIV latency. First, HIV transcription is one of the major facets that
contributes to latency, and thus I hypothesized that there would provide key information on
potential novel transcription factors required for reactivation from latency. Several
transcriptional genes that one would anticipate as important for latency reactivation were in the
library, including NFKB1 and Sp1 [48]. Second, I saw the potential to understand the pathways
that are critical for HIV replication but not for HIV latency or are unique as latency factors. This
characterization has heretofore not been examined in depth and may help to identify factors that
are important specifically for latency reactivation. Moreover, there are likely factors required
both as dependency factors and as latency factors, and thus may help to identify novel gene
targets for preventing latency reactivation. Finally, these dependency factors comprise of factors
across a wide variety of pathways, and thus while it is anticipated that transcription-associated
factors are critical for reactivation from latency, I saw the potential to identify other factors,

including protein modifying enzymes, factors involved in translation, and rRNA processing.

1.8 Thesis Rationale

The underlying hypothesis of this thesis work was that a subset of HIV Dependency
Factors would also be critical in HIV latency reversal. Thus, the goal of this thesis work was to
identify dependency factors using the HIV Dependency CRISPR library to identify factors that

may be used in a block and lock model of HIV latency. We were able to identify several putative
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host dependency factors that are required for reactivation from latency. Moreover, we identified a
gene — CCNT1 — that is a well-established regulator of transcription elongation of both host and
viral genes, that is required for reactivation from latency. Contrary to expectations based on the
described functions of CCNT1 in transcription elongation in normal cell biology, I found that
knockout of CCNT1 did not affect the growth and proliferation of Jurkat T cells. This led me to
investigate the role that CCNTI may have in host gene regulation. I found that knockout of
CCNT1 whether in Jurkat T cells or in CD4+ T cell lymphocytes had very little effect on host
cell function; the number of genes and magnitude of their differential expression in CCNT1
knockouts versus wild-type was minimal. Moreover, I found that CCNT1 regulates HIV-1 genes
to a greater magnitude than any other host gene, suggesting that P-TEFb for host transcription
elongation may rely on a paralog of CCNT1 for function. Thus, because HIV-1 but not host T
cells rely on CCNT1, this protein may be a good target for specifically silencing HIV-1

proviruses without affecting host T cell biology.
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Chapter 2: A CRISPR Screen of HIV Dependency Factors Reveals
That CCNTI Is Non-Essential in T Cells but Required for HIV-1 Reactivation

from Latency

2.1  Abstract

We sought to explore the hypothesis that host factors required for HIV-1 replication also
play a role in latency reversal. Using a CRISPR gene library of putative HIV dependency factors,
we performed a screen to identify genes required for latency reactivation. We identified several
HIV-1 dependency factors that play a key role in HIV-1 latency reactivation including ELL,
UBE2M, TBLIXRI, HDAC3, AMBRAI, and ALYREF. Knockout of Cyclin T1 (CCNTI), a
component of the P-TEFb complex important for transcription elongation, was the top hit in the
screen and had the largest effect on HIV latency reversal with a wide variety of latency reversal
agents. Moreover, CCNT! knockout prevents latency reactivation in a primary CD4+ T cell
model of HIV latency without affecting activation of these cells. RNA sequencing data showed
that CCNT]1 regulates HIV-1 proviral genes to a larger extent than any other host gene and had
no significant effects on RNA transcripts in primary T cells after activation. We conclude that

CCNT1 function is non-essential in T cells but is absolutely required for HIV latency reversal.

2.2 Introduction

The existence of an activatable latent reservoir is a key barrier to virus elimination in
people living with HIV as cells which harbor an integrated latent proviral genome persist in the
presence of antiretroviral treatment. The multifaceted nature of HIV latency suggests a

combination of methods and approaches will need to be used to effectively reduce this reservoir.
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Factors that ultimately block HIV-1 transcription including host epigenetic silencing
mechanisms, blocks to transcription initiation and transcription elongation all contribute to a
silent, or nearly silent, HIV reservoir.

The “shock and kill” approach to reservoir reduction involves using latency reversal
agents (LRAs) to promote viral transcription and viral reactivation in the latent reservoir and
then eliminating those reactivated cells using immunological approaches or methods that rely on
recognition of newly synthesized viral proteins [1, 74, 75]. The shock and kill approach is
attractive in that it seeks to eliminate the latent reservoir by killing cells harboring
transcriptionally-competent proviral sequences. However, these LRAs must target a broad range
of proviruses with highly-variable epigenetic and gene expression contexts in different cells and
tissues [76, 77]. Another strategy, called “block and lock™, involves targeting factors that are
required for HIV replication in order to prevent viral reactivation [78, 79]. Such approaches rely
on molecules called Latency Promoting Agents (LPAs) that seek to lock the HIV promoter into a
permanently silenced state. For instance, didehydro-Cortistatin A (dCA) inhibits Tat/TAR
interaction and therefore enforces latency by inhibiting Tat transactivation [70]. Other
approaches have used siRNAs to target the LTR and prevent transcription of proviral genes
which can lead to epigenetic silencing on recruitment of histone modifying complexes to the
LTR region [71, 72]. Thus far, only one block-and-lock drug, ruxolitinib — a JAK/STAT inhibitor,
has made it to a clinical Phase 2a study [73]. Both “shock and kill” and “block and lock”
therapeutic approaches will likely involve manipulation of multiple arms of HIV latency for a
desired outcome, and therefore a more comprehensive understanding of these mechanisms is an
important consideration for approaches to eliminate the latent reservoir and achieve a functional

HIV cure.
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We previously performed a CRISPR screen using a novel system called Latency HIV-
CRISPR to identify host genes involved in epigenetic control that maintain latency [49]. In this
screen, knockout of genes promotes reactivation from latency, suggesting that these host genes
normally function to repress HIV-1 transcriptional activation. In the present study, we modified
this system to identify host genes that are required for HIV-1 to reactivate from latency, i.e. are
necessary for HIV-1 to come out latency. We hypothesized that a subset of host genes that HIV
requires for replication, called HIV dependency factors, would also be required for reactivation
from latency. Our goal was to identify proteins whose function is more important for HIV-1
reactivation than for normal T cell biology.

Transcription of HIV-1 is dependent on several host mechanisms, with the P-TEFb
complex being a key component that interacts with a viral protein, Tat, and a viral RNA element,
TAR, to allow for transcription elongation. Both HIV-1 and host genes use CCNT1 and CDK?9 in
the P-TEFb complex in order to enable transcription elongation [80]. CCNT1 has a paralog —
CCNT?2 — which also forms the P-TEFb complex [81] and in vitro studies have shown that
another host protein CCNK, can also interact with CDK9 to form the P-TEFb complex [38].
However, while HIV-1 Tat viral protein binding sites are conserved in CCNT1 and CCNT2 only
the CCNT1-Tat complex can bind with the viral TAR RNA in order to recruit P-TEFb to the LTR
[82].

Here, we performed a CRISPR-Cas9 screen using the Latency HIV-CRISPR technique
[49] for factors necessary for HIV-1 to be released from latency in the presence of a combination
of LRAs. We used a custom CRISPR guide library, called the HIV dependency factor gene
library (HIV-Dep), that had been previously used to identify novel host dependency factors

across multiple HIV strains[48]. We identified and validated factors important in latency
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reactivation including ELLI, TBLIXRI1, UBE2M, HDAC3, AMBRA 1, and ALYREF. Cyclin T1
(CCNT1I), which forms the P-TEFbD transcriptional elongation complex with Cyclin-dependent
Kinase 9 (CDKY9) was the top gene hit in two J-Lat models in our screen. We found that Cyclin
T1 is essential for reactivation from latency in J-Lat cells as well as in a primary T cell model of
HIV latency using a broad range of LRAs. CCNT1 knockout had no effect on cell proliferation in
the J-Lat model, and did not affect activation through the T cell receptor in primary CD4+ T
cells. Moreover, we performed bulk RNA sequencing on CCNT1 knockouts and found HIV-1
genes were the most depleted relative to wild-type CCNT over any host gene in J-Lat cells,
whether or not they were treated with an LRA. RNA sequencing in uninfected primary T cells
knocked out for CCNT1 showed very few changes in host cell transcript expression. Together,
our findings show that some HIV-1 dependency factors are more important for HIV replication
and reactivation than for host cell biology and suggest that CCNT/ could be a promising
therapeutic target for silencing HIV-1 into deeper latency. To that end, other genes uncovered in
our screen may also be worth exploring further as factors for a block and lock mechanism for

HIV.

2.3 Methods
2.3.1 Cell Culture and Maintenance

HEK293T cells were cultured in DMEM (ThermoFisher, 11965092) along with
Penicillin/Streptomycin (Pen/Strep) and 10% Fetal Bovine Serum (FBS). J-Lat cells were
cultured in RPMI 1640 media (ThermoFisher, 11875093) supplemented with Pen/Strep, 10%
Fetal Bovine Serum (FBS), and 10 mM HEPES (ThermoFisher, 15630080). Cells were

maintained at 37°C with 5% COx. Cells were routinely tested and found to be free of
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mycoplasma contamination. Primary CD4+ T cell media used was RPMI 1640 + 1x Anti-Anti
(Gibco, 15240096), 1x GlutaMAX (ThermoFisher Scientific; 35050061), 10 mM HEPES, and

10% FBS.

2.3.2  HIV-CRISPR Library Transduction and Virus-Encapsidated CRISPR Guide Screening
The HIV-Dep library containing 525 genes (4191 sgRNAs) was previously described
[48]. For transduction of J-Lat cells, HEK293T cells were seeded in 20x6 well cell culture plates,
transfected with the HIV-DEP plasmid (667 ng), psPax2 (GagPol, 500 ng), and MD2.G (VSVG,
333 ng) per well in 200 uL of serum-free DMEM (Thermo Fisher Scientific) along with 4.5 uLL
of TransIT-LT1 reagent (Mirus Bio LLC; MIR2305). VSVG pseudotyped lentivirus was
harvested and filtered through a 0.22 um filter (Sigma-Aldrich, SE1M179M6). Virus was titered
using TZM-bl (NIH AIDS Reagent Program; ARP-8129) cells. J-Lat 10.6 and J-Lat SA8
previously knocked out for Z4P [49] were transduced with HIV-CRISPR library lentivirus with
DEAE-Dextran (final concentration 20 ug/mL, Sigma-Aldrich; D9885) at a multiplicity of
infection (MOI) of 0.5. After 24 hours, puromycin (Sigma, P8833) at a final concentration of 0.4
ug/mL was added to the culture to select for cells that received the vector. The screen was
performed 11 days after transduction, by treating the HIV-Dep library transduced J-Lat cells
with latency reversal agents AZD5582 1 nM (MedChemExpress, HY-12600) and I-BET151 2.5
uM (SelleckChem, S2780) or DMSO (Sigma, 472301) control. After 24 hours (day 12), the
supernatants were harvested, filtered (Millipore Sigma, SEIM179M6), and loaded over a 20%
sterile sucrose solution (20% sucrose, 1 mM EDTA, 20 mM HEPES, 100 mM NacCl, distilled
water) placed on a prechilled SW32Ti rotor. The viral pellets were then concentrated at 70,000 x

g for 1 hour at 4°C and gently resuspended in 140 ul of DPBS (Gibco; 14190144) and allowed to
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resuspend overnight at 4°C. Simultaneously, transduced cells were harvested to isolate genomic
DNA (gDNA). Cells were centrifuged and resuspended in DPBS. Cells were then spun down,

supernatant removed, and cell pellets were frozen until ready for gDNA extraction.

2.3.3 Latency HIV-CRISPR Screen

Viral RNA (VRNA) and gDNA was isolated as previously described [83]. Briefly, VRNA
was isolated using the QIAamp Viral RNA Mini Kit (Qiagen, 52904). Reverse transcription of
VRNA was performed using SuperScript Reverse Transcriptase Kit (ThermoFisher, 18064014).
gDNA was isolated using the QIAamp DNA Blood Midi Kit (Qiagen, 51183). vVRNA and gDNA
were both amplified by PCR using R1_forward primer and R1_Reverse primer using Herculase
IT Fusion DNA Polymerase (Agilent, 600677). PCR products were cleaned up using the
QIAquick PCR clean up kit (Qiagen, 28104) and a second round of PCR was performed using
R2 reverse primer and R2 IndexX primer (see supplementary file). The 230bp band was
verified to be present and the amplified PCR products were cleaned up using double-sided SPRI
via AMPure Beads (Beckman Coulter, A63880). Purified samples were normalized to a
concentration of 10 nM using Qubit dsDNA HS Assay Kit (Invitrogen, Q32854) before
sequencing.

Adapter sequences were computationally trimmed from sequencing results and the viral
sequencing was compared relative to genomic knockout pool to determine the relative
enrichment or depletion of each guide. An artificial NTC sgRNA gene set was generated that is
equivalent to the number of genes present in the HIV-Dep library “synNTCs” by iteratively
binning the NTC sgRNA sequences. MAGEcK and MAGECcK Flute statistical [4, 84] analyses

were used to analyze the depletion of guides/genes in the RNA viral supernatent relative to their
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abundance in the cell DNA. Z-scores were determined as previously described [48, 85]. For each
HIV-Dep LAI replicate, and for each replicate of J-Lat CRISPR screen, z-scores were calculated.
An average of the z-scores from each replicate was used to generate a heatmap. Heatmaps were
generated using Morpheus (https://software.broadinstitute.org/morpheus). Code for z-score

analysis of CRISPR screen data can be found at https://github.com/amcolash/hiv-crispr-zscore-

analysis.

2.3.4  Validation of Screen Hits

Genes identified in the HIV-Latency screen that were depleted after LRA treatment were
validated either by lentiviral knockout or by electroporation of RNA guides and Cas9. For genes
validated by lentiviral knockout, a forward and reverse primer corresponding with 2 individual
guides targeting each gene were cloned into pLCV2 and cells were transduced as described
above. Puromycin selection continued for 10-14 days until treated with LRAs. For pooled
electroporation knockout experiments, CRISPR/Cas9-mediated knockout was performed against
genes of interest using Gene Knockout Kit v2 (Synthego). Guides targeting genes of interest with
1 uL of 20 uM Cas9-NLS (UC Berkeley Macro Lab) and RNP complexes were made with SE
Cell Line 96-well Nucleofector Kit (Lonza, V4SC-1096). Complexes were incubated at room
temperature for ten minutes, and 2E5 cells of J-Lat 10.6 were centrifuged at /00 x g for 10
minutes at 25°C, and were resuspended in Cas9-RNP complexes and electroporated on Lonza
4D-Nucleofector using code CL-120. Cells were recovered with RPMI media pre-warmed to
37°C. Knockout pools were maintained for 10-14 days to allow for expansion and subsequently
treated with LRAs. In both cases, reactivation was measured by RT activity as described [86] 24

hours after LRA treatment and genomic DNA analyzed to assess the degree of gene knockouts.
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For CCNT1 knockout clones, CRISPR/Cas9-mediated knockout was performed using
Gene Knockout Kit v2 (Synthego). Guides targeting CCNT! were complexed with 1 uL of 20
uM Cas9-NLS (UC Berkeley Macro Lab) and RNP complexes were made with SE Cell Line 96-
well Nucleofector Kit (Lonza, V4SC-1096). Complexes were incubated at room temperature for
ten minutes, and 2ES5 cells of J-Lat 10.6 were centrifuged at /00 x g for 10 minutes at 25°C, and
were resuspended in Cas9-RNP complexes and electroporated on Lonza 4D-Nucleofector using
code CL-120. Cells were recovered with media pre-warmed to 37°C. Five days post-
electroporation, single cells were sorted into a 96-well U-bottom plate filled with 100 uL RPMI
media (20% FBS).

To assess the growth of CCNT1 knockout J-Lat 10.6 relative to wild-type, three
individual flasks of either wild-type, CCNTI Knockout 1 or CCNTI Knockout 2 J-Lat 10.6 were
maintained for each line. Cells were resuspended at a concentration of 2ES cells/mL in a total of
10 mL RPMI media. Cells were monitored and split approximately every two days. Cell counts
prior to splitting were taken, the volume of cell suspension removed (the same volume was
removed for each line) was tracked, and subtracted from overall cell count. These values were

tracked over a span of nine days.

2.3.5  Protein Isolation and Western Blotting

Cell pellets (1.5E6-3E6 cells) from pooled lentiviral knockout experiments (NTC10 and
CCNTI sgl and sg2) and clonal knockout experiments (J-Lat 10.6 CCNT1 KO clone 1 and 2)
were isolated from each respective experiment. Supernatant was removed and cells were
resuspended in 500 uL of cold (4°C) 1x PBS. Cells were pelleted, resuspended in 100 uL of RIPA

buffer (150 mM NacCl (Sigma, S3014), 50mM Tris pH 8.0, 1% NP-40 (Calbiochem, 492016),
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0.5% Sodium Deoxycholate (Sigma-Aldrich, D6750), and 0.1% SDS (Sigma-Aldrich, L4509),
Benzonase 1 uL/mL (Millipore, 70664), and cOmplete Protease Inhibitor Cocktail (Roche;
11697498001), and incubated on ice for 10 minutes with repeated vortexing. Cell lysate was
pelleted at 20,000 x g for 20 minutes at 4°C. Clarified supernatant was transferred to a new tube
and quantified by BCA. Samples were prepared by adding 4x NuPAGE LDS Sample Buffer
(ThermoFisher, NP0007) with 5% 2-Mercaptoethanol (Sigma-Aldrich, M3148) and denatured at
95°C for 5 minutes. Lysates were run on a NuPAGE 4-12% Bis-Tris pre-cast gel (ThermoFisher
Scientific; NP0336) and transferred to a nitrocellulose membrane (Biorad; 1620115). After
transfer, nitrocellulose membrane was blocked in 0.1% Tween/5% Milk in 1XPBS solution for
30 minutes at room temperature. Primary antibodies used for western blotting were mouse o-
CCNT]1 (Santa Cruz Biotechnology, sc-271348, 1:500), mouse a-CCNT2 (Santa Cruz
Biotechnology, sc-81243, 1:500), and rabbit a-actin (Sigma-Aldrich, A2066 1:5000). Antibodies
were diluted in 1x PBS-Tween 0.1% (PBST) and rocked on nitrocellulose membrane overnight
at 4°C. Membrane was washed with PBST 3-5 times, for 5 minutes each wash. The following
secondary antibody dilutions were made 1:2000 in PBST: goat a-mouse IgG-HRP (R&D
Systems; HAF007) and goat a-rabbit [gG-HRP (R&D Systems; HAF008). SuperSignal West
Femto Maximum Sensitivity Substrate (ThermoFisher; 34095) was used for CCNT1 and
CCNT2, and SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher, 34580)

was used for Actin. Visualization was done on a BioRad Chemidoc MP Imaging System.

2.3.6  Genomic Editing Analysis
Cells for each knockout were pelleted, washed with 1X PBS, supernatant removed, and

cell pellets frozen at -80°C until ready for DNA isolation. Genomic DNA was isolated using
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QIAamp DNA Blood Mini Kit (Qiagen; 51104). The gene of interest was amplified using
primers described using either Q5 High-Fidelity DNA polymerase (NEB; M0491S) or Platinum
Taq DNA polymerase High Fidelity (ThermoFisher Scientific; 11304011). PCR products were
purified using AMPure beads (Beckman Coulter, A63880) or QIAquick PCR clean up kit
(Qiagen, 28104) and submitted to Fred Hutch Genomics shared resource for sequencing.
Analysis was performed using Inference of CRISPR Edits (ICE) [87]. Briefly, ICE analysis
compares Sanger sequencing from wild-type and CRISPR edited sequences, determining the
insertion and deletions from these sequences, and generating knockout scores along with a

correlation value as assessments of the knockout.

2.3.7 LRA Treatments

For J-Lat 10.6 or J-Lat 5AS cells, LRAs were used at the following concentrations: TNFa
(Peprotech, 300-01A) 10 ng/mL; AZD5582 (MedChemExpress, HY-12600) 1 nM; I-BET151
(SelleckChem, S2780) 2.5 uM; Prostratin (Sigma-Aldrich, P0077) 0.1 uM; SAHA/Vorinostat
(SelleckChem, S1047), 2.5 uM. For CD3/CD28 antibody stimulation Anti-CD3 clone UCHT1
(Tonbo, 40-0038-U500) was plated on 96-well flat bottom plate at 10 ug/mL in 1x PBS,
incubated overnight at 4°C, aspirated, and CD28 clone 28.2 antibody (Tonbo, 40-0289-U500)
was added to RPMI media at a concentration of 4 ug/mL for cell resuspension. Cells for each
experiment were resuspended at a concentration of SES cells/mL in appropriate LRA media, and
200 uL was aliquoted into 96-well flat bottom TC plate. For Primary CD4+ T Cell LRA
treatment, PMA (Sigma-Aldrich, P1585) was used at a concentration of 10 nM, in combination
with ionomycin (Sigma-Aldrich, 10634) was used at a concentration of 1 uM. For primary cell

experiments, CD3 antibody (Tonbo, 40-0038-U500) was used at a concentration of 10 ug/mL
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and CD28 antibody (Tonbo, 40-0289-U500) at a concentration of 5 ug/mL. All LRA treatments

were performed for 24 hours unless otherwise indicated.

2.3.8 Primary CD4+ Cell Isolation and Latency Model

All centrifugation steps of Primary CD4+ T cells were performed at 300 x g for 10
minutes at 25°C unless otherwise noted. PBMCs were isolated from used leukocyte filters
(Bloodworks Northwest) over a Ficoll gradient (Millipore Sigma, GE17-1440-02), cryofrozen at
a concentration of 10-20E6 cells/mL in 90% FBS/10% DMSO, and stored in liquid nitrogen until
ready to use. On thawing, PBMCs were washed dropwise with pre-warmed RPMI-1640 media
(Thermo Fisher) and treated with benzonase (25 U/mL) (Sigma-Aldrich, E1014) for 15 minutes
at room temperature. PBMCs were maintained at a concentration of 2E6 cells/mL overnight at
37°C. The following day, CD4+ T cells were isolated using the EasySep Human CD4+ T cell
Isolation Kit (Stemcell Technologies, 17952) and subsequently activated using the T Cell
Activation/Expansion Kit (Miltenyi Biotec, 130-091-441). From this point forward, CD4+ T
cells were cultured in RPMI + IL-2 (final concentration 100 U/mL, Roche, 10799068001), IL-7
(final conc. 2 ng/mL, Peprotech, 200-07) and IL-15 (final conc. 2 ng/mL, Peprotech, 200-15)
unless otherwise noted. Cells were activated continually for two days prior to infection.

Lentivirus for infection of primary CD4+ T cells was generated by transfecting HEK293T
cells with 46-dGFP-Thy1.2-Gagpol+ Plasmid (900 ng, gift from Ed Browne Lab), psPax2
plasmid (450 ng), and MD2.Cocal plasmid (150 ng, gift from Hans-Peter Kiem Lab [88]. After
two days, virus was filtered using a Millipore filter (Millipore Sigma, SE1M179M6).

On day of infection, activation beads were first magnetically removed. Infection of CD4+

T cells was performed by aliquoting SE6 CD4+ T cells iteratively into 50 mL falcon tubes, and
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resuspending in virus + polybrene (final conc 8 ug/mL, Sigma-Aldrich, TR-1003) or RPMI
media + polybrene for the uninfected control at a concentration of 1E6 cells/mL. Spinoculation
was performed for 7/00 x g for 2 hours at 30°C. Cells were maintained at a concentration of 1E6
cells/mL.

Three days post-infection, a small portion of cells were taken to assess infection by
staining with CD90-AF700 antibody (Biolegend, 140323) for 20 minutes (1:1000 dilution in
FACS Buffer), fixing with 4% paraformaldehyde and sorting by AF700 and GFP on SP Celesta 2
Cell Analysis Machine (Flow Cytometry Core, Fred Hutch). CD90+ cells were then isolated
using the CD90.2 Cell Isolation Kit (Stemcell Technologies, 18951). Two days after CD90+ cells
were purified, cells then were electroporated using electroporation code EH-100 and using the P3
Primary Cell 96-well Nucleofector Kit (Lonza, V4SP-3096). Knockout pools were maintained
for an additional nine days prior to coculturing with H80 feeder cell line with IL-2 (Final conc 20
U/mL) in RPMI (no longer cultured with IL-7 and IL-15). Four days later, the cells were treated
with PMAi or CD3/CD28 antibody co-stimulation (or unstimulated control) and analyzed on SP
Celesta 2 (Core Facility) to evaluate reactivation potential by assessing Thy1.2, CD90+ and
GFP+ cells. An early activation marker of T cells was also monitored using PE-Conjugated CD-
69 antibody (Biolegend, 310906). Analysis was performed on FlowJo software. Genomic DNA
was isolated at the end of experiment from uninfected and knockout cells to assess for genomic

ICE analysis.

2.3.9  Primary CD4+ T cell activation Test
CD4+ cells were isolated from healthy donors and activated as described above. After

two days of activation, beads were magnetically removed. Three days later, cells electroporated
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following the protocol above, and treated with CD3/CD28 antibody after cells were allowed to
recover for two additional days. Activation was monitored using PE-Conjugated CD69 antibody

(Biolegend, 310906) on SP Celesta 2. Genomic DNA was isolated for analysis.

2.3.10 RNA-seq analysis of CCNTI knockout cells.

For RNA isolated from J-Lat 10.6 cells, cells first were passaged and split equally three
times prior to isolation. J-Lat 10.6 either wild-type for CCNT1 or knocked out for CCNTI were
each treated with TNFa (Peprotech, 300-01A) at 10 ng/mL or unstimulated in triplicate. For
primary cell experiments, knockouts were performed similarly as described in “Primary CD4+ T
cell activation Test,” and RNA was isolated after LRA treatment. In both J-Lat and primary
CD4+ T cell isolation experiments, 0.1-2E6 cells were isolated and resuspended in 350 uL of
RLT Plus (Qiagen, 1053393) + 1% 2-mercaptoethanol (Millipore Sigma, M3148). Cells were
frozen in buffer RLT plus until ready to continue with isolation. Thawed RLT lysates were then
run over a QIAshredder column (Qiagen, 79654) and subsequently over a gDNA eliminator
column. Qiagen RNeasy Plus Mini Kit was then used in order to obtain purified total RNA. RNA
was submitted for TapeStation RNA assay or HighSense RNA assay (Fred Hutch Core Facilities)

and RINe scores were all found to be > 9.6.

2.3.11 RNAseq Analysis Methods

Quality assessment of the raw sequencing data, in Fastq format, was performed with fastp
v0.20.0 [89] to ensure that data had high base call quality, expected GC content for RNA-seq,
and no overrepresented contaminating sequences. No reads or individual bases were removed

during this assessment step. The fastq files were aligned to the UCSC human hg38 reference
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assembly using STAR v2.7.7 [90]. STAR was run with the parameter "--quantMode
GeneCounts" to produce a table of raw gene-level counts with respect to annotations from
human GENCODE build v38. To account for unstranded library preparation, only unstranded
counts from the table were retained for further analysis. The quality of the alignments was
evaluated using RSeQC v3.0.0 [91] including assessment of bam statistics, read-pair inner
distance, and read distribution. Differential expression analysis was performed with edgeR
v3.36.0 [92] to identify the differences between knockout stimulated and stimulated for with
CCNT1I and AAVSI genes, as well as differences between the two genes in knockout and
knockout stimulated conditions. Genes with very low expression across all samples were flagged
for removal by filterbyExpr, and TMM normalization was applied with calcNormFactors to
account for differences in library composition and sequencing depth. We constructed a design
matrix to incorporate potential batch effects related to donor information, after which the
dispersion of expression values was estimated using estimateDisp. Testing for each gene was
then performed with the QL F-test framework using glmQLFTest which outputs for each gene a
p-value, a log2(fold change) value, and a Benjamini-Hochberg corrected false discovery rate
(FDR) to control for multiple-testing. The results were plotted using ggplot2 v3.3.5 [93]. For
analysis of J-Lat 10.6 RNA sequencing data, we used the reference genome previously
assembled and described for J-Lat 10.6 [49]. Using this reference, we masked the 5’ LTR of the
integrated provirus. All splice variants as well as genomic RNA that terminate at a polyA site in

the 3’ LTR are similarly named “HIV-1.”

Chapter 2.3 Results
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2.4.1 A Latency HIV-CRISPR Screen of HIV Dependency Factors to ldentify Latency
Reversal Factors

We recently developed and validated a CRISPR sublibrary of guide RNAs targeting host
genes important for HIV replication across multiple strains (the HIV dependency factor or HIV-
Dep library). The HIV-Dep library has guides targeting 525 genes represented by 8 guides
targeting each gene and 210 non-targeting controls (NTCs) [48]. A MetaScape analysis [94] of
the HIV-Dep library shows the most enriched gene ontology is chromatin organization, followed
by several processes involving gene expression, DNA metabolism, and viral infection pathways
(Figure 2.1A). Genes in many of these categories were previously validated to be important in
acute HIV-1 infections [48]. We hypothesized that a subset of these HIV dependency factors are
also necessary for activation of HIV from latency. Thus, to investigate host genes that are
required for reversal of HIV-1 latency, we performed a CRIPSR screen using a modification of
the HIV-CRISPR system [2, 49, 83] (Figure 2.1B). Briefly, this screen in the context of latency
reversal relies on transducing latently infected Jurkat T cells (J-Lats) with an HIV-CRISPR
lentiviral vector containing a library of sgRNAs. The sgRNAs are flanked by a W-packaging
signal, allowing the guides to be packaged into budding virions. We employed this modified
latency HIV-CRISPR assay to identify factors important for latency reactivation using two
different J-Lat models that contain independently-derived integration sites; J-Lat 10.6 and J-Lat
5A8. The goal for this screen was to treat the cells with activating doses of LRAs, deep sequence
the supernatant containing the guides compared with the gDNA knockout pool. In contrast to a
previous HIV-CRISPR screen where we examined epigenetic factors whose knockout would
activate HIV from latency by analyzing guides enriched in the viral supernatant (Figure 2.1B,

scenario 1) [49], in the present screen the expectation is that genes required for reactivation from
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Figure 2.1 A Latency HIV-CRISPR Screen to identify factors required for latency reversal. (A) A Metascape
analysis of the genes in the HIV-Dep gene library is shown, with enriched pathways on the x-axis and statistical
significance on the y-axis. (B) Overview of latency HIV-CRISPR screen of HIV Dependency Factors. The HIV-
CRISPR vector has intact 5’ and 3’ LTRs and can be packaged by HIV-1 after integration [2] J-Lat cells were
transduced with an HIV-CRISPR library of genes of HIV-1 dependency factors, selected for integration by
puromycin selection, and treated with a latency reversal agent (LRA). Viral RNA (VRNA) and genomic DNA
(gDNA) are harvested at the end of the experiment. Guides corresponding with genes that do not affect reactivation
from latency are packaged in virions and enriched in the supernatant relative to the genomic DNA pool (scenario 1,
left). For genes that are important for latency reactivation after treatment of cells with an LRA, these guides will be
depleted in the viral supernatant relative to the genomic DNA knockout library (scenario 2, right). (C) Supernatant
from J-Lat cells transduced with the HIV-DEP gene library were measured for Reverse Transcriptase (RT) activity
after treatment with the LRA combination AZD5582 (1 nM) and I-BET151 (2.5 uM). Error bars represent technical
triplicates, unpaired t-test was used for statistical analysis. p-value < 0.01 = ** < 0.0001 = **** (D) MAGEcKFlute
[4] was used to analyze screen results of the depleted genes. The normalized enrichment score is on the y-axis
(negative because guides to these genes are depleted from the viral supernatant) and the x-axis is the biological
processes.

supernatant and genomic DNA pool, we used MAGEcK analysis in order to compare the guides
enriched or depleted in the supernatant with the genomic knockout pool to identify those genes
depleted in the supernatant. We generated a gene set enrichment analysis [4] of our most
depleted hits and found the top five enriched pathways in both J-Lat 10.6 and J-Lat SA8 were
related to transcription (Figure 2.1D). Furthermore, we also saw pathways for RNA splicing and
polyadenylation. This is consistent with transcriptional regulation being one of the major axes of
host control that underly release of HIV-1 from latency. We conclude that our screen can identify
and enrich for gene pathways that are relevant for release of the HIV-1 provirus from latency in
the presence of AZD5582 and I-BET151 combination treatment.

To understand the role that HIV dependency factors play in terms of latency reactivation,
we compared our screens with previous HIV-CRISPR screens that were aimed at identifying
factors required for HIV replication in Jurkat cells [48]. A z-score analysis was used as a measure
of how depleted genes were in each of the screens and to allow for a cross-comparison regardless
of the magnitude of depletion of each guide. Sorting the mean z-score for HIV-1 replication
(marked as LAI in Figure 2.2A) shows that the most depleted genes are CXCR4 and CD4 which

are essential for HIV replication but not for latency reactivation (Figure 2.2A, left). This is
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expected since J-Lat cells are already infected with HIV-1. Other factors that scored highly in the
HIV-1 replication screen, but not in the present HIV latency screen include genes of unknown
function in the HIV lifecycle such as ATP2A2 and SS18L2 (Figure 2.2A, left). In contrast, nearly
all of the most depleted factors in the HIV latency screens were also highly depleted in the HIV
replication screen (Figure 2.2A, right, sorted by most depleted in the HIV latency screens). We
conclude that a subset of HIV dependency factors are required for reactivation from latency.

We chose to validate a subset of the hits in the HIV latency screen that were among the
top twenty ranking hits and were shared hits in both J-Lat 10.6 and J-Lat 5AS cells (Figure
2.2B) by electroporating Cas9 ribonucleoprotein complex (RNP) complex containing 3 unique
guides against each gene or by lentiviral transduction of single guide RNAs. We tested CCNT1,
ELL, UBE2M, TBLIXR1, HDAC3, AMBRAI, ALYREF, and SBDS (Figure 2.2C). As a negative
control we included guides targeting the adeno-associated virus integration site 1 (44VS1) “safe
harbor” locus, a gene whose disruption does not adversely affect the cell [95], or a non-targeting
control (NTC). Pooled knockouts were validated by genomic sequencing and Inference of
CRISPR Edits (ICE) analysis. In addition, the CCNT1 pooled knockout was also validated by
Western blotting.

In the J-Lat 10.6 line we found that there is reduced reactivation in CCNT1, ELL,
UBE2M, TBLIXR1, HDAC3, AMBRAI, and ALYREF knockouts relative to non-targeting
controls and guides targeting a safe harbor locus, 44VS!1 (Figure 2.2C). We did not see a
significant effect in the SBDS knockout cells, but interestingly AMBRA 1 and ALYREF which
were less depleted than SBDS in the J-Lat screens did show a phenotype. However, the strongest

effect on preventing HIV latency reversal was the knockout of CCNT which was also the top hit
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in our screen. We conclude that the screen is able to identify genes that are key for latency

reactivation in the J-Lat models.
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Figure 2.2. Analysis and Validation of Top Hits from HIV-CRISPR screen. (A). Z-score analysis of the depleted
versus enriched guides across multiple screens. J-Lat 10.6 and J-Lat SAS are screens from this study, whereas LAI
represents Jurkat cells infected with an LAI strain of HIV-1 from previous screen performed using the same gene
library in Jurkat cells to identify HIV Dependency Factors [48]. Z-scores are sorted by the most depleted genes in
the LAI screen (left panel) and by the most depleted genes in the J-Lat 10.6 line from this study (right panel). The
mean z-score of two replicates each of J-Lat 10.6 and J-Lat 5AS, and of four replicates of the LAI screen is shown.
Most depleted genes are red and most enriched genes are blue. Z-scores were that were less than -4 were capped at -
4 in the heat map. (B). The top 20 most depleted hits from each J-Lat line in ranked order are shown. (C) Selected
hits from the screen were tested by performing gene knockouts (x-axis), treating with the LRA combination
AZDS5582/1-BET151, and assayed for reverse transcriptase activity. Gene knockouts were performed using a
lentiviral knockout approach and/or an electroporation with Cas9 and RNPs. Each point represents a single lentiviral
or electroporation knockout experiment done in triplicate. An average of RT activity from two guides targeting each
gene was taken for lentiviral knockouts, and the electroporation knockouts included three individual guides

2.4.2 Cyclin T1 is essential for reactivation from latency in both J-Lat and primary T cells

Cyclin T1 (CCNT1) is a well characterized regulator of HIV transcription that binds to
the viral protein Tat and TAR [96-98] and was the top hit for both J-Lat models. Additionally,
CDK9 which binds to Cyclin T1 in order to form the positive transcription elongation factor
complex (P-TEFD) is substantially depleted in the CRISPR screen of both cell lines. In order to
explore this hit further across a broader range of LRAs, we generated clonal knockout lines of
CCNT1 in the J-Lat 10.6 cell line. The clonal knockouts are completely abrogated of CCNT1
expression as shown by Western blotting and by sequencing of genomic DNA (Figure 2.3A,
left). Moreover, we did not see an upregulation of CCNT2, a paralog of CCNT]1 that also binds
CDKO as part of the host P-TEFb complex [81, 82] (Figure 2.3A, right).

HIV latency is a result of a combination of blocks that prevent transcription initiation and
elongation, and LRAs target a broad range of these different facets of proviral gene expression.
We explored a range of LRAs in the CCNT1 clonal knockout lines. We found that CCNTT is
necessary for latency reversal with both CD3/CD28 activation and with Tumor Necrosis Factor
Alpha (TNFa) cytokine. Reactivating with CD3/CD28 and TNFa are mechanisms that result in
the upregulation of NF -«xB signaling, a facet that emphasized the transcription initiation

component of latency. We therefore explored additional means of reactivation including
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AZDS5582 and I-BET151 together, Prostratin — an activator of PKC and known inducer of P-
TEFD activity [45, 99] — and SAHA/Vorinostat [100], the histone deacetylase inhibitor (HDAC1)
(Figure 2.3B). In all treatments, cells wild-type for CCNT1 were able to reactivate, but CCNT1
knockout prevented latency reactivation with each LRA. We conclude that CCNT1 is essential
for reactivation from latency for multiple diverse mechanisms of latency reversal in J-Lat cells.

We also investigated the role of CCNT]1 in latency reactivation in primary CD4+ T cell
lymphocytes isolated from healthy donors. We first activated and infected peripheral blood
CD4+ T cell lymphocytes with an HIV-1 dual-reporter virus previously described [49]; the first
marker is a destabilized GFP reporter is a marker of active provirus expression. The destabilized
GFP has a short half-life and thus is indicative of active expression of the provirus. The second
marker, Thy1.2 (mouse CD90) viral reporter is a cell surface marker that allows for us determine
cells that have, at one point, been infected. This cell surface marker has a slow turnover and
persists over the latency establishment period, and thus marks cells that have been infected with
the dual-reporter virus, but may not be actively producing virus. After infection with dual
reporter virus, infected cells were knocked out by electroporation with Cas9 and gRNA for
CCNT]1 or control AAVS1. Cells were cultured for an additional two weeks to enter latency, and
then measured for the capability for latency reactivation after LRA treatment as determined by
flow cytometry for dual positive GFP and CD90 expression (Figure 2.3C).

We tested knockouts from three independent donors with the potent LRA combination
phorbol 12-myristate 13-acetate (PMA) and ionomycin as well as with CD3/CD28 antibody co-
stimulation (Figure 2.3C). In control AAVS1 knockout we found that there is an increase in the
percentage of total cells that are both Thyl.2+ and GFP+ on treatment with PMAi or CD3/CD28

co-stimulation indicating an increase in cells that have active transcription of viral genes (5.46%
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without LRA, 39.7% with LRA) (Figure 2.3C). In contrast, the CCNT1 knockouts had a stark
reduction in Thyl.2+ and GFP+ cells on treatment with PMAi and CD3/CD28 co-stimulation
relative to AAVSI1 knockout (Figure 2.3C). We also noted that there is a modest reduction of
Thy 1.2+ GFP+ cells in the CCNT1 knockout that have not been treated with PMAIi or
CD3/CD28 co-stimulation. This is consistent with our previous result in clonal knockouts in J-
Lat cells suggesting that minimal levels of HIV-1 transcription that occur in latent cell
populations are lower in CCNT1 knockouts. We conclude that Cyclin T1 is an essential gene for
latency reactivation.

To exclude the possibility that Cyclin T1 blocks the ability for CD4+ T cells to activate,
as well as ensure T cell activation is occurring properly in our experiments, we simultaneously
stained cells for the early activation marker CD69. PMAi and CD3/CD28 co-stimulation both
show a significant degree of activation over unstimulated cells. We saw no significant change
between AAVS1 and CCNT1 knockout in any of the conditions (Figure 2.3D). We conclude that
CCNT1 is key for latency reactivation in primary CD+4 T cells but does not affect the ability of

these cells to be activated upon stimulation.

2.4.3. Cyclin T1 is non-essential in T cells and regulates host genes to a much lesser extent
than it regulates HIV-1
Given that P-TEFb has been reported to be required for transcription elongation of many

host genes [43], we were initially surprised that knockout of CCNT1 is viable. However, we did
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not see a drastic change in cell growth measured over a span of nine days (Figure 2.4A). This

led us to broadly investigate the role of Cyclin T1 in transcription in T cells by performing bulk
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Figure 2.4 Cell proliferation and RNA sequencing analysis of CCNT1 knockouts in J-Lat 10.6 cells. (A). Cell counts
were monitored over a span of nine days in J-Lat 10.6 cells in WT or clonally knocked out CCNT1 cells. The average
of three experimental replicates are shown with standard deviation. (B-D). Log. FC (fold-change) is plotted on y-
axis with the average Loga CPM (counts per million) across technical replicates on the x-axis. Red lines on the
signify genes that have an average Logo CPM > -1, and a |Logz FC | > 2. Red dots signify upregulated genes whereas
blue genes signify downregulated genes for each comparison. B) Differential gene expression of J-Lat 10.6 with
TNFa treatment versus J-Lat 10.6 (untreated) is shown. C). J-Lat 10.6 CCNT1 KO cells (two independent clones
each tested in technical triplicate and averaged) versus the J-Lat 10.6 wild-type cells — both were treated with the
LRA TNFa and gene expression comparison is shown. D). J-Lat 10.6 CCNT1 KO cells versus wild-type CCNT1
differential gene expression is shown — neither cell line was treated with an LRA.
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RNA sequencing of J-Lat 10.6 cells and two independent clonal knockouts of CCNTY in the J-
Lat 10.6 cells either without an LRA, or treated with TNFa. As a control, we first compared the
RNA sequencing data from wild-type J-Lat 10.6 line that has been treated with TNFa, versus the
J-Lat 10.6 line (CCNT is wild-type in both cases). HIV-1 transcripts are among the most
significantly upregulated genes in the TNFa treatment for wild-type (Figure 2.4B). We also see
upregulation of PGLYRP4, RELB, and BCL3, which are genes related to NF-«xB signaling or
otherwise known to be upregulated by TNFa (Figure 2.4B) [101-103]. We next examined how
HIV-1 and host gene transcripts are affected in TNFa treated cells that have CCNT knocked out
relative to TNFa treated J-Lat 10.6 cells that are wild-type for CCNT (Figure 2.4C). Strikingly,
RNA transcripts related to HIV-1 genes in CCNT1 knockout are the most depleted transcripts
over any host gene, relative to wild-type CCNT1 (Log2(FC) =-10.92) (Figure 2.4C). Even in the
absence of LRA, we find that HIV-1 transcripts are the most depleted relative to other host
genes (Logx(FC) =-9.29) when comparing CCNT1 knockout versus wild-type (Figure 2.4D).
Thus, basal transcription of HIV-1 transcripts that occur in J-Lat lines are highly dependent on
Cyclin T1. Regardless of TNFa treatment, the host genes that were highly depleted in CCNT1
knockout included FAM222A4-AS, GGTLCI, MYO10, NETOI, and ZBTB16. Notably, we did not
find significant upregulation of CCNT2 transcripts in the CCNT1 knockout versus wild-type
(Log2(FC) = 0.078) or in the LRA treated cells (Log2(FC) = 0.139). Nonetheless, CCNT1
knockout affects the HIV-1 provirus far more than any other transcriptional unit in the J-Lat
cells.

We further investigated the effect of CCNT knockout on uninfected primary CD4+ T
cells. CCNTI was knocked out by electroporation of CCNT guides complexed with Cas9 in

three independent donors and the knockout was validated to be over 90% by sequence analysis.
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The AAVSI locus was knocked out in parallel as a control. Similar to the primary cell latency
model (Figure 2.3C), we found that the CCNT knockout did not affect expression of the CD69
activation marker after treatment with anti-CD3/anti-CD28 beads (Figure 2.5A). As expected,
comparison of RNA sequencing on primary cells stimulated with anti-CD3 and anti-CD28
antibodies versus unstimulated cells shows dramatic upregulation and downregulation of genes
(Figure 2.5B); for example, there is upregulation of IL31 which is a cytokine known to be
upregulated by activated T cells [104]. However, the same RNA-seq analysis of 44VS1 knockout
cells compared to CCNT1 knockout cells upon stimulation with anti-CD3/anti-CD28 beads
shows that CCNT1 knockout cells have the same expression profile as the control knockout cells,
i.e. there are no significant differences in upregulated or downregulated genes in the comparison
(Figure 2.5C) when CCNT1 is knocked out. We also compared RNA expression profiles of the
CCNT1 knockout cells with the controls A4VS1 knockout cells in the absence of anti-CD3 and
anti-CD28 stimulation, and again find very few genes which are upregulated or downregulated
(Figure 2.5D). In addition, the magnitude of these gene expression changes was minimal. As an
example, the most enriched gene for CCNT knockout compared to A4VS1 knockout has a -
logoFC less than 2, and the most depleted gene has a -logoFC greater than -2 (Figure 2.5D).
Thus, we conclude that there are minimal changes in gene expression when CCNT1 is knocked
out in primary CD4+ T cells with and without T cell receptor stimulation. Together, we conclude

that CCNT1 does not play an essential role in peripheral primary CD4+ T cells.
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Figure 2.5 Primary T cells transcripts are largely unaffected by CCNT! knockout. (A) Uninfected CD4+ T cells
from three donors were knocked out for A4V’ S1 or CCNTI and then treated with CD3/CD28 antibody co-
stimulation. Cells were analyzed by flow cytometry to measure CD69 expression. One-way ANOVA was used
for analysis with Dunnett’s multiple comparison tests. (B—D) Volcano plots of primary CD4+ T cell RNA
sequencing data are shown, with —log2FC shown on the x-axis and —log(FDR) on the y-axis. RNA was isolated
from three biological replicates. An FDR = 0.05 was used as a cutoff for significance, and the cutoff for
significant gene expression was [Fold-Change| > 1. A subset of genes for each condition are marked that have
significance. (B) Differential gene expression between A4V S knockout stimulated with CD3/CD28 versus
unstimulated is shown. (C) A comparison of CCNT1 versus AAVS1 knockout is shown, and both were stimulated
with anti-CD3/anti-CD28 antibodies. (D) CCNT1 versus AAVS1 knockout is shown, and neither of these are
stimulated with anti-CD3/anti-CD28 antibodies. p-value > 0.05 = ns (not significant), <0.001 = ***,
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2.5 Discussion

We used an HIV-CRISPR screening approach to identify host genes required for
activation of HIV from latency starting from the hypothesis that a subset of host genes
previously identified as being necessary for HIV replication are also necessary for HIV
reactivation from latency. Among the genes identified include many genes involved in
transcription elongation, transcription initiation and protein degradation. The top hit in our
screens was Cyclin T1 (CCNT1) which we show is essential for reactivation from latency across
a wide range of latency reversal agents of different mechanisms of action, as well as in primary T
cells. In contrast, CCNTI appears to be redundant with other host genes for normal
transcriptional regulation in T cells and is therefore an attractive target for specifically silencing

integrated HIV-1 proviruses.

2.5.1 Cyclin T1 is much more important for HIV latency reversal than for T cell biology in vitro

Despite the described role of Cyclin T1 and the P-TEFb complex in host gene
transcription, we were able to generate knockout clones of CCNT1 without affecting cell growth
and viability. We also did not see a significant upregulation of CCNT2 protein expression.
Collectively, we interpret our results to mean that CCNT is dispensable in T cells and that
CCNT?2 or CCNK may compensate for the loss of CCNT1. One model is that there are redundant
mechanisms that govern transcription elongation of host genes. Previous work on CCNT/ and
CCNT?2 knockouts in mice illustrated unique phenotypes, initially suggesting the possibility that
these two genes have separate functions despite both being able to form the P-TEFb complex
[105, 106]. RNA sequencing of CCNT1 and CCNT2 knockdowns by another group using

shRNA in HeLa cells also suggested these two proteins are regulating different sets of genes
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[107]. However, while CCNT1 had very large effects on HIV-1 transcripts, we found that
CCNT1 has minimal effects on host gene transcription in Jurkat cells. We did observe a modest
downregulation of several host genes including GGTLCI, MYOI10, NETOI, ZBTB16, and
BZRAPI1. GGTLCI is a metabolic enzyme and member of the gamma-glutamyl transpeptidase
family, of which there are several paralogs [108]. Myo10 is an unconventional myosin that
associates with actin and filopodia. This gene has ubiquitous but low expression across tissues
[109], but has been reported to promote HIV-1 infection in human monocyte derived
macrophages [110]. ZBTB16 (also known as PLZF) is a transcription factor and is known to be
important for natural killer T cells, but repressed in non-innate T cells and not upregulated in T
cell activation [111]. Collectively, we see slight changes in gene expression in J-Lat cells on
CCNTI knockout that lead to drastic changes in HIV-1 gene expression, but few host genes seem
to be affected on knockout.

On the other hand, there were no significant changes in gene expression of CCNT/
knockout versus A4VS1 knockout in primary CD4+ T cells activated with CD3/CD28 co-
stimulation. Knockouts of CCNT/ in primary CD4+ T cells also had little effect on cell viability
and cell surface expression of an activation marker, CD69. In the unstimulated condition we see
some low magnitude gene expression changes; A/F'/L is a mildly downregulated gene, and to
date there is no clear known function of this gene in T cell biology. In human podocytes, this
gene is known to function in actomyosin contractility and thus cells which lack this gene have
increased filopodia [112]. Upregulated genes include /L5, DMD, STRA6, ENOXI, and DEPPI.
None of these genes are particularly implicated in T cell biology. Mutations in the DMD
(Dystrophin) gene are implicated in Duchenne’s Muscular Dystrophy, an X-linked recessive

disorder. We also saw upregulation of MYOF (Myoferlin), a gene whose mutations are associated

52



with muscle weakness [113, 114]. An interesting possibility is that CCNT positively and
negatively regulates genes associated with muscle function, given we saw an upregulation of
these genes implicated in muscle disease, and a downregulation of MYO10 in the J-Lat 10.6
RNA sequencing data on CCNT1 knockout.

We reason that while CCNT1 and CCNT2 gene regulation may have tissue-specific
contexts, CCNT1 is likely non-essential in CD4+ T cells. Data from DepMap indicate that
CCNT1 is classified “strongly selective” indicating there are cell lines in which this gene is more
essential, but that CCNK is it is considered widely essential in most CRISPR screens [115].
Previous work suggests CCNTT1 is targeted by proteasomal degradation in resting CD4+ T cells,
and thus CCNT1 protein expression in resting CD4+ T cells is low [46, 116, 117], but our data
suggests that it is not necessary for T cell activation. While we saw little effect of CCNT1
knockout on host RNA transcripts in a relevant target cell type for HIV-1 infection, we cannot
rule out the possibility that CCNT does play a key role in host biology in more differentiated T
cell functions or in other HIV-1 prone cell types including macrophages and glial cells. We
interpret this to mean that the role of CCNT/ may be redundant in T cells for host gene
expression but not for HIV-1 activation.

CCNT1 binds to the viral Tat protein which subsequently binds to the TAR region and
enables transcription initiation of proviral genes. Previous work suggests that CCNT2 can bind to
the viral Tat protein, but this complex does not bind to TAR and thus cannot initiate viral
transcription. Mutation of a single amino acid residue asparagine 260 to cysteine in CCNT2 was
sufficient to rescue function of Viral Tat and TAR interaction [82]. Similarly, mutation of a

tyrosine residue at 261 to cysteine in mouse Cyclin T1 protein rescues Tat /TAR function [54,
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118]. Thus, the level of specificity is not at the Tat interface, but rather the TAR interface which

might be an evolutionary advantage for the virus to resist host escape.

2.5.2. Other hits in the HIV-CRISPR screen

Several genes involved in transcription are among our most depleted genes. Notably,
NFKBI1 — the transcription factor that binds to 5’ LTR to allow for transcription initiation of
proviral genes, is among our top hits. We also see other transcription-related genes depleted in
both cell lines. ELL — an elongation factor for RNA polymerase Il and component of the super
elongation complex — is the second most-depleted hit. We also note that there are several post-
translational modifying enzymes that are novel in terms of latency reactivation. The Ubiquitin
Conjugating Enzyme E2 M (UBE2M) is highly depleted and is known to be involved in the
neddylation pathway, which uses a ubiquitin-like conjugation process. UBA3, which makes up
the E1 enzyme of the neddylation conjugation pathway, also is depleted but to a lesser degree.
Both of these neddylation genes were also depleted in our previous CRISPR screen on Jurkat T
cells to identify dependency factors, and UBE2M validated for several strains of HIV [48].
Histone Deacetylase 3 (HDAC3) forms a complex with TBL1XR1 as part of the SMRT N-CoR
(nuclear coreceptor complex), which regulates modification of histones and gene regulation
[119-121]. siRNA studies of TBL1XR1 have found redundancy with its paralog TBL1X,
whereas HDAC3 was found to be essential. Vorinostat, a commonly used LRA targets HDAC3
along with Class I and Class I HDACs [122]. It is unclear why HDAC3 knockout may prevent
latency reactivation, but we reason latency reactivation depends in part on a noncatalytic activity

of HDACS3.
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A genome wide CRISPR screen was previously performed that identified factors
important for latency reversal [123]. In that study, the authors generated a pool of latently
infected cells and performed a whole genome CRISPR knockout screen, treated with a panel of
different LRAs, sorted for GFP- cells and identified genes specific for latency reversal as well as
common genes required regardless of reactivation approach. In comparing our screens, we find
many of our hits are shared with the “common” cluster of genes where they tested TCR cross-
linking, TNF-a, PMAi, and AZD5582 as LRAs and identified the common genes required for
reactivation: CCNT1, HDAC3, NFKBI, MBNLI, UBE2M, TBLIXRI1, UBA3, AMBRAI, SBDS,
and MED?7. Thus, despite only screening with AZD5582 and [-BET151, we are able to identify
several hits that promote latency reactivation regardless of LRA used. UBA3 and UBE2M are of
interest as they are both components of the neddylation pathway [124], and while NEDDS is not
in our HIV-DEP gene library — the whole genome screen identified NEDDS as a hit in their
AZD5582 screen [123]. In contrast, there are several hits that are depleted and validated in our
more targeted screens but not the whole genome screen such as ELL and ALYREF (Figure 2.2).
Nonetheless, there is overall good agreement between screens, validating the approach of

searching for host factors involved in latency through CRISPR screens combined with LRAs.

2.5.3. HIV Dependency Factors versus host genes necessary for latency reversal

Our initial hypothesis was that HIV-1 dependency factors may play a role in latency
reactivation given the importance of transcription in establishing infection and that transcription
is a major facet that contributes to latency. Consistent with our hypothesis, we find that a large
proportion of genes are important as both HIV dependency factors and as HIV latency reversal

factors (Figure 2.2A). While transcription is the major category of genes in our screens (Figure
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2.1C and D), the factors however span beyond transcription; we find factors involved that are
key for reactivation, including UBA3, UBE2M, AMBRAI and ALYREF' In contrast, we also
observe factors that are important as HIV-1 dependency factors but not in latency reactivation
including ATP2A42, SS18L2, SMARCBI and PCGF1 that were depleted in Jurkat T cells screens
but not in J-Lat screens. ATP2A2 is a Calcium Transporting ATPase that was found to be
upregulated during G1/S phase of the cycle by Tat, but its role in the viral life cycle is otherwise
unknown [125]. Similarly, SS78L2 was found to be upregulated in HIV-1 in early infection, as
found from RNA profiling of CD4+ and CD8+ T cells in people living with HIV-1 versus those
who were either nonprogressors or control HIV-1 negative groups [126]. SMARCBI1 is a
component of the SWI/SNF chromatin remodeling complex along with INI1 (Integrase
Interactor-1) and is known to play many roles in HIV-1 replication, including integration,
transcription and particle maturation [127]. PCGFI (Polycomb group RING finger protein 1)
was also depleted in HIV-1 dependency factor screens, but not in J-Lat screens in this study.
Polycomb Group Proteins largely lead to transcriptional repression through methylation of
histones, and thus are thought to contribute to HIV-1 latency. This might contribute to the
opposite phenotype we see in this study versus infection screens; PCGFI may play a role in
maintaining latency but is required for establishing infection. An interesting possibility is that
PCGF1 is required for infection as it helps to establish a chromatin landscape that leads to either
productive transcription at the integrated provirus, or even transcriptional silencing which may
ultimately contribute to HIV-1 latency. Collectively, the latency HIV-CRISPR screens can help to
narrow down the stage of the viral life cycle dependency factors are playing a role in, but also

can give insight into novel latency reversal factors.
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2.5.4 Gene Paralogs in a “Block and Lock” Latency Approach

Our Latency HIV-CRISPR screen in this study revealed our top hit CCNT was able to be
knocked out with little effect on cell biology, likely due in part to its paralogs CCNT2 and
CCNK. Cyclin T1 and T2 are paralogs that have sequence similarities at the amino acid level in
the N-terminal region (81% identity), but the C-terminal domain is more divergent and far less
similar (~46% amino acid identity between CCNT1 and CCNT2 [38, 81]. Cyclin K also is
similar in N-terminal domain but has a shorter C-terminal region and therefore is a much smaller
protein. One possibility is that there is a sequence in this C-terminal domain that adds specificity
for gene regulation in CCNT2 or CCNK that allows for regulation of host genes and recruitment
to different cellular promoters. Collectively, our findings suggest that CCNT1’s paralogs are
sufficient for transcription elongation of host genes but that CCNT1 is required for transcription
of HIV-1 genes.

This approach to “block and lock,” whereby a factor is required for viral replication but
not for host function, may be a good path forward in further identifying gene targets to inhibit
HIV-1 viral reactivation. Separate but parallel approaches have been used in cancer contexts,
whereby synthetic lethality is exploited to promote death of cancer cells. A recent study has led
to identification of paralogs with redundant function that lead to cell death when a pair of gene
paralogs are knocked out [128]. From this study, 12% of paralogs tested lead to cell death in their
context. We interpret this to mean that there is a great deal of gene paralogs which may serve
redundant functions. Ongoing work will seek to identify factors that are like CCNT1 in that when
targeted, have drastic effects on viral replication, and minimal effects on the host — by focusing
on top hits that have gene paralogs and thus may have redundancy. Other screen hits had Gene

Effect scores similar to CCNT1 — including TBLIXR1, OTUDS, and AMBRA 1 on the DepMap
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Portal [115], suggesting that these may either have paralogs or dispensable functions for cell
biology.

While LPAs have been developed in a block and lock approach, this approach still
remains a challenge. In the case of dCA — for instance —HIV confers resistance to this drug
through mutations in the LTR, Nef and Vpr [129, 130]. Targeting CCNT1 — or additional gene
paralogs with redundant functions — may prove to be a strong complement to these LPAs, given
how drastic an affect CCNT1 Knockouts have on HIV-1 replication. Although the shock and kill
approach and discovery of LRAs has been a large area of focus in recent years, there may be a
role for both approaches in permanently silencing the latent reservoirs in those tissue reservoirs
which are resistant to LRAs. Further investigation of CCNT/ knockout in macrophages,
microglial cells and other resident tissues, as well as other genes which have redundancy in a
similar regard as CCNT1, will provide a good path forward to identify additional block and lock

mechanisms that may supplement other approaches to an HIV functional cure.
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Chapter 3: Perspectives and Future Directions

3.1 CCNTI in a block and lock model of latency

The most significant finding of my thesis work is the ability to genetically knockout
CCNT1 to prevent HIV reactivation from latency without having a dramatic effect on cell
biology in Jurkat T cells or in primary CD4+ T cell lymphocytes. In latently infected Jurkat T
cells, CCNT1 regulates HIV more than any host cellular gene. A natural extension of this work
would be to understand whether this gene expression pattern holds true in other subsets of
primary T cells that harbor latent proviruses. Another interesting follow-up would be to
specifically investigate HIV-1 RNA transcripts to understand the degree of transcription that
occurs in the CCNT knockout background. One of the challenges in the RNA sequencing
experiments I have described here was having long enough reads to differentiate between the
spliced transcripts of viral genes, which all share a similar 3’ end, as well as distinguishing
genomic RNA from the RNA corresponding with each gene. An approach resolve this would be
to perform digital droplet PCR on CCNT knockout cells, and to use fluorescent probes targeting
each viral gene; these methods have been developed and used by several groups [61, 131, 132].
These experiments would provide insight into whether there is a complete block of RNA
transcription elongation or whether there is some degree of RNA transcripts present in the
CCNTI knockout background.

Other key experiments would involve isolating CD4+ T cells from PLHIV to understand
the role of CCNT1 in other CD4+ T cell subtypes. We observed minimal changes in RNA gene
expression profiles from healthy donors after CCNT1 depletion, but instead of infecting with a
dual reporter virus as in this thesis work, it would be interesting to measure how knockout of

CCNT1 affects gene expression in various CD4 T cell subtypes — whether naive T cells, stem cell

59



memory T cells, central memory T cells or effector memory T cells. There are various cell
surface markers that identify the different T cell subtypes (Figure 1.1), and so one approach
would be to knockout CCNT1 and sort the T cell subtypes either through flow cytometry or
magnetic bead separation, and perform RNA sequencing and the quantitative viral outgrowth
assay (QVOA) to understand the implications for HIV and host cell gene expression [133]. In
our primary latency model, one of the main challenges is that we need to activate the T cells
prior to knockout in order to expand the knockout cells. This would be a challenge in this
experiment as well, as electroporation knockouts drastically affect viability of cells. One solution
would be to develop a proteolysis targeting chimera (PROTAC) targeting CCNT1, or identify
drugs that can target CCNT1 and inhibit its binding with CDK9. PROTACs are molecules that
bind proteins of interest with a linker and target them for ubiquitination via an E3 ubiquitin
ligase domain [134]. While these PROTAC: take time to develop, it would be fruitful to identify
an approach to degrade CCNT1 and largely eliminate the expression of HIV-1. The Dep-Map
portal and canSAR Al platform also identifies CCNT1 as a protein that has a druggable structure
[115, 135]. Thus it may be possible to develop a molecule or ligand that binds and inhibits
CCNT1 binding with CDK9 and Tat.

Studies in mice have suggested that CCNT?2 knockout is embryonic lethal. This same
study found CCNT1 knockouts were not embryonic lethal, but had developmental defects [105].
There are differences in mouse CCNT7 and human CCNT1 genes, which in part explains why
HIV-1 is unable to infect mice; that is, there is a cysteine residue in human CCNT1 that is not
present in the mouse CCNT1 protein which is required for interaction with Tat [54]. Thus there
may be differences in how CCNT1 knockout affects humans versus mice. Regardless, in a

therapeutic context, it may be useful to isolate CD4+ T cells to perform knockouts specifically in
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this cell type, whether by lentiviral knockout or other gene therapy approach. Initial tests might
involve taking a small percentage of total CD4+ T cells from PLHIV to assess the outcomes of
CCNT1 knockout on host cell function and viral production. This approach could potentially
eliminate the expression of HIV-1 genes in this cell type which is the primary target of HIV-1
infection. It would be more challenging to target other tissues and the implications of CCNT
knockout in the brain, reproductive tract, bone marrow and GALT for example would require
more investigation in cell models and in organoids or tissue samples.

Questions regarding the tractability of CCNTI knockout for may be addressed using the
humanized mouse BLT (bone-marrow, liver, thymus) model. The approach would be to infect
BLT mice with a strain of HIV, and subsequently following up with a CCNT knockout
selectively in different tissues or in CD4+ T cells by using a tamoxifen-inducible Cre system
[136, 137]. The consequences of CCNT] knockout can be addressed by examining the effects on
the immune system, gut, bone-marrow, and other viral reservoirs by taking biopsy samples. BLT
mice exhibit several trademarks of HIV infection including T cell depletion and immune
activation [138] and thus would be a good stepping stone for understanding the feasibility of
CCNT1 knockout in human cell types. Alternatively, if a drug or PROTAC is developed to inhibit
CCNT]1 function, these could be used as a method to understand the pharmacological outcomes
of these approaches.

In the longer-term, once the effect of CCNT1 knockout or inhibition is better established
in a mouse model, non-human primate models would be a gold standard for understanding the
relevance of these manipulations in humans. A major barrier for the success of LRAs is to induce
reactivation in all latently infected cell populations to eliminate them with a shock and kill

approach. Targeting CCNT1 may be an excellent complement to transcriptionally silence latently
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infected cells which are recalcitrant to reactivation by LRAs. There are several additional
questions to address; notably, does the timing of CCNT! intervention matter in the course of
infection and in combination with ART? Does time of ART intervention after infection affect the
ability for CCNT1 inhibition to take place? It will also be important to investigate the long-term
ability for a CCNT] target to inhibit viral expression and viral reactivation; this would expand

possible outcomes for PLHIV where it is more difficult to regularly administer treatment.

3.2 Additional screen hits and follow-up

Several of our screen hits validated, including ELL, ALYREF, UBE2M, TBLIXRI,
HDAC3, and AMBRAI. What is striking about these hits is that they represent such a broad
spectrum of cellular pathways. As brief examples, ELL is a member of the super elongation
complex (SEC), whereas AMBRAL is an autophagy protein, and UBE2M is a protein that is a
member of the neddylation pathway. Results from the DepMap portal suggest that TBL/XRI and
AMBRA I have gene effect scores similar to CCNT1, and thus these genes potentially can be
knocked out without dramatic effect on cell biology. Presumably, these genes have redundancy
with other host genes and can be knocked out in cells with little effect on cell biology. It would
be interesting to characterize these various genes for their impact on cell viability and ability to
prevent latency reactivation in primary cells. Moreover, it would be interesting to see whether
knockout of more than one gene or combined inhibition of CCNT1 and these other gene hits
leads to prolonged suppressed viral transcription.

I find that HIV-1 dependency factors comprise many genes, some of which are also
required for latency reactivation in Jurkat T cells. While the HIV-Dep gene library has over 500

genes, there are likely other genes that could be targeted to prevent latency reactivation. One
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future direction would be to perform a CRISPR screen with other gene libraries, including
pgPEN gene paralog library [128] to potentially identify other gene knockouts that do not affect
cell viability but drastically prevent HIV-1 replication. An opposite phenotype would also be a
fruitful outcome; if there is a host gene similar to CCNT that can be targeted but instead of
preventing latency reactivation it promotes reactivation, perhaps we could target these genes in a
latency reversal approach without drastically affecting host cells. Another approach might be to
perform a CRISPR screen using a kinase gene library (“kinome”) [139, 140] or to cross-
reference both the kinase and paralog gene library, as kinases are the second most targeted group

for drug targets [141].

3.3 Primary CD4+ T cell CRISPR approaches

While Jurkat T cells provide a convenient and tractable model for understanding genes
important for HIV latency, this is an immortalized cancer cell line and is subjected to much
different conditions than in vivo primary CD4+ T cells. A major gap in the field of HIV latency is
the ability to directly screen primary T cell subsets for genetic factors that are important for
various aspects of HIV latency. Multiple hurdles inhibit the ability to perform our CRISPR
screen in CD4+ T cells; the use of CRISPR/Cas9 lentiviral vectors has largely been unsuccessful
in primary CD4+ T cells. More recent advances including the T cell optimized for packaging
(TOP) vector for delivering guide RNAs and transgenes into primary T cells may provide a
solution for delivering Cas9 and guide RNAs as in our other CRISPR Screens [2, 48, 49, 142].
The other major challenge is the loss of cell quantities that occurs during the latency
establishment period in our primary CD4+ T cell models. If given the tools and means to do so,

an approach where CD4+ T cells were isolated from PLHIV, and our CRISPR screening
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approach were used to understand genes required for latency reactivation or promote reactivation
on knockout, this would provide powerful and useful information on further potential targets for

an HIV cure.

3.4 — Cyclin Paralogs in the P-TEFb Complex

What are the mechanisms that govern transcription elongation in host cells? In this thesis
work, I found little effect on cell biology in CCNT'I knockout and far more pronounced effects
on HIV transcription. Thus, a major question to address is which cyclin — whether CCNK or
CCNT2 — is active in P-TEFb complexes and participates with CDK9 for phosphorylation of
RNA polymerase Il in T cells. Although CCNTI is not necessary for T cell growth, its binding
partner, CDKO9, is essential. This is consistent with general consensus that CDK9 inhibitors are
toxic; while there is one FDA-approved CDK?9 inhibitor, flavopiridol, this drug has significant
toxicity. Screens of CDK9 knockout in most cancer lines show this gene is essential for function
[115]. Additional CDK9 inhibitors are being developed by pharmaceutical companies in a cancer
context [143]. While CDKO9 inhibitors are known to interact with several different proteins aside
from those in the P-TEFb complex, one explanation of CDK9’s essentiality in cells is that CDK9
is an absolutely required component of the P-TEFb complex, whereas the cyclin component is
interchangeable with CCNT1, CCNT2 or CCNK. Further characterization of these various cyclin
components and their effect on cell biology would be imperative to address these questions.

Another major question regarding these paralogs is the specificity they have for separate
genes. Previous work suggests that CCNT1 and CCNT?2 are regulating different sets of genes,
however this work was performed in HeLa cells and thus the broad relevance remains in

question [107]. Moreover, the findings of CCNT1 and CCNT2 knockout in mouse models
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suggest that these paralogs regulate different processes; CCNT2 knockouts were lethal whereas
CCNT1 knockouts were viable but with developmental defects [105]. If these gene paralogs are
indeed regulating different sets of host genes, the mechanisms that govern the specificity of each
of these Cyclins for different genes could potentially be harnessed in a therapeutic context to
block transcription elongation of specific genes. Moreover, targets against P-TEFb are actively
being developed for a broad range of diseases, including cancer, cardiac hypertrophy, and
inflammation [144]. In the case that these different gene paralogs are functioning redundantly or
do not have gene specificity, perhaps these different Cyclin paralogs could be targeted to lead to
a modest and tempered reduction of P-TEFb activity, unlike the CDK9 inhibitors which

altogether prevent P-TEFD activity by inhibiting the kinase domain of this complex.

3.5 Final thoughts and remarks

Collectively, my thesis work has shown the value in investigating HIV dependency
factors in a block and lock model of latency. Whole genome screens have been performed to
identify factors involved in latency, however we have found that whole genome screens often are
unable to detect genes that are known to be important for HIV replication [48]. Using the latency
HIV-CRISPR system [49], we can incrementally test how various LRAs and gene sets contribute
to or are resistant to latency reactivation by examining guide RNAs that are either enriched or
depleted in the screens. Moreover, the CRISPR screen is sensitive in that gene knockouts which
are lethal are generally removed from the screen, as genomic DNA from dead cells is washed
away and excluded from genomic DNA analysis in the CRISPR screen. I saw this in my thesis
work, where gRNAs corresponding to CCNT1 were the most depleted, but in fact not depleted as

a consequence of cellular toxicity or lack of gene knockout. These latency CRISPR screens, if
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developed to be performed in primary CD4+ T cells, will be an extraordinarily powerful tool to

understand potential gene targets in working towards an HIV cure.

66



References

10.

I1.

12.

13.

Margolis DM, Archin NM, Cohen MS, Eron JJ, Ferrari G, Garcia JV, Gay CL,
Goonetilleke N, Joseph SB, Swanstrom R, Turner AW, Wahl A. Curing HIV: Seeking to
Target and Clear Persistent Infection. Cel// 2020, 181, 189-206.

OhAinle M, Helms L, Vermeire J, Roesch F, Humes D, Basom R, Delrow JJ, Overbaugh
J, Emerman M. A virus-packageable CRISPR screen identifies host factors mediating
interferon inhibition of HIV. Elife 2018, 7, €39823.

Gao S, Liang X, Wang H, Bao B, Zhang K, Zhu Y, Shao Q. Stem cell-like memory T
cells: A perspective from the dark side. Cell Immunol 2021, 361, 104273.

Wang B, Wang M, Zhang W, Xiao T, Chen CH, Wu A, Wu F, Traugh N, Wang X, Li Z,
Mei S, Cui Y, Shi S, Lipp JJ, Hinterndorfer M, Zuber J, Brown M, Li W, Liu XS.
Integrative analysis of pooled CRISPR genetic screens using MAGeCKFlute. Nat Protoc
2019, 14, 756-780.

Liu R, Simonetti FR, Ho Y-C. The forces driving clonal expansion of the HIV-1 latent
reservoir. Virology Journal 2020, 17, 4.

Chen FX, Smith ER, Shilatifard A. Born to run: control of transcription elongation by
RNA polymerase II. Nature Reviews Molecular Cell Biology 2018, 19, 464-478.

WHO. 2023. Summary of the Global HIV epidemic, 2022, on World Health
Organization (WHO). https://www.who.int/data/gho/data/themes/hiv-aids. Accessed June
2023.

Henrich TJ, Hatano H, Bacon O, Hogan LE, Rutishauser R, Hill A, Kearney MF,
Anderson EM, Buchbinder SP, Cohen SE, Abdel-Mohsen M, Pohlmeyer CW, Fromentin
R, Hoh R, Liu AY, McCune JM, Spindler J, Metcalf-Pate K, Hobbs KS, Thanh C, Gibson
EA, Kuritzkes DR, Siliciano RF, Price RW, Richman DD, Chomont N, Siliciano JD,
Mellors JW, Yukl SA, Blankson JN, Liegler T, Deeks SG. HIV-1 persistence following
extremely early initiation of antiretroviral therapy (ART) during acute HIV-1 infection:
An observational study. PLoS Med 2017, 14, e1002417.

Crooks AM, Bateson R, Cope AB, Dahl NP, Griggs MK, Kuruc JD, Gay CL, Eron JJ,
Margolis DM, Bosch RJ, Archin NM. Precise Quantitation of the Latent HIV-1
Reservoir: Implications for Eradication Strategies. J Infect Dis 2015, 212, 1361-1365.
Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, Kovacs C, Gange
SJ, Siliciano RF. Long-term follow-up studies confirm the stability of the latent reservoir
for HIV-1 in resting CD4+ T cells. Nat Med 2003, 9, 727-728.

Wang Z, Gurule EE, Brennan TP, Gerold JM, Kwon KJ, Hosmane NN, Kumar MR, Beg
SA, Capoferri AA, Ray SC, Ho YC, Hill AL, Siliciano JD, Siliciano RF. Expanded
cellular clones carrying replication-competent HIV-1 persist, wax, and wane. Proc Natl
Acad Sci U S A 2018, 115, E2575-e2584.

Henrich TJ, Hobbs KS, Hanhauser E, Scully E, Hogan LE, Robles YP, Leadabrand KS,
Marty FM, Palmer CD, Jost S, Korner C, Li JZ, Gandhi RT, Hamdan A, Abramson J,
LaCasce AS, Kuritzkes DR. Human Immunodeficiency Virus Type 1 Persistence
Following Systemic Chemotherapy for Malignancy. J Infect Dis 2017, 216, 254-262.
Chaillon A, Nakazawa M, Rawlings Stephen A, Curtin G, Caballero G, Scott B,
Anderson C, Gianella S. Subclinical Cytomegalovirus and Epstein-Barr Virus Shedding
Is Associated with Increasing HIV DNA Molecular Diversity in Peripheral Blood during

67



https://www.who.int/data/gho/data/themes/hiv-aids

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Suppressive Antiretroviral Therapy. Journal of Virology 2020, 94, 10.1128/jvi.00927-
00920.

Vandergeeten C, Fromentin R, DaFonseca S, Lawani MB, Sereti I, Lederman MM,
Ramgopal M, Routy J-P, Sékaly R-P, Chomont N. Interleukin-7 promotes HIV
persistence during antiretroviral therapy. Blood 2013, 121, 4321-4329.

Schréder ARW, Shinn P, Chen H, Berry C, Ecker JR, Bushman F. HIV-1 Integration in
the Human Genome Favors Active Genes and Local Hotspots. Cel// 2002, 110, 521-529.
Maldarelli F, Wu X, Su L, Simonetti FR, Shao W, Hill S, Spindler J, Ferris AL, Mellors
JW, Kearney MF, Coffin JM, Hughes SH. Specific HIV integration sites are linked to
clonal expansion and persistence of infected cells. Science 2014, 345, 179-183.

Liu R, Yeh Y-HJ, Varabyou A, Collora JA, Sherrill-Mix S, Talbot CC, Mehta S, Albrecht
K, Hao H, Zhang H, Pollack RA, Beg SA, Calvi RM, Hu J, Durand CM, Ambinder RF,
Hoh R, Deeks SG, Chiarella J, Spudich S, Douek DC, Bushman FD, Pertea M, Ho Y-C.
Single-cell transcriptional landscapes reveal HIV-1—driven aberrant host gene
transcription as a potential therapeutic target. Science Translational Medicine 2020, 12,
eaaz(0802.

Whitney JB, Hill AL, Sanisetty S, Penaloza-MacMaster P, Liu J, Shetty M, Parenteau L,
Cabral C, Shields J, Blackmore S, Smith JY, Brinkman AL, Peter LE, Mathew SI, Smith
KM, Borducchi EN, Rosenbloom DI, Lewis MG, Hattersley J, Li B, Hesselgesser J,
Geleziunas R, Robb ML, Kim JH, Michael NL, Barouch DH. Rapid seeding of the viral
reservoir prior to SIV viraemia in rthesus monkeys. Nature 2014, 512, 74-77.

Abrahams MR, Joseph SB, Garrett N, Tyers L, Moeser M, Archin N, Council OD, Matten
D, Zhou S, Doolabh D, Anthony C, Goonetilleke N, Karim SA, Margolis DM, Pond SK,
Williamson C, Swanstrom R. The replication-competent HIV-1 latent reservoir is
primarily established near the time of therapy initiation. Sci Transl Med 2019, 11,
Brodin J, Zanini F, Thebo L, Lanz C, Bratt G, Neher RA, Albert J. Establishment and
stability of the latent HIV-1 DNA reservoir. eLife 2016, 5, e18889.

Gandhi RT, Bedimo R, Hoy JF, Landovitz RJ, Smith DM, Eaton EF, Lehmann C,
Springer SA, Sax PE, Thompson MA, Benson CA, Buchbinder SP, del Rio C, Eron JJ, Jr,
Giinthard HF, Molina J-M, Jacobsen DM, Saag MS. Antiretroviral Drugs for Treatment
and Prevention of HIV Infection in Adults: 2022 Recommendations of the International
Antiviral Society—USA Panel. JAMA 2023, 329, 63-84.

Goonetilleke N, Clutton G, Swanstrom R, Joseph SB. Blocking Formation of the Stable
HIV Reservoir: A New Perspective for HIV-1 Cure. Front Immunol 2019, 10, 1966.
Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, Kazzaz Z,
Bornstein E, Lambotte O, Altmann D, Blazar BR, Rodriguez B, Teixeira-Johnson L,
Landay A, Martin JN, Hecht FM, Picker LJ, Lederman MM, Deeks SG, Douek DC.
Microbial translocation is a cause of systemic immune activation in chronic HIV
infection. Nature Medicine 2006, 12, 1365-1371.

Pandrea I, Brooks K, Desai RP, Tare M, Brenchley JM, Apetrei C. I've looked at gut from
both sides now: Gastrointestinal tract involvement in the pathogenesis of SARS-CoV-2
and HIV/SIV infections. Front Immunol 2022, 13, 899559.

Guadalupe M, Reay E, Sankaran S, Prindiville T, Flamm J, McNeil A, Dandekar S.
Severe CD4<sup>+</sup> T-Cell Depletion in Gut Lymphoid Tissue during Primary
Human Immunodeficiency Virus Type 1 Infection and Substantial Delay in Restoration

68



26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

following Highly Active Antiretroviral Therapy. Journal of Virology 2003, 77, 11708-
11717.

Joseph SB, Swanstrom R. The evolution of HIV-1 entry phenotypes as a guide to
changing target cells. J Leukoc Biol 2018, 103, 421-431.

Tang Y, Chaillon A, Gianella S, Wong LM, Li D, Simermeyer TL, Porrachia M, Ignacio
C, Woodworth B, Zhong D, Du J, de la Parra Polina E, Kirchherr J, Allard B, Clohosey
ML, Moeser M, Sondgeroth AL, Whitehill GD, Singh V, Dashti A, Smith DM, Eron JJ,
Bar KJ, Chahroudi A, Joseph SB, Archin NM, Margolis DM, Jiang G. Brain microglia
serve as a persistent HIV reservoir despite durable antiretroviral therapy. The Journal of
Clinical Investigation 2023, 133,

Sheehy AM, Gaddis NC, Choi JD, Malim MH. Isolation of a human gene that inhibits
HIV-1 infection and is suppressed by the viral Vif protein. Nature 2002, 418, 646-650.
Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, Trono D. Broad antiretroviral defence
by human APOBEC3G through lethal editing of nascent reverse transcripts. Nature 2003,
424, 99-103.

Craigie R. Targeting HIV-1 DNA integration by swapping tethers. Proceedings of the
National Academy of Sciences 2010, 107, 2735-2736.

Craigie R, Bushman FD. HIV DNA integration. Cold Spring Harb Perspect Med 2012, 2,
a006890.

Achuthan V, Perreira JM, Sowd GA, Puray-Chavez M, McDougall WM, Paulucci-
Holthauzen A, Wu X, Fadel HJ, Poeschla EM, Multani AS, Hughes SH, Sarafianos SG,
Brass AL, Engelman AN. Capsid-CPSF6 Interaction Licenses Nuclear HIV-1 Trafficking
to Sites of Viral DNA Integration. Cell Host Microbe 2018, 24, 392-404.e398.

Roebuck KA, Saifuddin M. Regulation of HIV-1 transcription. Gene Expr 1999, 8, 67-84.
Mori L, Valente ST. Key Players in HIV-1 Transcriptional Regulation: Targets for a
Functional Cure. Viruses 2020, 12,

Perkins ND, Edwards NL, Duckett CS, Agranoff AB, Schmid RM, Nabel GJ. A
cooperative interaction between NF-kappa B and Sp1 is required for HIV-1 enhancer
activation. The EMBO Journal 1993, 12, 3551-3558.

Sheridan PL, Sheline CT, Cannon K, Voz ML, Pazin MJ, Kadonaga JT, Jones KA.
Activation of the HIV-1 enhancer by the LEF-1 HMG protein on nucleosome-assembled
DNA in vitro. Genes Dev 1995, 9, 2090-2104.

Bernhard W, Barreto K, Raithatha S, Sadowski I. An upstream YY1 binding site on the
HIV-1 LTR contributes to latent infection. PLoS One 2013, 8, €77052.

Lin X, Taube R, Fujinaga K, Peterlin BM. P-TEFb containing cyclin K and Cdk9 can
activate transcription via RNA. J Biol Chem 2002, 277, 16873-16878.

Sundquist WI, Krdusslich HG. HIV-1 assembly, budding, and maturation. Cold Spring
Harb Perspect Med 2012, 2, a006924.

Arrildt KT, Joseph SB, Swanstrom R. The HIV-1 Env Protein: A Coat of Many Colors.
Current HIV/AIDS Reports 2012, 9, 52-63.

Wan F, Lenardo MJ. The nuclear signaling of NF-«kB: current knowledge, new insights,
and future perspectives. Cell Research 2010, 20, 24-33.

Thu YM, Richmond A. NF-kB inducing kinase: a key regulator in the immune system
and in cancer. Cytokine Growth Factor Rev 2010, 21, 213-226.

Fujinaga K, Huang F, Peterlin BM. P-TEFb: The master regulator of transcription
elongation. Mol Cell 2023, 83, 393-403.

69



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lai W, Yu M, Huang MN, Okoye F, Keegan AD, Farber DL. Transcriptional control of
rapid recall by memory CD4 T cells. J Immunol 2011, 187, 133-140.

Sung TL, Rice AP. Effects of prostratin on Cyclin T1/P-TEFb function and the gene
expression profile in primary resting CD4+ T cells. Retrovirology 2006, 3, 66.

Huang F, Nguyen TT, Echeverria I, Rakesh R, Cary DC, Paculova H, Sali A, Weiss A,
Peterlin BM, Fujinaga K. Reversible phosphorylation of cyclin T1 promotes assembly
and stability of P-TEFb. Elife 2021, 10, e68473.

Halper-Stromberg A, Nussenzweig MC. Towards HIV-1 remission: potential roles for
broadly neutralizing antibodies. The Journal of Clinical Investigation 2016, 126, 415-
423.

Montoya VR, Ready TM, Felton A, Fine SR, OhAinle M, Emerman M. A Virus-
Packageable CRISPR System Identifies Host Dependency Factors Co-Opted by Multiple
HIV-1 Strains. mBio 2023, 14, e0000923.

Hsieh E, Janssens DH, Paddison PJ, Browne EP, Henikoff S, OhAinle M, Emerman M. A
modular CRISPR screen identifies individual and combination pathways contributing to
HIV-1 latency. PLoS Pathog 2023, 19, e1011101.

Peterson JJ, Lewis CA, Burgos SD, Manickam A, Xu Y, Rowley AA, Clutton G,
Richardson B, Zou F, Simon JM, Margolis DM, Goonetilleke N, Browne EP. A histone
deacetylase network regulates epigenetic reprogramming and viral silencing in HIV
infected cells. hioRxiv 2022, doi:10.1101/2022.05.09.4911992022.2005.2009.491199.
Beliakova-Bethell N, Hezareh M, Wong JK, Strain MC, Lewinski MK, Richman DD,
Spina CA. Relative efficacy of T cell stimuli as inducers of productive HIV-1 replication
in latently infected CD4 lymphocytes from patients on suppressive cART. Virology 2017,
508, 127-133.

Chun TW, Carruth L, Finzi D, Shen X, DiGiuseppe JA, Taylor H, Hermankova M,
Chadwick K, Margolick J, Quinn TC, Kuo YH, Brookmeyer R, Zeiger MA, Barditch-
Crovo P, Siliciano RF. Quantification of latent tissue reservoirs and total body viral load
in HIV-1 infection. Nature 1997, 387, 183-188.

Kwak YT, Ivanov D, Guo J, Nee E, Gaynor RB. Role of the human and murine cyclin T
proteins in regulating HIV-1 tat-activation. J Mol Biol 1999, 288, 57-69.

Garber ME, Wei P, KewalRamani VN, Mayall TP, Herrmann CH, Rice AP, Littman DR,
Jones KA. The interaction between HIV-1 Tat and human cyclin T1 requires zinc and a
critical cysteine residue that is not conserved in the murine CycT1 protein. Genes Dev
1998, 12, 3512-3527.

Victor Garcia J. Humanized mice for HIV and AIDS research. Current Opinion in
Virology 2016, 19, 56-64.

Karpel ME, Boutwell CL, Allen TM. BLT humanized mice as a small animal model of
HIV infection. Current Opinion in Virology 2015, 13, 75-80.

Moretti S, Virtuoso S, Sernicola L, Farcomeni S, Maggiorella MT, Borsetti A. Advances
in SIV/SHIV Non-Human Primate Models of NeuroAIDS. Pathogens 2021, 10,

Ceriani C, Streeter GS, Lemu KJ, James KS, Ghofrani S, Allard B, Shook-Sa BE,
Margolis DM, Archin NM. Defining stable reference genes in HIV latency reversal
experiments. J Virol 2021, 95,

Nixon CC, Mavigner M, Sampey GC, Brooks AD, Spagnuolo RA, Irlbeck DM,
Mattingly C, Ho PT, Schoof N, Cammon CG, Tharp GK, Kanke M, Wang Z, Cleary RA,
Upadhyay AA, De C, Wills SR, Falcinelli SD, Galardi C, Walum H, Schramm NJ,

70



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Deutsch J, Lifson JD, Fennessey CM, Keele BF, Jean S, Maguire S, Liao B, Browne EP,
Ferris RG, Brehm JH, Favre D, Vanderford TH, Bosinger SE, Jones CD, Routy JP, Archin
NM, Margolis DM, Wahl A, Dunham RM, Silvestri G, Chahroudi A, Garcia JV. Systemic
HIV and SIV latency reversal via non-canonical NF-kappaB signalling in vivo. Nature
2020, 578, 160-165.

Cildir G, Low KC, Tergaonkar V. Noncanonical NF-kB Signaling in Health and Disease.
Trends in Molecular Medicine 2016, 22, 414-429.

Falcinelli SD, Peterson JJ, Turner AW, Irlbeck D, Read J, Raines SL, James KS, Sutton
C, Sanchez A, Emery A, Sampey G, Ferris R, Allard B, Ghofrani S, Kirchherr JL, Baker
C, Kuruc JD, Gay CL, James LI, Wu G, Zuck P, Rioja I, Furze RC, Prinjha RK, Howell
BJ, Swanstrom R, Browne EP, Strahl BD, Dunham RM, Archin NM, Margolis DM.
Combined noncanonical NF-kappaB agonism and targeted BET bromodomain inhibition
reverse HIV latency ex vivo. J Clin Invest 2022, 132, ¢157281.

Kelly RDW, Chandru A, Watson PJ, Song Y, Blades M, Robertson NS, Jamieson AG,
Schwabe JWR, Cowley SM. Histone deacetylase (HDAC) 1 and 2 complexes regulate
both histone acetylation and crotonylation in vivo. Scientific Reports 2018, 8, 14690.

Li D, Dewey MG, Wang L, Falcinelli SD, Wong LM, Tang Y, Browne EP, Chen X,
Archin NM, Margolis DM, Jiang G. Crotonylation sensitizes [APi-induced disruption of
latent HIV by enhancing p100 cleavage into p52. iScience 2022, 25, 103649.

Archin NM, Kirchherr JL, Sung JAM, Clutton G, Sholtis K, Xu Y, Allard B, Stuelke E,
Kashuba AD, Kuruc JD, Eron J, Gay CL, Goonetilleke N, Margolis DM. Interval dosing
with the HDAC inhibitor vorinostat effectively reverses HIV latency. The Journal of
Clinical Investigation 2017, 127, 3126-3135.

Boehm D, Calvanese V, Dar RD, Xing S, Schroeder S, Martins L, Aull K, Li PC,
Planelles V, Bradner JE, Zhou MM, Siliciano RF, Weinberger L, Verdin E, Ott M. BET
bromodomain-targeting compounds reactivate HIV from latency via a Tat-independent
mechanism. Cell Cycle 2013, 12, 452-462.

LiZ, Guo J, Wu Y, Zhou Q. The BET bromodomain inhibitor JQ1 activates HIV latency
through antagonizing Brd4 inhibition of Tat-transactivation. Nucleic Acids Research
2012, 41, 277-287.

Prinjha RK, Witherington J, Lee K. Place your BETs: the therapeutic potential of
bromodomains. Trends Pharmacol Sci 2012, 33, 146-153.

Shi J, Vakoc CR. The mechanisms behind the therapeutic activity of BET bromodomain
inhibition. Mol Cell 2014, 54, 728-736.

Bisgrove DA, Mahmoudi T, Henklein P, Verdin E. Conserved P-TEFb-interacting domain
of BRD4 inhibits HIV transcription. Proceedings of the National Academy of Sciences
2007, 104, 13690-13695.

Mediouni S, Chinthalapudi K, Ekka MK, Usui I, Jablonski JA, Clementz MA, Mousseau
G, Nowak J, Macherla VR, Beverage JN, Esquenazi E, Baran P, de Vera IMS, Kojetin D,
Loret EP, Nettles K, Maiti S, Izard T, Valente ST. Didehydro-Cortistatin A Inhibits HIV-1
by Specifically Binding to the Unstructured Basic Region of Tat. mBio 2019, 10, €02662-
02618.

Ahlenstiel C, Mendez C, Lim ST, Marks K, Turville S, Cooper DA, Kelleher AD, Suzuki
K. Novel RNA Duplex Locks HIV-1 in a Latent State via Chromatin-mediated
Transcriptional Silencing. Mol Ther Nucleic Acids 2015, 4, e261.

71



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

Turner AM, Ackley AM, Matrone MA, Morris KV. Characterization of an HIV-targeted
transcriptional gene-silencing RNA in primary cells. Hum Gene Ther 2012, 23, 473-483.
Marconi VC, Moser C, Gavegnano C, Deeks SG, Lederman MM, Overton ET, Tsibris A,
Hunt PW, Kantor A, Sekaly RP, Tressler R, Flexner C, Hurwitz SJ, Moisi D, Clagett B,
Hardin WR, Del Rio C, Schinazi RF, Lennox JJ. Randomized Trial of Ruxolitinib in
Antiretroviral-Treated Adults With Human Immunodeficiency Virus. Clin Infect Dis
2022, 74, 95-104.

Kim Y, Anderson JL, Lewin SR. Getting the "Kill" into "Shock and Kill": Strategies to
Eliminate Latent HIV. Cell Host Microbe 2018, 23, 14-26.

Rodari A, Darcis G, Van Lint CM. The Current Status of Latency Reversing Agents for
HIV-1 Remission. Annu Rev Virol 2021, 8, 491-514.

Cohn LB, Chomont N, Deeks SG. The Biology of the HIV-1 Latent Reservoir and
Implications for Cure Strategies. Cell Host Microbe 2020, 27, 519-530.

Grau-Exposito J, Luque-Ballesteros L, Navarro J, Curran A, Burgos J, Ribera E, Torrella
A, Planas B, Badia R, Martin-Castillo M, Fernandez-Sojo J, Genesca M, Falco V, Buzon
MJ. Latency reversal agents affect differently the latent reservoir present in distinct CD4+
T subpopulations. PLoS Pathog 2019, 15, e1007991.

Li C, Mori L, Valente ST. The Block-and-Lock Strategy for Human Immunodeficiency
Virus Cure: Lessons Learned from Didehydro-Cortistatin A. J Infect Dis 2021, 223, 46-
53.

Vansant G, Bruggemans A, Janssens J, Debyser Z. Block-And-Lock Strategies to Cure
HIV Infection. Viruses 2020, 12, 84.

Bacon CW, D'Orso I. CDK9: a signaling hub for transcriptional control. Transcription
2019, 10, 57-75.

Peng J, Zhu Y, Milton JT, Price DH. Identification of multiple cyclin subunits of human
P-TEFDb. Genes Dev 1998, 12, 755-762.

Bieniasz PD, Grdina TA, Bogerd HP, Cullen BR. Analysis of the effect of natural
sequence variation in Tat and in cyclin T on the formation and RNA binding properties of
Tat-cyclin T complexes. J Virol 1999, 73, 5777-5786.

Roesch F, OhAinle M. HIV-CRISPR: A CRISPR/Cas9 Screening Method to Identify
Genes Affecting HIV Replication. Bio Protoc 2020, 10, e3614.

Li W, Xu H, Xiao T, Cong L, Love MI, Zhang F, Irizarry RA, Liu JS, Brown M, Liu XS.
MAGeCK enables robust identification of essential genes from genome-scale
CRISPR/Cas9 knockout screens. Genome Biol 2014, 15, 554.

Schneider WM, Luna JM, Hoffmann HH, Sanchez-Rivera FJ, Leal AA, Ashbrook AW,
Le Pen J, Ricardo-Lax I, Michailidis E, Peace A, Stenzel AF, Lowe SW, MacDonald MR,
Rice CM, Poirier JT. Genome-Scale Identification of SARS-CoV-2 and Pan-coronavirus
Host Factor Networks. Cell 2021, 184, 120-132 el14.

Vermeire J, Naessens E, Vanderstraeten H, Landi A, [annucci V, Van Nuffel A, Taghon T,
Pizzato M, Verhasselt B. Quantification of reverse transcriptase activity by real-time PCR
as a fast and accurate method for titration of HIV, lenti- and retroviral vectors. PLoS One
2012, 7, ¢50859.

Conant D, Hsiau T, Rossi N, Oki J, Maures T, Waite K, Yang J, Joshi S, Kelso R, Holden
K, Enzmann BL, Stoner R. Inference of CRISPR Edits from Sanger Trace Data. CRISPR
J2022, 5, 123-130.

72



88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Humbert O, Gisch DW, Wohlfahrt ME, Adams AB, Greenberg PD, Schmitt TM,
Trobridge GD, Kiem HP. Development of Third-generation Cocal Envelope Producer
Cell Lines for Robust Lentiviral Gene Transfer into Hematopoietic Stem Cells and T-
cells. Mol Ther 2016, 24, 1237-1246.

Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor.
Bioinformatics 2018, 34, 1884-1890.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M,
Gingeras TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15-
21.

Wang L, Wang S, Li W. RSeQC: quality control of RNA-seq experiments. Bioinformatics
2012, 28, 2184-2185.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics 2010, 26, 139-140.
Wickham H. 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York.

Zhou 'Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, Benner C,
Chanda SK. Metascape provides a biologist-oriented resource for the analysis of systems-
level datasets. Nat Commun 2019, 10, 1523.

Chu VT, Weber T, Wefers B, Wurst W, Sander S, Rajewsky K, Kuhn R. Increasing the
efficiency of homology-directed repair for CRISPR-Cas9-induced precise gene editing in
mammalian cells. Nat Biotechnol 2015, 33, 543-548.

Ivanov D, Kwak YT, Nee E, Guo J, Garcia-Martinez LF, Gaynor RB. Cyclin T1 domains
involved in complex formation with Tat and TAR RNA are critical for tat-activation. J
Mol Biol 1999, 288, 41-56.

Jones KA. Taking a new TAK on tat transactivation. Genes Dev 1997, 11, 2593-2599.
Jones KA, Peterlin BM. Control of RNA initiation and elongation at the HIV-1 promoter.
Annu Rev Biochem 1994, 63, 717-743.

Kazanietz MG, Areces LB, Bahador A, Mischak H, Goodnight J, Mushinski JF,
Blumberg PM. Characterization of ligand and substrate specificity for the calcium-
dependent and calcium-independent protein kinase C isozymes. Mol Pharmacol 1993,
44, 298-307.

Elliott JH, Wightman F, Solomon A, Ghneim K, Ahlers J, Cameron MJ, Smith MZ,
Spelman T, McMahon J, Velayudham P, Brown G, Roney J, Watson J, Prince MH, Hoy
JF, Chomont N, Fromentin R, Procopio FA, Zeidan J, Palmer S, Odevall L, Johnstone
RW, Martin BP, Sinclair E, Deeks SG, Hazuda DJ, Cameron PU, Sekaly RP, Lewin SR.
Activation of HIV transcription with short-course vorinostat in HIV-infected patients on
suppressive antiretroviral therapy. PLoS Pathog 2014, 10, €¢1004473.

Bauer D, Mazzio E, Hilliard A, Oriaku ET, Soliman KFA. Effect of apigenin on whole
transcriptome profile of TNFalpha-activated MDA-MB-468 triple negative breast cancer
cells. Oncol Lett 2020, 19, 2123-2132.

Oeckinghaus A, Ghosh S. The NF-kappaB family of transcription factors and its
regulation. Cold Spring Harb Perspect Biol 2009, 1, a000034.

Palmer S, Chen YH. Bcl-3, a multifaceted modulator of NF-kappaB-mediated gene
transcription. Immunol Res 2008, 42, 210-218.

Dillon SR, Sprecher C, Hammond A, Bilsborough J, Rosenfeld-Franklin M, Presnell SR,
Haugen HS, Maurer M, Harder B, Johnston J, Bort S, Mudri S, Kuijper JL, Bukowski T,

73



Shea P, Dong DL, Dasovich M, Grant FJ, Lockwood L, Levin SD, LeCiel C, Waggie K,
Day H, Topouzis S, Kramer J, Kuestner R, Chen Z, Foster D, Parrish-Novak J, Gross JA.
Interleukin 31, a cytokine produced by activated T cells, induces dermatitis in mice. Nat
Immunol 2004, 5, 752-760.

105. Kohoutek J, Li Q, Blazek D, Luo Z, Jiang H, Peterlin BM. Cyclin T2 is essential for
mouse embryogenesis. Mol Cell Biol 2009, 29, 3280-3285.

106.  Oven I, Brdickova N, Kohoutek J, Vaupotic T, Narat M, Peterlin BM. AIRE recruits P-
TEFb for transcriptional elongation of target genes in medullary thymic epithelial cells.
Mol Cell Biol 2007, 27, 8815-8823.

107. Ramakrishnan R, Yu W, Rice AP. Limited redundancy in genes regulated by Cyclin T2
and Cyclin T1. BMC Res Notes 2011, 4, 260.

108. Heisterkamp N, Groffen J, Warburton D, Sneddon TP. The human gamma-
glutamyltransferase gene family. Hum Genet 2008, 123, 321-332.

109. Berg JS, Derfler BH, Pennisi CM, Corey DP, Cheney RE. Myosin-X, a novel myosin
with pleckstrin homology domains, associates with regions of dynamic actin. J Cell Sci
2000, 113 Pt 19, 3439-3451.

110.  UhlJ, Gujarathi S, Waheed AA, Gordon A, Freed EO, Gousset K. Myosin-X is essential
to the intercellular spread of HIV-1 Nef through tunneling nanotubes. J Cell Commun
Signal 2019, 13, 209-224.

111.  Zhang S, Laouar A, Denzin LK, Sant'Angelo DB. Zbtb16 (PLZF) is stably suppressed
and not inducible in non-innate T cells via T cell receptor-mediated signaling. Sci Rep
2015, 5, 12113.

112.  Yasuda-Yamahara M, Rogg M, Yamahara K, Maier JI, Huber TB, Schell C. AIFIL
regulates actomyosin contractility and filopodial extensions in human podocytes. PLoS
One 2018, 13, e0200487.

113.  Davis DB, Delmonte AJ, Ly CT, McNally EM. Myoferlin, a candidate gene and potential
modifier of muscular dystrophy. Hum Mol Genet 2000, 9, 217-226.

114. Bernatchez PN, Acevedo L, Fernandez-Hernando C, Murata T, Chalouni C, Kim J,
Erdjument-Bromage H, Shah V, Gratton JP, McNally EM, Tempst P, Sessa WC.
Myoferlin regulates vascular endothelial growth factor receptor-2 stability and function. J
Biol Chem 2007, 282, 30745-30753.

115.  Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS, Gill S,
Harrington WF, Pantel S, Krill-Burger JM, Meyers RM, Ali L, Goodale A, Lee Y, Jiang
G, Hsiao J, Gerath WFJ, Howell S, Merkel E, Ghandi M, Garraway LA, Root DE, Golub
TR, Boehm JS, Hahn WC. Defining a Cancer Dependency Map. Cell 2017, 170, 564-576
e516.

116.  Ghose R, Liou LY, Herrmann CH, Rice AP. Induction of TAK (cyclin T1/P-TEFb) in
purified resting CD4(+) T lymphocytes by combination of cytokines. J Virol 2001, 75,
11336-11343.

117.  Garriga J, Peng J, Parreno M, Price DH, Henderson EE, Grana X. Upregulation of cyclin
T1/CDKO9 complexes during T cell activation. Oncogene 1998, 17, 3093-3102.

118. Bieniasz PD, Grdina TA, Bogerd HP, Cullen BR. Recruitment of a protein complex
containing Tat and cyclin T1 to TAR governs the species specificity of HIV-1 Tat. EMBO
J 1998, 17, 7056-7065.

74



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Guenther MG, Lane WS, Fischle W, Verdin E, Lazar MA, Shiekhattar R. A core SMRT
corepressor complex containing HDAC3 and TBL1, a WD40-repeat protein linked to
deafness. Genes Dev 2000, 14, 1048-1057.

Ning L, Rui X, Bo W, Qing G. The critical roles of histone deacetylase 3 in the
pathogenesis of solid organ injury. Cell Death Dis 2021, 12, 734.

Yoon HG, Chan DW, Huang ZQ, Li J, Fondell JD, Qin J, Wong J. Purification and
functional characterization of the human N-CoR complex: the roles of HDAC3, TBLI
and TBLR1. EMBO J 2003, 22, 1336-1346.

Marks PA, Breslow R. Dimethyl sulfoxide to vorinostat: development of this histone
deacetylase inhibitor as an anticancer drug. Nat Biotechnol 2007, 25, 84-90.

Dai W, Wu F, McMyn N, Song B, Walker-Sperling VE, Varriale J, Zhang H, Barouch
DH, Siliciano JD, Li W, Siliciano RF. Genome-wide CRISPR screens identify
combinations of candidate latency reversing agents for targeting the latent HIV-1
reservoir. Sci Transl Med 2022, 14, eabh3351.

Zhou L, Jiang Y, Luo Q, Li L, Jia L. Neddylation: a novel modulator of the tumor
microenvironment. Mol Cancer 2019, 18, 77.

Liang WS, Maddukuri A, Teslovich TM, de la Fuente C, Agbottah E, Dadgar S, Kehn K,
Hautaniemi S, Pumfery A, Stephan DA, Kashanchi F. Therapeutic targets for HIV-1
infection in the host proteome. Retrovirology 2005, 2, 20.

Hyrcza MD, Kovacs C, Loutfy M, Halpenny R, Heisler L, Yang S, Wilkins O, Ostrowski
M, Der SD. Distinct transcriptional profiles in ex vivo CD4+ and CD8+ T cells are
established early in human immunodeficiency virus type 1 infection and are characterized
by a chronic interferon response as well as extensive transcriptional changes in CD8+ T
cells. J Virol 2007, 81, 3477-3486.

Dixit U, Bhutoria S, Wu X, Qiu L, Spira M, Mathew S, Harris R, Adams LJ, Cahill S,
Pathak R, Rajesh Kumar P, Nguyen M, Acharya SA, Brenowitz M, Almo SC, Zou X,
Steven AC, Cowburn D, Girvin M, Kalpana GV. INI1/SMARCB1 Rptl domain mimics
TAR RNA in binding to integrase to facilitate HIV-1 replication. Nat Commun 2021, 12,
2743.

Parrish PCR, Thomas JD, Gabel AM, Kamlapurkar S, Bradley RK, Berger AH.
Discovery of synthetic lethal and tumor suppressor paralog pairs in the human genome.
Cell Rep 2021, 36, 109597.

Mousseau G, Aneja R, Clementz MA, Mediouni S, Lima NS, Haregot A, Kessing CF,
Jablonski JA, Thenin-Houssier S, Nagarsheth N, Trautmann L, Valente ST. Resistance to
the Tat Inhibitor Didehydro-Cortistatin A Is Mediated by Heightened Basal HIV-1
Transcription. mBio 2019, 10, e01750-01718.

Rice AP. Unexpected Mutations in HIV-1 That Confer Resistance to the Tat Inhibitor
Didehydro-Cortistatin A. mBio 2019, 10, e01547-01519.

Kaiser P, Joshi SK, Kim P, Li P, Liu H, Rice AP, Wong JK, Yukl SA. Assays for precise
quantification of total (including short) and elongated HIV-1 transcripts. J Virol Methods
2017, 242, 1-8.

Yukl SA, Kaiser P, Kim P, Telwatte S, Joshi SK, Vu M, Lampiris H, Wong JK. HIV
latency in isolated patient CD4+ T cells may be due to blocks in HIV transcriptional
elongation, completion, and splicing. Science Translational Medicine 2018, 10,
eaap9927.

75



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Enick PN, Brooker JP, Tumiotto CM, Staines BT, Eron JJ, McMahon DK, Gandhi RT,
Mellors JW, Sobolewski MD. Comparison of methods to quantify inducible HIV-1
outgrowth. Journal of Virus Eradication 2021, 7, 100043.

LiuZ, Hu M, Yang Y, Du C, Zhou H, Liu C, Chen Y, Fan L, Ma H, Gong Y, Xie Y. An
overview of PROTACS: a promising drug discovery paradigm. Mol Biomed 2022, 3, 46.
Mitsopoulos C, Di Micco P, Fernandez EV, Dolciami D, Holt E, Mica IL, Coker EA, Tym
JE, Campbell J, Che KH, Ozer B, Kannas C, Antolin AA, Workman P, Al-Lazikani B.
canSAR: update to the cancer translational research and drug discovery knowledgebase.
Nucleic Acids Research 2020, 49, D1074-D1082.

Garcia EL, Mills AA. Getting around lethality with inducible Cre-mediated excision.
Seminars in Cell & Developmental Biology 2002, 13, 151-158.

Lewandoski M. Conditional control of gene expression in the mouse. Nature Reviews
Genetics 2001, 2, 743-755.

Lavender KJ, Pace C, Sutter K, Messer RJ, Pouncey DL, Cummins NW, Natesampillai S,
Zheng J, Goldsmith J, Widera M, Van Dis ES, Phillips K, Race B, Dittmer U, Kukolj G,
Hasenkrug KJ. An advanced BLT-humanized mouse model for extended HIV-1 cure
studies. Aids 2018, 32, 1-10.

Shi J, Wang E, Milazzo JP, Wang Z, Kinney JB, Vakoc CR. Discovery of cancer drug
targets by CRISPR-Cas9 screening of protein domains. Nat Biotechnol 2015, 33, 661-
667.

Tarumoto Y, Lu B, Somerville TDD, Huang YH, Milazzo JP, Wu XS, Klingbeil O, El
Demerdash O, Shi J, Vakoc CR. LKBI1, Salt-Inducible Kinases, and MEF2C Are Linked
Dependencies in Acute Myeloid Leukemia. Mol Cell 2018, 69, 1017-1027.e1016.
Bhullar KS, Lagaréon NO, McGowan EM, Parmar I, Jha A, Hubbard BP, Rupasinghe
HPV. Kinase-targeted cancer therapies: progress, challenges and future directions.
Molecular Cancer 2018, 17, 48.

Humes D, Rainwater S, Overbaugh J. The TOP vector: a new high-titer lentiviral
construct for delivery of sgRNAs and transgenes to primary T cells. Molecular Therapy -
Methods & Clinical Development 2021, 20, 30-38.

Toure MA, Koehler AN. Addressing Transcriptional Dysregulation in Cancer through
CDKO9 Inhibition. Biochemistry 2023, 62, 1114-1123.

Fujinaga K. P-TEFb as A Promising Therapeutic Target. Molecules 2020, 25, 838.

76



