UCSF

UC San Francisco Electronic Theses and Dissertations

Title
Regulation of HIV-1 postintegration latency by NF-kappa-B

Permalink
https://escholarship.org/uc/item/5two6n6kd

Author
Williams, Samuel A. F

Publication Date
2005

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5tw6n6kc
https://escholarship.org
http://www.cdlib.org/

Date

Regulation of HIV-1 Postintegration Latency by NF-kappa-B

by

Samuel A. F. Williams

DISSERTATION
Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY

in

Biomedical Sciences

in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO

University Libranan




Copyright 2005
By

Samuel A. F. Williams

—-—




This work is dedicated to my parents, whose love of knowledge, respect for academic

pursuit, and guidance in all manners of life made these studies possible.

i

i
f

e

®ewam

N

M-_

oF |

i

a1
Vi -



Preface

This dissertation represents the culmination of highly rewarding period of intellectual
and personal growth as a scientist. I am deeply indebted to a wide range of friends,
colleagues, family, and advisors, who have each offered support, guidance and critical
assessment of my progress. Of central importance has been my family, who encouraged
me at every juncture to pursue what I loved and to persevere through times of frustration.
Without their support, this work would not be what it is today. I am particularly grateful
for the support of my wife, Cara, who kindly stroked my ego when it needed stroking,
and kept it in check when it needed checking.

This work would not have been possible without the strong support of the Greene
laboratory. I thank my advisor, Dr. Wamer C. Greene, for his guidance through my
course in graduate school, for providing a highly effective laboratory environment, and
for providing key intellectual input that served to establish and clarify many of the lines
of investigation I pursued. I also thank him for his encouragement and patience, which
allowed me to develop my bench skills and mature as a scientist at the pace I chose. I
further appreciate his efforts to convince me that the life of the academic is richer than a
biotech stock option.

I am grateful for the assistance and friendship of many of the postdoctoral fellows,
research assistants, and students in the Greene Lab. I thank Dr. Michael Sherman for
showing me the ropes of the lab and providing seemingly endless hours of entertainment.
I thank Dr. Carlos de Noronha for being the most encyclopedic source of knowledge I've
yet to encounter. I thank Dr. David Fenard for being a great bay mate, for his insightful

criticisms, and his ability to make us all laugh. I thank Dr. Alison O’Mahoney for taking

B
1
A -



the time to help me understand the vagaries of signaling biology, Dr. Hakju Kwon for
equipping me with the skill set to achieve at the bench, and Dr. Lin Feng Chen for his
constant interest in my work and encouragement. I thank Dr. Carmen Martin Ruiz-
Jarabo for her insistence on experimental rigor, and for being a great sounding board for
our investigations. I thank Dr. Gilad Doitsh for adding spice to the laboratory, and for
not being afraid to tell me to “never mind”, regardless of the reason. I thank Dr. Marielle
Cavrois for her level-headed advice, and her graciousness. I thank Jason Kreisberg and
Kim Stopak for their reminder that I was not alone in my struggle, and for their constant
encouragement. I thank Jason Neidleman for his countless acts of assistance, his
reminders of the perils of unbridled capitalism, and for keeping me up to date with the
current share price of Chiron class A stock. I thank Mauricio Montano for his assistance
in my early signaling studies, and for his moderate stance on the big issues.

I am grateful for the assistance of Robin Givens and Sue Cammack in innumerable
tasks. I acknowledge Marty Bigos, Tomasz Poplonski, and Valerie Stepps, Scott Furlow,
CK Poon, and Dax Arguello for their expertise with assistance in and flow cytometry and
FACS sorting. I thank members of the Verdin Lab for their provoking discussions,
generosity with reagents, and collaborative efforts.

I thank Dr. Eric Verdin and Dr. Matija Peterlin, members of my thesis committee, for

guidance ranging from my qualifying exam to my thesis committee meetings and beyond.

I appreciate Matija’s constant critical vigilance, it kept me on my toes. I also appreciate
Eric’s generosity with reagents, and flexibility when my research aims came to border
some of his own. I am grateful for the time that all of the members of my thesis

committee gave to me.

[ Srreany-

A0
_.IJ‘D




I thank Dr. Don Ganem and Dr. Tris Parslow for opening their laboratories to me
during my first-year rotations. I thank Dr. Michael Lagunoff for his patience and efforts
to educate an obvious neophyte.

I extend my sincere gratitude to the Gladstone editorial and graphics departments,
especially to Gary Howard and Stephen Ordway for their assistance in the preparation of
this thesis, as well as with other manuscripts I have authored during my tenure at the
Gladstone.

Finally, I would like to acknowledge my friends who have lived with me through
graduate school. Thaddeus Buzolich, Brian Burke, David Oswell, Michael Antonsen,
Shannon Keisling, Julie McCoy, Kendall Benson, Joscph Benson, and Sara Strang: thank
you for giving me a wonderful social outlet and for kecping me balanced. Without your

friendship, I might have graduated in 4 ycars.

The text of Chapter 2 is a reprint of a rescarch article published in the Journal of
Biological Chemistry. This article was published by Samuel A. Williams, Lin Feng
Chen, David Fenard, Dwayne Bisgrove, Eric Verdin, and Wamer C. Greene. The text of
chapter 3 is published as a research article at the EMBO Journal. This article was
authored by Samuel A. Williams, Lin Feng Chen, Hakju Kwon, Carmen Martin Ruiz
Jarabo, Eric Verdin, and Warner C. Greene. Chapter 4 contains a manuscript in
preparation for possible publicaton in a scientific journal. The text of Appendix I is a
reprint of a rescarch focus article published in Trends in Microbiology. The article was

authored by Samuel A. Williams and Warner C. Greene.

Vi

~—



Vii




Regulation of HIV-1 Postintegration Latency by NF-xB

The past two decades of HIV research have transformed the diagnosis of HIV-1
infection from a death sentence to a clinically manageable life-long disease. Despite
intensified efforts to identify more diverse and efficient inhibitors of viral replication,
resistant reservoirs of HIV-1 continue to thwart viral eradication, and force patients to
remain on costly, and often toxic regimens of drugs. Among the reservoirs contributing
to long-term persistence of HIV-1 in the face of effective therapy is a pool of latently
infected memory CD4 T-cells. These cells harboring integrated but transcriptionally
inactive proviruses can persist for decades while retaining the potential to activate viral
production and reseed systemic infection when antiviral therapy is discontinued. We
have sought to understand in molecular terms the bases for HIV latency with an eyc to
identifying novel strategics to purge the latent reservoir. While undoubtedly a difficult
problem, success in this effort could rcalize the long-sought goal of a cure for HIV-1
infected patients.

CD4" T-cells harboring latent HIV-1 are very rare and lack any distinguishing
markers. As a consequence, these cells are exceedingly difficult to isolate from infected
Patient blood. To systematically explore the molecular events underlying HIV-1 latency,
We made use of the Jurkat CD4" T cell based J-Lat model of HIV-1 latency. The J-Lat
Model is comprised of several clonally selected cell lines that each harbor a single
imegl‘ ated HIV-1 provirus that fails to express viral genes. Viral gene expression can be

induced within the latently infected J-Lat clones by a variety of cell-activating stimuli.
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In our initial study, we identified the phorbol ester prostratin as an inducer of
latent HIV-1 gene expression in the J-Lat model of latency. We demonstrated a central
role for the NF-xB family of transcription factors as mediators of prostratin antagonism
of HIV, and for the first demonstrated recruitment of NF-xB RelA to the HIV-1 LTR in
vivo. These studies prompted us to investigate in more detail the processes regulated by
NF-kB that modulate expression of latent HIV-1.

Further examination of the J-Lat system rcvealed that HIV-1 latency is reinforced
by the binding of a NF-kB1 p50-HDAC repressor complex to the latent HIV-1 LTR.
This complex induces localized histone deacetylation, which restricts RNA polymerase II
access to the HIV-1 LTR, thereby preventing initiation of HIV mRNA synthesis. siRNA
knock down studies demonstrated a key role for pS0 in the exclusion of RNA polymerase
IT from the latent HIV-1 LTR, and chemical inhibition of HDAC activity similarly
promoted polymerase binding.

In a third and concluding study, we examined the kinetics of NF-kB mediated
induction of latent HIV-1 gene expression. These studies describe a dynamic process of
transcriptional regulation induced by NF-kB, and suggest that sustained NF-kB activity is
required for efficient activation of latent HIV-1 gene expression. Within the context of
latent HIV-1 infection, NF-xB appears to be a strong inducer of HIV-1 transcriptional
initiation, but fails to promotc efficient elongation. While NF-kB induction alone
appears to be insufficient to induce strong HIV-1 gene expression, supply of HIV-1 Tat
in trans strongly induces transcription.

In summary, our studies have uncovered a new range of biology at the interface of

NF-kB and the regulation of HIV-1 gene expression. The findings of our studies imply
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that NF-kB-inducing agents administered in conjunction with HDAC inhibitors or HIV-1
tat could be strong activators of latency in infected patients. These studies are likely to
be the basis of new inroads into the understanding of events regulating transcriptional

repression and activation of the latent HIV-1 LTR.
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Chapter 1

Introduction




L OVERVIEW

The advent of highly active antiretroviral therapy offered early hope that a cure to
HIV-infected patients might be in the offing. Antiviral drug cocktails have achieved
remarkablc success in suppressing viral replication, often to undetectable levels.
However, these targeted therapies have been unable to eradicate virus altogether from
infected patients. As a conscquence, existing therapies require lifelong administration;
any interruptions result in a rapid rebound of virus and subsequent decline in CD4+ T-
cell counts. A major source of this rebounding virus is from a pool of latently infected
CD4+ T-cells, which harbor dormant virus in a stable form that can endure for decades.
Due to its non-replicative nature, latently infected T-cells are not affected by antiviral
drugs. Despite their dormancy, latently infected T-cells retain the potential to produce
infectious when activated by specific antigen or various cytokines.

HIV replication is closcly wed to T-cell activation through a wide range of
inducible transcription factors including AP-1, NFAT, and NF-kB. Antigen- or soluble
cytokinc-mediated activation of CD4+ T-cells drives the induction of several intracellular
signaling pathways, activating the NF-xB family of transcription factors. Activated NF-
kB complexes bind to kB-enhancer DNA elements and regulate expression of cellular
genes. HIV-1 expropriates these cellular transcription factor complexes through dual xB-
enhancer elements present in proviral regulatory DNA to direct viral gene expression.
The precise events driven by NF-kB to enhance HIV gene expression are not entirely
understood. Several members of the NF-kB/Rel family of transcription factors are
capable of binding regulatory elements contained in HIV’s enhancer in vitro. Which of

these factors bind to the HIV enhancer in vivo, when, and how they exert control over




HIV transcription remain open questions. These studies were designed to elucidate the
role of NF-xB in the context of post-integration HIV latency with primary focus on the
interplay of NF-xB transcription factors with the regulatory elements controlling HIV
expression. A secondary focus was an exploration of the basic transcriptional machinery
and chromatin status associated with the latent and transcriptionally active integrated
HIV promoters. The results of this work have extended our understanding of HIV
transcriptional biology in both the latent and activated states, and point to new strategies

to attack the latent reservoir.

II HIV-1 Life Cycle

HIV, the etiological agent responsible for acquired immunodeficiency syndrome
(AIDS) [1], is a member of the lentivirus group of the Retrovirus family [2]. It is
genetically similar to viruses observed in simian populations, and is thought to have
entered the human population through a zoonotic transmissions, perhaps in the 1930s [3].
Though many individual transmission events may have occurred, two transmission events
are clearly discernable, as evidenced by the similar but genetically distinct HIV-1 and
HIV-2. HIV-1, responsible for the vast majority of the HIV pandemic, is most similar to
a simian immunodeficiency virus (SIV) observed in chimpanzees [4]. By contrast, HIV-
2 appears to be more similar to SIV endemic to sooty mangabeys [5], and for unclear
reasons appears to have largely remained geographically constrained within populations
in Western Africa and India [6].

The molecular event surrounding the lifecycle of HIV-1 have been elucidated in

great detail over the last 25 years (sce [7] for review). As with other retroviruses, free




HIV-1 virions are enveloped with a lipid bilayer membrane derived from the producer
cell and contain an RNA genome surrounded by virally-encoded nucleocapsid and matrix
proteins [8]. Virally encoded gp41/gp120 envelope proteins protruding from the viral
envelope bind to cellular CD4 receptors present on the surface of target cells, initiating
the cycle of infection [9, 10]. Following CD4 binding, conformational changes induced
in gp120 expose the coreceptor binding site which recognizes various cellular chemokine
receptors, commonly CCRS or CXCR4 [11-14]. Upon binding of the chemokine
coreceptor, a further conformational change of gp120 is induced, resulting in the insertion
of the amino-terminal fusion peptide gp41 into the target cell, and fusion of the viral and
cellular membranes [15]. Following fusion, the contents of the virion are “injected” into
the cytoplasm through the fusion pore, where a still-poorly understood process of viral
capsid disassembly occurs. Virally-encoded reverse transcriptase transported to the
target cell within the incoming virion reverse-transcribes the RNA genome to a DNA
species which is transported into the nucleus in a process facilitated in part by the virally
encoded Vpr, Matrix, and Integrase proteins [16]. Following nuclear import, the virion-
associated virally encoded integrase facilitates insertion of the viral DNA genome into
host genomic DNA. This process appears to be largely random with respect to locus of
integration [17], though sites of active transcription appear to be favored relative to areas
of reduced transcriptional activity [18-20]. The site of integration plays a key role in the
basal transcriptional activity of the provirus, and can predispose an integrated provirus to
a latent state. Once integrated, the viral genome exists in a stable form that can persist

indefinitely, enduring for the life of the host cell.
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The integrated HIV-1 genome contains at its 5° and 3’ ends repeated genetic
elements aptly termed long terminal repeats, a consequence of strand transfer during the
reverse transcription process [8]. The 5° LTR encodes a series of regulatory elements
that directs transcription of viral genes: gag (CA, MA, p6, p7), pol (PRO, RT, INT), env
(gp190, gp41), tat, rev, nef, vpr, vpu, and vif [21]. A single viral mRNA is produced,
which is differentially spliced to encode each of the various viral proteins, with the
exception of pol. This gene product is produced as a gag-pol fusion by a process
involving stochastic translational frameshifting [22]. In the early phase of HIV-1 gene
synthesis, the tat, rev, and nef gene products predominate as full-length transcripts are
rapidly spliced [23, 24]. Tat binds to an RNA stem loop structure termed TAR present in
the 5’ end of nascent HIV mRNA transcripts and promotes increased transcriptional
activity (discussed in detail in section IV) [25]. Nef directs down-regulation of surface
CD4 and MHC-I antigen presenting molecules, promotes enhanced sensitivity to cellular
activation signals, and enhances infectivity of produced virions [26-30]. Rev binds to a
rev-responsive element (RRE) contained in full-length HIV mRNA transcripts, and
promotes Exportin-1 /Ran GTP-dependent RNA export [31]. This prevents nuclear
splicing of genomic HIV-1 RNA, and preserves the long transcript for synthesis of gag,
pol, env, and other accessory gene products. Viral Env is translated as a 160 kD
transmembrane protein and processed by the cellular protease furin to form the gp120
and gp41 Env proteins, which are exported to the cellular or lysosomal compartments for
eventual virion incorporation [8]. The amino-terminal region of Gag and Gag-Pol
molecules are myristolated, a modification that drives these molecules to cellular

membranes [32]. Gag and Gag-Pol then cluster in a HP68/ATP-dependent, ordered
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process into previrion capsid particles [33]. Two zinc-finger motifs present in the p7
nucleocapsid subunit of Gag recruit HIV genomic RNA to the forming virion [34].
Newly formed virions bud from the surface of infected cells with the aid of TSG101, a
cellular vacuolar ATPase, which is recruited by a late domain in the p6 subunit of Gag
[35]. Viral budding is further promoted through downregulation of the cellular CD4
receptor by Vpu, Nef, and Env [26, 36]. Vif enhances outgoing virion infectivity by
directing Cul5-dependent proteosomal degradation of APOBEC3G [37-42]. In the
absence of Vif; this cellular cytidine deaminase is incorporated into HIV-1 virions where
it induces lethal hypermutation of incoming viral genomes [43-45].

The net effect of this highly orchestrated series of events is the amplification of
infectious viral particles through each round of the viral life cycle, propagating infection
throughout the host. Studies of viral transmission suggest that dendritic cells (DCs) are
among the first targets of HIV within newly infected hosts [46-48]. Immature DCs
express both CD4 and CCRS, and support the complete HIV life cycle [49]. These cells
participate in immune surveillance and monitor mucosal surfaces for potential pathogens
(sce [50] for review). Upon activation DCs migrate to local lymph nodes where they
present antigens to CD4+ and CD8+ lymphocytes for potential immune response. HIV is
thought to exploit this aspect of DC biology, using these immune cells as a “Trojan
horse” to transmit virus to activated CD4+ cells [51, 52]. DCs infected with HIV can
produce infectious virus for months, or alternatively, virus can be retained on DC-SIGN
or other surface glycoproteins in a highly stable form [53-55]. In either case, these cells

represent a stable and highly effective source of HIV production.
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Though they are of primary importance in the context of HIV-associated disease,
CD4+ T-cells can be thought to be secondary targets of HIV in the context of viral
transmission [47, 48]. The majority of CD4+ T-cells circulating in the blood and lymph
are in a resting state that is not permissive for HIV infection. Viruses that fuse to resting
CD4+ T-cells fail to complete reverse transcription [56, 57] or integrate [58], because of
interference by low molecular mass APOBEC3G present in the target cell [S9]. The
mechanism employed by APOBEC3G to impair replication in resting cells is not yet
clear, but is likely either a consequence of direct interference with RT’s processing of
HIV RNA, or by hypermutation of the incoming viral genomic RNA, or both. In
contrast, CD4+ T-cells activated by specific antigen, CD3-crosslinking, or various
cytokines present highly permissive targets to infection with HIV. The block posed by
APOBEC3G is overcome by its recruitment into a high molecular mass RNA-protein
complex. Establishment of infection within the T-cell compartment leads to increased
levels of T-cell activation [60], as the immune system attempts to rebuff the systemic
dissemination of HIV. Macrophages, CD4+ natural killer cells, as well occasional CD8+
or B-cells eventually become infected as HIV begins its exponential advance (reviewed
in [61]).

Titers of virus often reach to levels of 10’ copies per milliliter of plasma in the
first weeks of infection, and CD4 T-cell counts decline rapidly [62-64]. This initial peak
in viremia usually drops sharply as the immune response partially contains the virus to a
steady state level of viremia 100-1000x less than the viral peak [65]. This stable level of
viremia, termed the viral “set-point”, is a strong predictor of the rate of disease

progression [66]. Concurrent with the resolution of acute HIV viremia, rebound of CD4
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T-cell counts is typically observed. For a period of time, often lasting years, a period
termed “clinical latency” ensues, characterized by the absence of overt symptoms of HIV
infection. CD4 T-cell counts progressively decline with concomitant rise in viral titers,
leading eventually to breakthrough in viremia and rapid depletion of CD4+ T-cells.
Analyses of lymph nodes of infected patients indicate that the majority of dying CD4+ T-
cells are not infected with HIV [67]. Rather, “bystander killing” appears to play a
dominant role in progressive CD4+ T-cell depletion. The end result of the depletion of
CD4+ T-cells is the collapse of the immune system, manifesting as various opportunistic
infections and cancers that ultimately lead to the demise of the patient.

Early efforts to interfere with viral replication focused on development of
inhibitors of HIV reverse transcription. AZT, a nucleoside reverse transcriptase inhibitor,
demonstrated an ability to inhibit viral replication in tissue culture settings [68]. Early
patients treated with AZT monotherapy experienced rapid reductions in viral load [69].
However, this reduction proved to be exceedingly transient, and AZT-resistant HIV
usually emerged [70, 71]. The error-prone process of reverse transcription proved to be a
remarkably efficient mechanism for generating a “swarm” diverse viruses [72, 73].
Indeed, viruses with mutations conferring resistance to various drugs likely pre-exist
within the swarm and emerge when drug administration promotes its selective growth.
Mathematical models predict that in the course of a single day every possible point
mutation possible is generated in an infected patient, and that every double mutation is
generated in the span of three months [74]. Subsequent monotherapy efforts targeting
HIV protease or reverse transcriptase with nonnucleoside inhibitors were similarly

undermined by rapid emergence of resistant virus [75, 76]. Highly active antiretroviral
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therapy (HAART), a combination of HIV protease and reverse transcriptase inhibitors,
proved to be the first effective means of durably suppressing HIV viral load and oo

increasing CD4+ T-cell counts in infected patients [77, 78]. |

III  HIV-1 LATENCY
Early studies of viral decay kinctics following initiation of HAART in infected

patients demonstrated that viral titers decline in a biphasic pattern. An initial period of

exponential decline lasts ~2 weeks, likely reflecting rapid turnover of free virions and S
productively infected cells. This initial period is followed by a secondary linear decay S
L Al f
phase with indeterminate duration, likely reflecting the turnover of longer-living infected e
e

cells including macrophages and dendritic cells [79-82]. The second phase of viral decay
often reduces viral titers below the limit of detection of standard assays', prompting many
to suggest that this therapy would ultimately eradicate the virus in infected patients [85,
86]. Mathematical models based on these early studies suggested that viral eradication
might be achievable with as little as 2-3 years of continuous administration of HAART

[79]. —_—

Long-term studies revealed that cessation of HAART, with exceedingly rare

1,

exception [87], leads to rebound of viral of plasma viral levels within a few weeks of
drug withdrawal despite durable suppression of virus below detectable levels during prior g |
therapy [88-90]. This rebound suggested either an incomplete inhibition of viral

replication by the therapeutic regimen, or the existence of viral reservoirs: cellular or

! In 1996, the time of these studies. the Roche Amplicor HIV-1 Monitor RT-PCR test was the standard,
with a detection limit of 400 copies/ml [83]. In 1998, Roche released an “UltraSensitive” RT-PCR HIV-1
quantitation kit with a detection limit of 50 copies/ml [16]. More recent developments have pushed this
limit to less than a single viral copy per milliliter [84]. Analyses of patients with ‘‘undetectable viral loaf”
with more sensitive assays has generally identified virus present at levels less than the former limit.



anatomical compartments that harbor replication-competent virus in an environment
resistant to antiretroviral therapy. Several reservoirs of long-lived HIV had been
predicted prior to these studies, including virus bound to follicular dendritic cells [54],
infected macrophages in the CNS [91] and latently infected” resting CD4+ T-cells [92].
The CNS provides an example of an anatomically privileged locus of infection, where
supra-therapeutic levels of antiretroviral drugs are observed due to active drug export
across the blood-brain barrier [93, 94]. Latently infected CD4+ T-cells, however, reside
in the blood and lymphatics where antiretroviral drugs exist at strongly inhibiting
concentrations. This reservoir persists not because of an insufficiency of inhibitory
drugs, but rather because the virus contained within these infected cells exists in a
dormant state where the viral protein targets of antiretroviral therapy are not synthesized.
Thus, while other reservoirs of HIV-1 can be confronted with intensification of therapy or
improved local delivery of antiretroviral drugs, the pool of CD4+ cells harboring latent
virus requires a more radical approach.

Rebounding virus following HAART interruption shares genetic similarity with
virus contained in the pool of latent HIV-1 [95]. In contrast, no such similarity has been
noted among other prominent reservoirs, including CNS macrophages, or follicular
dendritic-cell associated virions, though one study found no similarity to any known
latent pool [96]. These observations bolster the claim that CD4+ lymphocytes harboring
latent proviruses are key contributors to the reemergence of viremia following HAART

cessation. HIV-1 detection assays with improved sensitivity have identified continued

2 Latent viral infection is a distinct concept from clinical latency, described in section II. The former refers
to a protracted delay separating establishment of infection of a cell and the subsequent progression to
synthesis of viral gene products, wile the latter refers to the symptom-free period of infection commonly
observed after acute infection and prior to the onset of AIDS.
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low-level viremia in HAART-suppressed patients with previously undetectable titers
[97], suggesting that incomplete suppression of viral replication may also contribute to
the rapid rebound of viral titers. However, the eventual predominance of wild-type non-
drug-resistant virus with genetic similarity to virus found early in infection, highlights the
central contribution of the durable pool of latently infected CD+ T-cells to this rebound.

Among the drug-resistant reservoirs of HIV-1, the pool of latently infected CD4+
memory T-cells appear to have the longest lifespan, with a minimal half-life of 44
months [98-100]. Models predict that clearance of this pool will require 50-60 years of
continued viral suppression, a period roughly approximating that of the expected life span
of the infected patient. The stability of this pool is owed in large part to the nature of the
infected cell, the memory CD4+ T-cell. Memory T-cells are produced in the wake of the
typical T-cell immune response; following antigenic activation of a naive T-cell, a
cascade of proliferative cell division and differentiation is initiated producing two distinct
classes of immune cells. The more abundant effector T-cells actively participate in the
antigen-directed immune response, whereas memory T-cells mediate long-term term
immunity (reviewed in [101]). Memory CD4+ T-cells have long life spans in healthy
patients, a feature that contributes to the “life-long” immunity to many childhood
diseases. The pool of CD4+ memory T-cells is maintained in a process of homeostatic
renewal in which rare cell division occurs [102]. This issue may be key to the targeted
elimination of latent HIV-1.

Siliciano and Chun first identified CD4+ T-cells harboring latent HIV-1 in
patients 1995 [92]. Resting CD4+ T-cells were isolated from blood of infected patients,

incubated for several days in the presence of antiretroviral drugs to eliminate any residual
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active infection. These cells were then stimulated with PHA and IL-2 to promote T-cell
activation and outgrowth of latent virus. Heterologous activated CD4+ T-cells were
added as target cells to amplify infection, and outgrowth of replication-competent latent
virus was universally observed after 1-3 weeks of culture. Serial dilution studies found
that the average frequency of latent infection is approximately 1-4 cells infected with
replication competent HIV-1 per million CD4+ T-cells isolated, or about 10° latently
infected cells per patient [103]. This stands in contrast to the observed frequency of 100-
600 cells containing integrated HIV-1 proviral DNA per million CD4+ T-cells [103].
Together, these observations indicate that the majority of integrated virus is either
defective due to inactivating mutations within the viral genome or the site of integration
within the target cell, or that alternative stimulation is required for viral activation within
these cells. Subsequent studies demonstrated that the pool of latent HIV-1 infection is
established early in the course of disease, likely during acute infection [92].

The processes underlying the generation of replication competent latent HIV-1
infection remain unclear. Multiple parallel pathways are likely to be involved. In view of
the potent post-entry block of resting T-cells to HIV-1 infection caused by LMM
APOBEC3G, it is likely that activated T-cells are the ultimate source of latent infection.
Because activated T-cells are capable of supporting the full HIV-1 life cycle, it is unclear
why some activated cells should become latently infected while the majority become
actively infected. Infection of incompletely activated T-cells, supporting early but not
late events of the viral life cycle may account for some viral latency. Alternatively, fully
activated T-cells may be infected during the resolution of antigenic activation, providing

a short window permitting reverse transcription and integration but precluding activation-
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dependant viral gene expression. Observations of latent HIV-1 present in both naive and
memory T-cells provide evidence for both routes of latency generation [103]. Other
models include the possibility of infection of CD4"CD8" T-cells during activation
associated with thymic generation [104], however, infection of CD8" cells as predicted
by this model, though reported [105], does not appear to be common. Whichever the
route of generation, each scenario is predicted to produce integrated HIV-1 provirus
requiring cellular activation for rescue of the viral lifecycle.

HIV-1 viral latency is defined by a failure of viral gene expression in an infected
cell that is recoverable by cellular activation. Forms of HIV-1 latency fall into two broad
classes based on the progression of the infected cell through the lifecycle relative to
proviral integration. In preintegration HIV-1 latency, the viral provirus exists as an extra-
chromosomal episome, failing to integrate into the host genome due to reverse
transcription, nuclear import, or integrase defccts. Cellular activation permits
progression of the provirus through the pause in lifecycle, promoting proviral integration
and subsequent gene expression [57, 103]. This form of provirus is relatively labile, and
is subject to degradation with a half-life of 2-3 days [106]. In postintegration HIV-1
latency, the provirus proceeds through reverse transcription, nuclear import and
integration into the host genomic DNA, however, the life cycle then halts prior to de novo
viral synthesis. After proviral integration, the proviral genome is maintained by cellular
DNA repair machinery, and thus can persist for the lifetime of the cell.

HIV-1 does not appear to explicitly direct the generation of a latent state, as
observed in other viruses such as Kaposi’s Sarcoma or HSV. Mechanisms accounting for

the failure of gene expression observed in postintegration viral latency include proviral
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mutations, transcription factor insufficiency, and integration into transcriptionally
unsupportive regions of the host genome. Point mutations in proviral DNA can impair
the viral gene expression by introducing premature stop codons or missense mutations
that disrupt the normal function of viral genes. Mutations within fat or rev, or their
respective TAR or RRE RNA targets impair the ability of these viral proteins to regulate
gene expression [107-110]. While in most cases such mutations would produce
replication incompetent viruses, isolated incidences of activation-inducible HIV-1
containing mutations in tar [111] or TAR have been identified in cell culture [112].
These integrated proviruses contain strongly debilitating mutations, however, the cells are
capable of producing infectious virus upon activation. Thus, these mutated viruses are
one source of viral latency. Given the rate of mutation during reverse transcription, it is
probable that point-mutant reversions resulting in wild-type infectious virus could be
generated from such a latent source.

Memory CD4+ T-cells circulate in a resting state characterized by reduced
metabolic activity, and arrest in the G stage of the cell cycle (see [113] for review). This
state of quiescence is well suited to the task of passive immune surveillance, and ensures
that the inactive immune system is efficient in energy consumption. In general, cellular
machinery promoting transcription is reduced relative to more metabolically active cells,
and is consequently limiting for extraneous gene expression. Reduced levels of CDK9
and cyclinT1, cellular cofactors of HIV gene expression have been implicated as key
determinants of viral latency in resting CD4+ T-cells [114, 115]. Resting T-cells are also

distinguished from their activated cellular counterparts by reduced nuclear levels of
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various T-cell activation-inducible transcription factors known to promote HIV gene
expression including AP-1, NFAT, and NF-kB (discussed in further detail in section IV).

In some cases, the site of HIV-1 proviral integration appears to be an additional
determinant of postintegration latency. Clear evidence supports the notion that the level
of basal HIV-1 gene expression is directly regulated by cis-acting DNA elements
surrounding the provirus [116]. Integration into regions of silenced heterochromatin near
telomeres, centrosomes, and alphoid-repeats has a strong silencing effect on basal HIV-1
transcription, and promotes the likelihood of latency [117]. Paradoxically, insertion into
highly expressed host genes also appears to promote viral latency, likely through a
promoter interference [118]. Increasing evidence points to an important role for the
chromatin environment surrounding the integrated provirus in the regulation of HIV gene
expression, though little is known of the processes directing this. Sodium butyrate and
valproic acid, inhibitors of chromatin modifying histone deacetylases (HDACS), induce
activation of latent HIV-1 in both cell culture models and blood isolated from HAART
suppressed HIV-infected patients [119, 120]. Direct methylation of HIV genomic DNA
has also been proposed to suppress expression of latent provirus [121], however, this
modification has not been observed in models of latency [122].

Recognizing that latent HIV-1 requires cellular activation to induce viral gene
expression, several groups have investigated the effects of general T-cell activators in
infected HAART-suppressed patients. This strategy aims to induce viral gene expression
and expose latently infected cells to antiretroviral therapies. Efforts with OKT3, a CD3-
stimulating antibody that mimics antigenic activation, and IL-2, a T-cell activating

cytokine, proved to be ineffective in reducing the size of the latent pool, due largely to
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the negative side effects of their generalized immune activating effects [123]. Milder
approaches employing IL-2 alone [124-126] or with other cytokines [127] have proven
less toxic, but have not demonstrated any substantial reduction in the size of the latent
pool of HIV-1. The design of effective approaches to the daunting problem of HIV-1
latency is hampered by a lack of understanding of the molecular basis for such latency.
A direct aim of this work was to characterize the molecular events induced by T-cell

activating agents that drive latent HIV-1 gene expression (Chapter 2).

| A% Transcriptional Regulation of HIV-1

HIV-1 gene expression is regulated principally at the level of transcription, and is
directed by virally-encoded promoter and enhancer clements contained within the 5> LTR
[128]. The core promoter, compriscd of three binding sites for the constitutive cellular
transcription factor SP1, a TATA box, and an initiator sequence, binds the cellular
preinitiation complex comprised of TBP, TFIIB, TFIID, and the RNA polymerase II
holoenzyme [129]. In vitro studies indicate that the core promoter element is sufficient
for HIV-1 transcriptional initiation [130], however, transcripts initiated in this context are
routinely terminated as short ineffective transcripts.

Early studies of HIV transcriptional regulation identified the early viral protein tat
as a strong transactivator of HIV gene expression [131]. Tat binds to the TAR stem loop
structure present at the 5° end of all initiated RNA transcripts and promotes
transcriptional elongation [25, 132]. Whether Tat affects the rate of transcriptional
initiation is still a point of contention. The elongating function of Tat, however, is

commonly accepted. Tat recruits the cellular positive transcription complex p-TEFb,
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comprised of cylinT1 and CDK9, which phosphorylates a repeated region present in the
carboxy-terminal domain (CTD) of RNA Pol II. This modification stabilizes the
transcriptional processivity of RNA Pol II [133-136]. Mutations of Tat that ablate p-
TEFb binding strongly correlate with a loss of HIV transactivation [137]. Additionally,
mutation or deletion of the CTD of RNA Pol II strongly reduces Tat transactivation
[138]. Tat transactivation of HIV-1 transcriptional elongation is strongly inhibited by
the nucleoside analog CDK-kinase inhibitor 5,6-dichloro-1-f-D-
ribofuranosylbenzimidazole (DRB), supporting a role for CDKs as elongation cofactors
in HIV transcription [139]. p-TEFb further promotes transcriptional elongation by
phosphorylating SPTS5 in the cellular N-TEF transcriptional repressor complex comprised
of DSIF and NELF, ablating the repressive nature of these negative transcriptional
regulators [140].

Recent studies by Michael Green indicate that Tat can transactivate HIV in the
absence of TAR [141]. Though it is not clear how Tat specifically targets the HIV
promoter in this model, it has been suggested that Tat-associated p-TEFb drives increased
recruitment of TBP to the HIV promoter. This, in turn directs increased transcriptional
preinitiation complex formation, and enhances transcriptional initiation. Whether HIV-1
latency in vivo is more commonly a consequence of failures in transcriptional initiation or
elongation will be of central importance to eradication efforts. One study that attempted
to analyze the transcriptional activity of the CD4+ T-cell pool harboring latent HIV-1 in
infected patients identified robust levels of short, but not long HIV mRNA transcripts,
suggesting that the absence of key elongating cofactors might underlie HIV latency

[142]. However, this study did not discriminate between latently infected cells, and cells
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infected with far more common defective proviruses, thus confounding clear
interpretation.

Mammalian DNA is compacted and organized into chromatin through
interactions with structural proteins, termed histones. Octomeric assemblies of various
histone proteins package 180 nucleotide stretches of DNA into repetitive coils termed
nucleosomes [143, 144]. Upon integration, the HIV provirus is rapidly assembled into
precisely positioned nucleosomes, one of which directly overlaps the transcriptional
initiation site as well as the coding sequence for TAR, nuc-1 [145]. In the absence of
stimulatory signals, the chromatinized LTR remains transcriptionally repressed [146].
HIV T-cell activation promotes a specific repositioning or rearrangement of the
nucleosomes into which the HIV promoter is organized, changes which are thought to
promote increased availability to transcriptional machinery [145]. Nucleosomal
remodeling is a consequence of post-translational modification of histone proteins,
including acetylation, phosphorylation, methylation, and ubiquitylation, among others,
driven by the localized recruitment of various histone acetyltransferses (HATSs), histone
deacteylases (HDAC:), kinases, phosphatases, etc. (reviewed in [147]). Patterns of
histone modifications appear to be associated with transcriptional activation and
repression, with hyperacetylation favoring the former, and methylation promoting either
depending on specific the site of modification. Histone hyperacetylation driven by
HDAC inhibitors induces reorganization of nucleosomes in the HIV LTR, and promotes
transcriptional activation of HIV in many model systems, suggesting a key role for
histone acetylation in the regulation of HIV transcription [148, 149]. Purified

acetyltransferases markedly stimulate transcriptional activity of in vitro chromatin
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assemblies of the HIV promoter, supporting a positive role for histone acetylation in HIV
transcriptional activation [150].

Several HDACs and HATs have been implicated in the modulation of HIV-1
transcription. Tat mediated recruitment of p300/CBP and PCAF to the HIV-1 LTR,
where they promote hyperacetylation of local histones [146, 151, 152]. Tat itself is a
target for acetylation by these enzymes, and dynamic modulation of Tat acetylation
appears to be a key for its transactivation of HIV-1 [153]. HDACI has been implicated
as a histone deacetylases that modulates the HIV promoter and promotes chromatin
condensation and repression of HIV transcription [154]. LSF1, YY1, and thyroid
hormone receptor recruit HDAC1 to the HIV-1 promoter through cognate binding sites
present in the LTR [154, 155]. The overall contribution of each of these factors to
HDACI recruitment and transcriptional repression, however, has not been thoroughly
examined.

The ATP-dependant chromatin remodeling SWI/SNF complex has been proposed
to be a key factor in the elongation of RNA Pol II, and is inducibly recruited to the HIV
promoter following cellular stimulation with T-cell activators [156]. Whether p-TEFb
synergizes with SWI/SNF to regulate transcriptional processivity from the HIV-1
promoter has not been examined. In vitro studies of nucleosome-assembled transcription
targets indicate that nucleosomes strongly inhibit transcriptional initiation, however, once
initiated, RNA Pol II is able to extend through nucleosomes with little difficulty [157-
159].

The reduced rate of transcriptional elongation and synthesis of full-length HIV

mRNA transcripts in the absence of Tat presents a basic problem for the newly infected
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cell: how are initial elongated viral transcripts synthesized such that Tat itself can be
produced? Transcriptionally active cellular promoters proximal to the locus of proviral
integration may transactivate the HIV promoter in cis, providing low levels of activating
signals that are sufficient for reduced rates of transcriptional elongation [160].
Alternatively, the block to elongation in the abscnce of Tat may not be absolute, with
initiated transcripts occasionally elongating to full length, thus eventually permitting Tat
synthesis. Finally, cellular cofactors that functionally mimic Tat may bind to the HIV
promoter and promote analogous elongating function. Indeed, it appears that each of
these processes contribute to the initiation of Tat synthesis, however, the latter option
appears to be the most important for the resolution of HIV-1 latency.

The 5° LTR contains binding sites for several cellular transcription factors
immediately upstrecam of the core promoter. In addition to the aforementioned SP1, a
required cofactor for transcriptional initiation [161], binding sites for AP-1, NF-kB,
NFAT , USF-1, and COUP-TF are highly conserved within the HIV regulatory subunit
[162-165]. The obscrvation that T-cell activation promotes HIV transcriptional suggests
that inducible transcription factors are likely to be strong candidates of cellular HIV
transactivators [166]. Indeed, AP-1, NFAT, and NF-kB have cach been demonstrated to
be direct transactivators of HIV-1, and mutation or deletion of their respective binding
sites within the provirus impairs viral replicative capacity [164]. Overexpression of these
transcription factors induced by T-cell activation drives increased activity of the HIV-1
promoter [167-169]. While it is likely that the induction of each of these transcription
factors is involved in the overall effect of T-cell activation on HIV transcription, NF-xB

appears to play the most important role [170, 171]. Inhibition of NF-kB strongly ablates
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the induction of HIV transcription by T-cell activating stimuli [172], and point mutations

within NF-xB binding sites in the HIV provirus reduce viral transcription 100-fold [173].

Given its impact on HIV transcription, NF-kB has been the focus of intensive study.

A\ NF-xB/Rel Family of Transcription Factors

The NF-kB/Rel family of transcription factors is arguably the most extensively
studied collection of eukaryotic transcription factors. NF-kB/Rel is a broadly expressed
and evolutionary conserved family of transcription factors with homology to early
systems of inducible gene expression observed in arthropods and unicellular eukaryotic
organisms, and influences apoptotic, proliferative, inflammatory, and developmental
processes. NF-kB was originally described as a B-cell restricted factor that bound to the
Ig x-enhancer [174]. Subsequent investigation demonstrated that NF-kB consists of 65-
and 50- kD subunits, termed p65, and p50, which homo- or heterodimerize and bind
DNA [175, 176]. After the protein sequence of p65 was determined, substantial
homology was recognized with the reticuloendotheliosis virus oncogene, v-rel, and its
cellular homolog c-Rel [177]. The molecular cloning of p5S0 demonstrated further
homology between the amino-terminal domains of p50, p65, and v-rel, establishing the
rel-homology domain (RHD) and the Rel family [178]. In addition to p65 (RelA), pSO
(NF-xB1), and c-Rel, two additional RHD-containing factors have been described, RelB
and p52 (NF-xB2) [179-181], completing the mammalian NF-xB family.

The amino-terminal RHD common to each of the Rel family members mediates
DNA-binding, nuclear localization, and dimerization, producing a broad range of homo-

and heterodimeric NF-xB complexes [177, 178, 182-185]. RelA, RelB, and c-Rel
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contain transcriptional activating domains (TADs) in their carboxy-terminal regions [180,
186, 187], a feature absent in pS0 and pS2. The absence of TAD:s in this latter group has
raised the suggestion that pS0 and p52 homodimres may serve as transcriptional
repressors [188]. This suggestion is bolstered by the constitutive nuclear accumulation
and binding of these complexes to transcriptionally inactive genes [189, 190]. In
contrast, TAD-containing NF-kB complexes are largely cytoplasmically localized in the
absence of NF-kB-inducing stimulus, and absent from transcriptionally inactive
promoters [191].

A family of NF-xB inhibitors, the IkBs, bind to and occlude nuclear localization
signals and DNA binding regions present in the RHD of NF-kB dimers [192]. The IxkB
family includes IxBa, IxBp, IkBy,IkBe, 1B, Bcl-3, p100, p10S, and share homology
through an ankryin-repeat domain that mediates intermolecular interactions with NF-xB
complexes [193-199]. Despite its similarity to IkBs, Bcl-3 does not inhibit NF-kB
activity, but acts instead as a transcriptional activator in concert with p52 homodimers
[200]. The carboxy-terminal regions of p10S and p100 are cotranslationally and
posttranslationally processed, respectively, by the 26S proteasome to produce p50 and
p52 proteins that lack ankyrin repeats [201-203]. In the absence of their inhibitory
ankyrin reagion, p5S0 and p52 continue to bind RelA, RelB, or c-Rel, and enhance DNA
binding and nuclear import of these complexes.

The prototypical NF-xB complex, comprised of a heterodimer of RelA and p50, is
ubiquitously expressed, despite its original characterization as a B-cell restricted factor.
In unstimulated cells, RelA/pS0 heterodimers are associated predominantly with IkBa,

an association that largely precludes DNA binding and transactivation properties of NF-
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kB, and promotes cytoplasmic retention of RelA/p50 complexes through an offset in the
rate of nuclear-cytoplasmic shuttling [193, 204]. Induction of cellular activation by T-
cell receptor ligation initiates a cascade of phosphorylation events culminating in the
phosphorylation of IkBa by the IkB kinase signalsome complex, comprised of
IKKy/NEMO, IKK1, and IKK2 [205-207]. Phosphorylated IxkBa is a substrate for
polyubiquitylation by E3 ligases, and is subsequently degraded by the 26S proteasome,
liberating the RelA/p50 complex [208-210]. Mutation of IkBa serines targeted for
phosphorylation by the IKKs produccs an inducible dcgradation resistant transdominant
repressor of NF-kB, termed the IkBa super repressor (IkBaSR) [211]. An additional
non-canonical pathway of NF-kB is induced upon IKK1 homodimer phosphorylation of
p100, which promotes its ubiquitylation and protcolytic removal of the carboxy-terminal
IxB-like region, producing an active p5S2/RelB heterodimer [212]. More recent findings
have demonstrated a third IKK-independent pathway of NF-kB activation mediated by
RSK1 phosphorylation of RelA, a modification which promotes IxkBa disassembly from
NF-kB complexes [213]. Regardless of the mechanism of induction, each method of
activation induces nuclear accumulation and DNA binding of NF-xB complexes,
permitting transactivation of kB-rcgulatcd genes.

The NF-kB response to inducing stimulus is subject to remarkably tight temporal
control. Nuclear localization of RelA/p50 heterodimers following induction peaks at 30-
minutes post-stimulation, and rapidly subsides to uninduced levels within an hour of
induction [210]. This “shut-off” of NF-kB transcription factors is a consequence of a

negative feedback loop provided by the kB-responsive expression of IkBa. Induction of
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NF-«kB rapidly promotes expression of IkBa, which binds to and promotes nuclear export
of the activated NF-xkB complex. The transient nature of the NF-kB response is also
impacted by kB-driven expression of A20 [214, 215], an inhibitor of kinase events
upstream of the IKK signalsome complex, thus restricting further activation of the IKKs.
The IKKs themselves are subjcct to a degree of autoregulation, and signal-induced
activation of IKK2 has been demonstrated to induce autophosphorylation of caboxy-
terminal residues that inhibit its kinase activity [216]. How this auto-inhibitory effect is
temporally regulated is not yet clecar.

Activated NF-xB binds to decameric DNA sequences with a consensus sequence
of 5’-GGGRNNYYCC-3’, though a substantial degree of degeneracy of this sequence is
permitted. This degencracy is thought to underlie binding site preference of the various
NF-kB dimers, and provides a basis for the diversity of observed patterns of NF-xB
dependent gene expression. Chromatin immunoprecipitation analysis of NF-kB binding
in vivo has demonstrated that many kB loci are scquentially bound by multiple NF-xB
complexes [217]. TNF-a stimulation of CD4 T-lymphocytes drives rapid association of
RelA/pSO with the IL-8 promoter, followed by RelB/pS2. It is unclear how this
scquential pattern of recruitment shapes the pattern of expression of IL-8 and other genes.
Additionally, it is unclear whether one NF-kB species actively displaces another or rather
that sequential binding reflects the predominant nuclear species of NF-kB.

Study of NF-kB has focused on RelA and NF-kB1/p50 largely because transgenic
mice deficient in these genes exhibit profound developmental and immune deficiencies.
RelA-/- mice die in utero at embryonic d15-16 due to liver failure caused by TNF-a

induced apoptosis of hepatic cells [218]. This observation underscores the contribution
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of NF-xB to anti-apoptotic processes. Dual RelA-/- TNF-a receptor -/- mice survive to
birth [219], but exhibit a broad array of deficiencies including impaired immune and
inflammatory responses marked by an absence of proliferative cellular expansion in
response to T- or B-cell activation, defects in dermal differentiation, and more subtle
changes in behavior [220, 221]. Taken together, these support a role for RelA as a
master regulator of a broad range of biology.

Deletion of pS0 [222], though non-lethal, produces profound defects in humoral
immunity, and p50-/- B-cells fail to proliferate or produce appropriate antibody responses
to bacterial infections. Mice deficient in RelB mature without overt defect aside from
splenomegaly and myeloid hyperplasia [223, 224]. T-cell and B-cell development is
grossly normal, however RelB” B-cell proliferation in response to activating stimuli is
limited [225]. Similarly, mice deficient in c-Rel exhibit normal hematopoetic
development, however are unresponsive to mitogenic stimuli, and fail to produce IL-2
[226, 227].

Much of NF-kB activity is regulated by its cytoplasmic sequestration mediated by
IxBs, however additional control of the pathway is mediated by post-translational
modification of the transcription factor complex. NF-kB inducing stimuli drive
phosphorylation of RelA, a modification that increases its affinity for DNA in vitro [228].
MSK-1 and PKAc mediate phosphorylation of serine 276 in the RHD of RelA. Mutation
of this serine residue reduces RelA transactivation of kB-dependant reporters 30-75%
[229, 230]. Phosphorylation of RelA at serine 311 induced by PKC( similarly enhances

the overall transcriptional response. Additional RelA kinases and sites of
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phosphorylation have been described, including IKK 1, IKK2, and RSK1, (reviewed in
[231]).

RelA activity is also regulated by acetylation, a reversible modification that
dictates the nuclear duration of NF-kB complexes through an unclear mechanism [232].
Acetylation of RelA at lysine 221 enhances DNA binding and impairs assembly with
IxBa. Conversely, acetylation at lysine 310 does not appear to affect either IkBa
association or DNA binding, but is the most important for transcriptional activity. [233].
Acetylation of K310 is positively regulated by phosphorylation at S276, implying
directionality in modification [231]. Whether these modifications activate transcription
in a ubiquitous or gene-specific manner is unclear.

Additional modifications of RelA including ubiquitylation have been described,
however the biological consequences of these modifications are not yet clear. Other NF-
kB family members are post-translationally modified by a similarly diverse range of
modifications, however it is unclear whether or how the these modifications contribute to
the overall activity of NF-kB-stimulated gene expression.

NF-xB binding to cognate enhancers drives increased transcriptional activity,
however, the precise series of molecular events underlying this increase is not completely
understood. The TAD in RelA has been demonstrated to associate with a range of
histone and polymerase modifying transcriptional coactivators. RelA recruitment of
p300, a histone acetyltransferase, is thought to promote hyperacetylation of histones
proximal to xB enhancer elements [234], a modification associated with transcriptional

activation (see section III) [235]. Histone acetyltransferases P/CAF and CBP are
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similarly observed to associate with RelA and may provide functional redundancy, or
modulate distinct acetylation events [236].

In addition to promoting local histone acetylation, RelA association with various
kinases may promote histone and other transcription factor phosphorylation. A tripartite
p300/RelA/cyclin dependent kinase 2 (CDK2) complex has been observed [237], and
CDK inhibitors DRB and flavopyridol strongly inhibit NF-kB inducible gene expression.
More recent findings support a role for P-TEFb (CDK9/CycT]1) as the RelA-associated
CDK-containing complex [238]. This latter observation suggests that RelA may be
functionally homologous to Tat in the context of HIV-1 expression. In view of the
temporal restriction placed on NF-kB by the negative feedback loop, RelA- and Tat-
mediated recruitment of P-TEFb to the HIV LTR provides a compellingly
complementary model of a source for initial and sustained RNA polymerase II
phosphorylation and HIV-1 transcriptional processivity.

Coactivator associated arginine methyltransferase (CARM1), a histone
methyltransferase has been observed to associate with RelA-p300 complexes [239],
suggesting a role for histone methylation in NF-xB induction of gene expression.
Knockdown of CARMI1 expression appears to reduce kB-driven gene expression in some
contexts, suggesting that methylation could be a positive factor in NF-kB transactivation.
Reports of transcriptionally repressive HDAC1 and HDAC2-association with RelA are
similarly in conflict with prevailing models of NF-xB transactivation, however
knockdown studies of these deactetylases have not been performed [240]. Association of
p50-p50 homodimers with HDAC1 has been reported, an association that mediates

transcriptional repression of IL-8 expression in the absence of NF-kB activation [190].
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In this context, NF-xB activation serves a two-fold effect: displacement of an actively
repressive pS0-pS0-HDAC1 complex with a positively acting RelA-p50-p300-CDK
complex. Further exploration of NF-kB interactions with histones will be fundamental to
increased understanding of the molecular underpinnings of NF-kB transactivation. A
direct aim of this study was to examine the modulation of basal transcription factor
modificaton and histone acetylation by NF-xB in the context of the latent HIV-1

promoter (Chapter 3).

V1 The J-Lat Model of Post-Integration HIV-1 Latency

The rarity of latently infected cells, and the absence of any discernable marker of
HIV-1 latency greatly hamper efforts to directly study mechanism in the most relevant
pool. Additionally, the obfuscating pool of defective integrated proviruses precludes
meaningful interpretation of data derived from bulk cultures of patient blood.
Nonetheless, cultured outgrowth of virus from HIV-1-infected patient blood offers the
most relevant target of study. This method of assay requires patient cooperation, costly
cell-sorting and culturing techniques, and lengthy procedure. Taken together with the
low level of cellular targets isolated from each patient, experiments conducted in this
system must chosen with great economy. Thus, culture models of HIV-1 latency must be
employed to identify lead candidate mechanisms of this treatment-resistant form of
infection.

Suggestions of latent HIV-1 infection of human T-cell lines had been observed as
early as 1986, with 5-iodo2’-deoxyuridine inducible expression of virus from A3.01-

derived ACH-2 cells observed [241]. Similarly, cytokine-inducible HIV-1 was observed
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in a cultured U937 monocyte cell line, Ul [242]. Several NF-kB inducing-stimuli,
including UV-light, PMA, LPS, and TNF-a were subsequently demonstrated to be strong
inducers of HIV-1 from apparently latently infected cell lines [243-246]. By contrast,
latently infected THP-1 monocytes are unresponsive to NF-xB-inducing stimuli, but
strongly responsive to 5-azacytidine, an inhibitor of DNA-methylation, suggesting the
possibility that multiple mechanisms underlie HIV-1 latency [247].

Efforts to understand the molecular mechanisms driving HIV latency within
culture systems focused initially on aberrant patterns of RNA expression common to
several models [248]. Mutation in the HIV-1 splicing factor Rev or its RRE cognate
RNA binding site was proposed as a source of latency [249], as was alteration of the viral
transactivators Tat or of its target TAR RNA site [166]. Reconstitution of various
latently infected cell clones demonstrated that wt Rev and Tat supplied in trans could
rescue viral production in many cell lines [250]. The failure of these manipulations to
recover infectious virus from ACH-2 cells suggested that the locus of proviral integration
could be an important determinant of HIV-1 latency [251]. However, subsequent
analyses demonstrated that the TAR region contained an inactivating mutation, thus
discarding the notion that the position of proviral integration is responsible for this form
of HIV-1 latency [112]. HIV-1 latency in U1 cells proved to be a consequence of an
inactivating mutation in Tat.

Proviral mutation does not account for all HIV-1 latency observed in tissue
culture models. A mutational basis for the HIV-1 latency observed in OM10.1 [252], a
HL-60 promyelocytic cell line, and J1.1 [253], a Jurkat T-cell line, has not yet been

determined, however the rarity of early HIV-1 mRNA transcripts observed in these cell
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lines supports a failure in transcriptional initiation, likely due to integration locus-specific
positional silencing [254]. Indeed, the site of proviral integration has been shown to
dramatically influence basal HIV-1 transcription rates [116]. It is unclear whether latent
HIV-1 infections are immediately established, or whether there is some transition through
a state of viral production. CEM T-cell lines chronically infected with HIV-1 eventually
shutdown viral production and reproducibly establish latent states, suggesting that
actively infected cells are capable of regressing into a latent state [255, 256].
Determination of which of these various mechanisms is responsible for HIV-1 latency in
vivo has been difficult to ascertain, due to the restrictions of studying primary sources of
latency.

Criticism of most models of HIV-1 latency hinges on the fact that single loci of
integration are studied, thus observations made in one model may be reflective of a
particular integration locus and not gencralizable. Efforts to escape this criticism have
produced systems more reflective of in vivo biology, including the SCID-HU model
developed by Brooks and Zack [104]. In this model, mice reconstituted with a human
immune system through thymic transplantation are infected with an HIV virus expressing
a marker gene in place of viral env. A single-round of infection of CD4+ cells
undergoing thymopoesis occurs, thus allowing a brief window of activation during which
early proviral reverse transcription and genomic integration can complete. This model
shares some of the difficulties associated with patient blood culture, in that only a
fraction of cells harbor latent HIV-1 provirus, and analyses must be done in bulk culture
with an interfering backdrop of defective integrated virus. In contrast, manipulations

intended to effect the latent HIV-1 pool can be performed irn vivo, allowing for broader
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assessment of activating approaches. However, due to the overall expense of animal
models and their inherent difficulty of manipulation, this system is not ideal for the
dissection of specific molecular mechanisms underlying HIV-1 latency.

To improve upon previous models of HIV-1 latency, Jordan and Verdin infected
Jurkat T-cells with an HIV provirus at low multiplicity of infection engineered to express
Aequoria Victoria green fluorescent protein (GFP) in place of the viral Nef gene, thus
allowing rapid and inexpensive fluorescent assessment of viral gene expression [117].
This virus additionally contained a frameshift in env to restrict infection to a single round.
The resulting infected cells were screened for inducible GFP expression, and a multitude
of latently-infected Jurkat T-cell clones, or J-Lat, were derived. A similar approach has
been used to generate latently HIV-1 infected monocytes [257]. Subsequent analysis
revealed that the inducible, latent nature of the HIV-1 provirus in many J-Lat clones was
not a result of cellular or proviral mutation, but rather likely a consequence of cis-acting
transcriptionally repressive factors surrounding the viral integration site. The isolation of
multiple clones exhibiting similar biology despite separate integration loci allows for the
asscssment of generalizability of findings across clones. As such, the J-Lat model
presents the most authentic and easily monitored model of HIV-1 latency to date, and as
such has been a key component of the studies presented herein.

Studies of J-Lat cell clones have revealed that DNA-methylation, long thought to
be a major determinant of basal HIV transcriptional activity, is not associated with latent
HIV-1 proviruses [122]. Analysis of integration locus demonstrated that transcriptionally
silent HIV-1 proviruses often reside within actively transcribed genes [118], an apparent

paradox. Fluorescent analysis of unstimulated J-Lat cells reveals that the majority of cells
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express no GFP, indicating an absence of HIV-1 gene expression. Some background
level of GFP-expressing cells is observed in each clone, ranging from 0.1% to 10% of the
total population. Stimulation of these cells with various NF-kB-inducing stimuli induces
a subset of cells to express GFP, typically ranging from 20%-80% depending on the J-Lat
clone studied. Generally, J-Lat clones that have a higher fraction of GFP-positive cells
when unstimulated will also have a higher fraction when stimulated. Similar fractional
responses in GFP-expression have been observed in cell lines derived by other groups
with similar strategies. It is unclear why a clonally derived cell-line should differentially
respond to stimulus.

An aim of this work was to further understand the variegated nature of HIV-1
induction within the clonal J-Lat model. Additionally, a major aim was to explore the
molecular mechanisms underlying HIV-1 latency within the J-Lat cell lines, with
particular focus on the role of the NF-kB pathway. We found that latency in the J-Lat
model is largely a consequence of a failure of transcriptional initiation. This failure is
regulated NF-xB1/p50 recruitment of HDACI, a complex that promotes histone
deacetylation, chromatin compaction, and exclusion of the RNA polymerase II complex.
We further discovered efficient induction of latent HIV-1 gene expression requires
sustained induction of NF-xB. This is a consequence of rapid rerepression of
transcriptional initiation in absence of HIV-activating stimulus. The findings of this
work point to unexpected intersections of NF-xB and HIV-1 latency, and further

underscore the key role of chromatin in transcriptional regulation.

32

racn-i«n..';é_
1 IRAPONA M SIS

1 U IO W s

s
—)




Figure 1

33

sCh, ‘on

Ve

N

Integration

Nucleus

B L ol

fEe e B

-IBR

Y 4
12
/“')"/

«

.
1
< - —

-
—J,
Ly

.
=y
h l"".v



Figure 2

TR S U tat L LTR

u3 R WL

AP-1 NFAT NF-«B Sp1 TATA

- - = —CQ-::)—D- 4

nuc-0 nuc-1




Figure 3

ytoplasm

P P

e

~ NF«B

Proteasome

35

I L ma
P
Purtaes
J:‘h‘é-‘,ﬁ#
IR T

m-\\‘!ﬂt-r%
A L i et

e el .~ )

N e,
P g
” D
e Lo
‘-:-u”-v\)
Fah Sl

oS- .

o

’ i

2 /7
L.



Figure 4

HIV-R7/E"/GFP

gag vif vou ¢ o e
5' ﬁ?ﬁﬂ WA ey —_ B pzm 3

Mo ] tat -
LTR pol vpr fat LTR
10* - -
A
‘103 E -
TNF-o
107 1 e
10" 4 y /
J 100 1 CE
u 10° 10! 102 103 104 10° 10! 102 10° 104
HIV-1 LTR GFP >
36

""’%M‘

mﬁ'ﬂ\
m-a'z ol
NHOOEE M TR

N

i



References

1. Ho, D.D., R.J. Pomerantz, and J.C. Kaplan, Pathogenesis of infection with human
immunodeficiency virus. N Engl J Med, 1987. 317(5): p. 278-86. o

2. Clavel, F., et al., Molecular cloning and polymorphism of the human immune
deficiency virus type 2. Nature, 1986. 324(6098): p. 691-5.

3. Korber, B., et al., Timing the ancestor of the HIV-1 pandemic strains. Science,

2000. 288(5472): p. 1789-96.

4. Huet, T., et al., Genetic organization of a chimpanzee lentivirus related to HIV-1. e
‘\ *’
Nature, 1990. 345(6273): p. 356-9. S .
. -4-9‘ ‘“* ]
5. Hirsch, V.M., et al., An African primate lentivirus (SIVsm) closely related to HIV- :;:"‘“"'
g
ain’s & -wum
2. Nature, 1989. 339(6223): p. 389-92. g .y
AL YN e 2w
6. De Cock, K.M,, et al., Epidemiology and transmission of HIV-2. Why there is no """"";
m-‘g
HIV-2 pandemic. Jama, 1993. 270(17): p. 2083-6.
7. Greene, W.C. and B.M. Peterlin, Charting HIV's remarkable voyage through the '“:::'S '
cell: Basic science as a passport to future therapy. Nat Med, 2002. 8(7): p. 673- - '-} )
el g
80 LA
8. Frankel, A.D. and J.A. Young, HIV-1: fifteen proteins and an RNA. Annu Rev
Biochem, 1998. 67: p. 1-25.

9. Putney, S.D., et al., HTLV-III/LAV-neutralizing antibodies to an E. coli-produced ',
Jfragment of the virus envelope. Science, 1986. 234(4782): p. 1392-5.
10.  Lifson, J.D., et al., AIDS retrovirus induced cytopathology: giant cell formation

and involvement of CD4 antigen. Science, 1986. 232(4754): p. 1123-7.

-



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dragic, T., et al., HIV-1 entry into CD4+ cells is mediated by the chemokine
receptor CC-CKR-5. Nature, 1996. 381(6584): p. 667-73.

Feng, Y., et al., HIV-1 entry cofactor: functional cDNA cloning of a seven-
transmembrane, G protein-coupled receptor. Science, 1996. 272(5263): p. 872-7.
Trkola, A., et al., CD4-dependent, antibody-sensitive interactions between HIV-1
and its co-receptor CCR-5. Nature, 1996. 384(6605): p. 184-7.

Wu, L., et al., CD4-induced interaction of primary HIV-1 gp120 glycoproteins
with the chemokine receptor CCR-5. Nature, 1996. 384(6605): p. 179-83.

Chan, D.C. and P.S. Kim, HIV entry and its inhibition. Cell, 1998. 93(5): p. 681-
4.

Sun, R, et al., Ultrasensitive reverse transcription-PCR assay for quantitation of
human immunodeficiency virus type 1 RNA in plasma. J Clin Microbiol, 1998.
36(10): p. 2964-9.

Bushman, F.D., T. Fujiwara, and R. Craigie, Retroviral DNA integration directed
by HIV integration protein in vitro. Science, 1990. 249(4976): p. 1555-8.
Schroder, A.R., et al., HIV-1 integration in the human genome favors active genes
and local hotspots. Cell, 2002. 110(4): p. 521-9.

Mitchell, R.S,, et al., Retroviral DNA integration: ASLV, HIV, and MLV show
distinct target site preferences. PLoS Biol, 2004. 2(8): p. E234.

Wu, X,, et al., Transcription start regions in the human genome are favored
targets for MLV integration. Science, 2003. 300(5626): p. 1749-51.

Muesing, M.A., et al., Nucleic acid structure and expression of the human

AIDS/lymphadenopathy retrovirus. Nature, 1985. 313(6002): p. 450-8.

38

;
Tl -z




22.

23.

24.

25.

26.

27.

28.

29.

30.

Wilson, W., et al., HIV expression strategies: ribosomal frameshifting is directed
by a short sequence in both mammalian and yeast systems. Cell, 1988. 55(6): p.
1159-69.

Emerman, M., R. Vazeux, and K. Peden, The rev gene product of the human
immunodeficiency virus affects envelope-specific RNA localization. Cell, 1989.
57(7): p. 1155-65.

Chang, D.D. and P.A. Sharp, Regulation by HIV Rev depends upon recognition of
splice sites. Cell, 1989. 59(5): p. 789-95.

Muesing, M.A., D.H. Smith, and D.J. Capon, Regulation of mRNA accumulation
by a human immunodeficiency virus trans-activator protein. Cell, 1987. 48(4): p.
691-701.

Garcia, J.V. and A.D. Miller, Serine phosphorylation-independent
downregulation of cell-surface CD4 by nef. Nature, 1991. 350(6318): p. 508-11.
Miller, M.D., et al., Expression of the human immunodeficiency virus type 1 (HIV-
1) nef gene during HIV-1 production increases progeny particle infectivity
independently of gp160 or viral entry. J Virol, 1995. 69(1): p. 579-84.

Miller, M.D., et al., The human immunodeficiency virus-1 nef gene product: a
positive factor for viral infection and replication in primary lymphocytes and
macrophages. ] Exp Med, 1994. 179(1): p. 101-13.

Schwartz, O., et al., Endocytosis of major histocompatibility complex class I
molecules is induced by the HIV-1 Nef protein. Nat Med, 1996. 2(3): p. 338-42.
Mangasarian, A. and D. Trono, The multifaceted role of HIV Nef- Res Virol, 1997.

148(1): p. 30-3.

39

b N




31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fornerod, M., et al., CRMI is an export receptor for leucine-rich nuclear export
signals. Cell, 1997. 90(6): p. 1051-60.

Schultz, A.M. and S. Oroszlan, In vivo modification of retroviral gag gene-
encoded polyproteins by myristic acid. J Virol, 1983. 46(2): p. 355-61.
Zimmerman, C., et al., Identification of a host protein essential for assembly of
immature HIV-1 capsids. Nature, 2002. 415(6867): p. 88-92.

Gorelick, R.J., et al., Noninfectious human immunodeficiency virus type 1 mutants
deficient in genomic RNA. J Virol, 1990. 64(7): p. 3207-11.

Garrus, J.E., et al,, Tsgl01 and the vacuolar protein sorting pathway are essential
Jor HIV-1 budding. Cell, 2001. 107(1): p. 55-65.

Willey, R.L., et al., Human immunodeficiency virus type 1 Vpu protein induces
rapid degradation of CD4. J Virol, 1992. 66(12): p. 7193-200.

Sheehy, A.M., et al., Isolation of a human gene that inhibits HIV-1 infection and
is suppressed by the viral Vif protein. Nature, 2002. 418(6898): p. 646-50.
Stopak, K., et al., HIV-1 Vif blocks the antiviral activity of APOBEC3G by
impairing both its translation and intracellular stability. Mol Cell, 2003. 12(3): p.
591-601.

Sheehy, A.M., N.C. Gaddis, and M.H. Malim, The antiretroviral enzyme
APOBEC3G is degraded by the proteasome in response to HIV-1 Vif. Nat Med,
2003. 9(11): p. 1404-7.

Marin, M., et al., HIV-1 Vif protein binds the editing enzyme APOBEC3G and

induces its degradation. Nat Med, 2003. 9(11): p. 1398-403.

40

-

=
P s N
) P ‘».-'!
i,
"’?‘_1-#
mivc’s wvoam
gt T,
.mbi‘:n 1&-1.:
PP NES W 2EIDY




41.

42.

43.

45.

46.

47.

48.

49.

50.

Yu, X., et al., Induction of APOBEC3G ubiquitination and degradation by an
HIV-1 Vif-Cul5-SCF complex. Science, 2003. 302(5647): p. 1056-60.

Mehle, A., et al., Phosphorylation of a novel SOCS-box regulates assembly of the
HIV-1 Vif-Cul5 complex that promotes APOBEC3G degradation. Genes Dev,
2004. 18(23): p. 2861-6.

Mangeat, B., et al., Broad antiretroviral defence by human APOBEC3 G through
lethal editing of nascent reverse transcripts. Nature, 2003. 424(6944): p. 99-103.
Zhang, H., et al., The cytidine deaminase CEM15 induces hypermutation in newly
synthesized HIV-1 DNA. Nature, 2003. 424(6944): p. 94-8.

Harris, R.S., et al., DNA deamination mediates innate immunity to retroviral
infection. Cell, 2003. 113(6): p. 803-9.

Soto-Ramirez, L.E., et al., HIV-1 Langerhans' cell tropism associated with
heterosexual transmission of HIV. Science, 1996. 271(5253): p. 1291-3.

Spira, AL, et al., Cellular targets of infection and route of viral dissemination
after an intravaginal inoculation of simian immunodeficiency virus into rhesus
macaques. J Exp Med, 1996. 183(1): p. 215-25.

Miller, C.J., et al., Mechanism of genital transmission of SIV: a hypothesis based
on transmission studies and the location of SIV in the genital tract of chronically
infected female rhesus macaques. ] Med Primatol, 1992. 21(2-3): p. 64-8.
Frankel, S.S., et al., Replication of HIV-1 in dendritic cell-derived syncytia at the
mucosal surface of the adenoid. Science, 1996. 272(5258): p. 115-7.
Guermonprez, P., et al., Antigen presentation and T cell stimulation by dendritic

cells. Annu Rev Immunol, 2002. 20: p. 621-67.

41

-,

= eamd

R TS

Mtﬂ
.hf"#

BPacTS & T
m\z_“\ﬂ\
e e ame®
R Ty T

AT AT

#LD

L g d




51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Meltzer, M.S,, et al., Role of mononuclear phagocytes in the pathogenesis of
human immunodeficiency virus infection. Annu Rev Immunol, 1990. 8: p. 169-94.
Geijtenbeek, T.B., et al., DC-SIGN, a dendritic cell-specific HIV-1-binding
protein that enhances trans-infection of T cells. Cell, 2000. 100(5): p. 587-97.
Popov, S., et al., Long-term productive human immunodeficiency virus infection
of CDl1a-sorted myeloid dendritic cells. J Virol, 2005. 79(1): p. 602-8.

Pantaleo, G., et al., HIV infection is active and progressive in lymphoid tissue
during the clinically latent stage of disease. Nature, 1993. 362(6418): p. 355-8.
Embretson, J., et al., Massive covert infection of helper T lymphocytes and
macrophages by HIV during the incubation period of AIDS. Nature, 1993.
362(6418): p. 359-62.

Zack, J.A., et al., HIV-1 entry into quiescent primary lymphocytes: molecular
analysis reveals a labile, latent viral structure. Cell, 1990. 61(2): p. 213-22.
Bukrinsky, M.1,, et al., Quiescent T lymphocytes as an inducible virus reservoir in
HIV-1 infection. Science, 1991. 254(5030): p. 423-7.

Bukrinsky, M.L, et al., Active nuclear import of human immunodeficiency virus
type 1 preintegration complexes. Proc Natl Acad Sci U S A, 1992. 89(14): p.
6580-4.

Chiu, Y.L., et al., Cellular APOBEC3G restricts HIV-1 infection in resting CD4+
T cells. Nature, 2005. 435(7038): p. 108-14.

Zhang, Z.Q., et al., Kinetics of CD4+ T cell repopulation of lymphoid tissues after

treatment of HIV-1 infection. Proc Natl Acad Sci U S A, 1998. 95(3): p. 1154-9.

42

N\?A“\
e aniar
NN IRV

P
I_’-ﬂj

S W K.

F
R
B




6l.

63.

64.

65.

66.

67.

68.

Blankson, J.N., D. Persaud, and R.F. Siliciano, The challenge of viral reservoirs
in HIV-1 infection. Annu Rev Med, 2002. 53: p. 557-93.

Ho, D.D., et al., Primary human T-lymphotropic virus type Il infection. Ann
Intern Med, 1985. 103(6 (Pt 1)): p. 880-3.

Daar, E.S., et al., Transient high levels of viremia in patients with primary human
immunodeficiency virus type 1 infection. N Engl J Med, 1991. 324(14): p. 961-4.
Saag, M.S,, et al., High-level viremia in adults and children infected with human
immunodeficiency virus: relation to disease stage and CD4+ lymphocyte levels. J
Infect Dis, 1991. 164(1): p. 72-80.

Koup, R.A,, et al., Temporal association of cellular immune responses with the
initial control of viremia in primary human immunodeficiency virus type 1
svndrome. J Virol, 1994. 68(7): p. 4650-5.

Mellors, J.W., et al., Prognosis in HIV-1 infection predicted by the quantity of
virus in plasma. Science, 1996. 272(5265): p. 1167-70.

Finkel, T.H., et al., Apoptosis occurs predominantly in bystander cells and not in

productively infected cells of HIV- and SIV-infected lymph nodes. Nat Med, 1995.

1(2): p. 129-34.

Mitsuya, H., et al., 3-Azido-3"-deoxythymidine (BW A509U). an antiviral agent
that inhibits the infectivity and cytopathic effect of human T-lymphotropic virus
type Ill/lymphadenopathy-associated virus in vitro. Proc Natl Acad Sci U S A,

1985. 82(20): p. 7096-100.

43

m"s“

bt ) * s

1ec™s & eap

1o i e
S 1 2.t ]

prewes wn 2,

7 w0 WL AT

e
-

PR

[E e d 4

T,



69.

70.

71.

72.

73.

74.

75.

76.

77.

Yarchoan, R., et al., Administration of 3"-azido-3"-deoxythymidine, an inhibitor of
HTLV-III/LAYV replication, to patients with AIDS or AIDS-related complex.
Lancet, 1986. 1(8481): p. 575-80.

Larder, B.A., G. Darby, and D.D. Richman, HIV with reduced sensitivity to
zidovudine (AZT) isolated during prolonged therapy. Science, 1989. 243(4899):
p. 1731-4.

Larder, B.A. and S.D. Kemp, Multiple mutations in HIV-1 reverse transcriptase
confer high-level resistance to zidovudine (AZT). Science, 1989. 246(4934): p.
1155-8.

Preston, B.D., B.J. Poiesz, and L.A. Loeb, Fidelity of HIV-1 reverse transcriptase.
Science, 1988. 242(4882): p. 1168-71.

Roberts, J.D., K. Bebenek, and T.A. Kunkel, The accuracy of reverse
transcriptase from HIV-1. Science, 1988. 242(4882): p. 1171-3.

Coffin, J.M., HIV population dynamics in vivo: implications for genetic variation,
pathogenesis, and therapy. Science, 1995. 267(5197): p. 483-9.

Richman, D.D., et al., Nevirapine resistance mutations of human
immunodeficiency virus type 1 selected during therapy. J Virol, 1994. 68(3): p.
1660-6.

Zhang, Y.M,, et al., Drug resistance during indinavir therapy is caused by
mutations in the protease gene and in its Gag substrate cleavage sites. J Virol,
1997. 71(9): p. 6662-70.

Hammer, S.M,, et al., 4 controlled trial of two nucleoside analogues plus

indinavir in persons with human immunodeficiency virus infection and CD4 cell

Npan=
g

Hee w.namm

P\\‘_AN\
Lq. A e
Sl S i 2RV

Lo ¥

P
o "ﬁ)

[T e d 3




78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

counts of 200 per cubic millimeter or less. AIDS Clinical Trials Group 320 Study
Team. N Engl J Med, 1997. 337(11): p. 725-33.

Gulick, R.M,, et al., Treatment with indinavir, zidovudine, and lamivudine in
adults with human immunodeficiency virus infection and prior antiretroviral
therapy. N Engl J Med, 1997. 337(11): p. 734-9.

Perelson, A.S., et al., Decay characteristics of HIV-1-infected compartments
during combination therapy. Nature, 1997. 387(6629): p. 188-91.

Wei, X., et al., Viral dynamics in human immunodeficiency virus type | infection.
Nature, 1995. 373(6510): p. 117-22.

Ho, D.D., et al., Rapid turnover of plasma virions and CD4 lymphocytes in HIV-1
infection. Nature, 1995. 373(6510): p. 123-6.

Perelson, A.S., et al., HIV-1 dynamics in vivo: virion clearance rate, infected cell
life-span, and viral generation time. Science, 1996. 271(5255): p. 1582-6.
Systems, R.D., AMPLICOR HIV-1-MONITOR test package insert. 1996, Roche
Diagnostic Systems, Branchburg, N.J. p. p. 8-9.

Palmer, S., et al., New real-time reverse transcriptase-initiated PCR assay with
single-copy sensitivity for human immunodeficiency virus type 1 RNA in plasma. J
Clin Microbiol, 2003. 41(10): p. 4531-6.

Eradication of HIV: the cutting edge of clinical trial design. Crit Path AIDS Proj,
1996(No 31): p. 16-7.

Eradication of HIV--hope or hype? PI Perspect, 1996(No 19): p. 3-6.

Lisziewicz, J., et al., Control of HIV despite the discontinuation of antiretroviral

therapy. N Engl J Med, 1999. 340(21): p. 1683-4.

45




88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Davey, R.T., Jr., et al.,, HIV-1 and T cell dynamics after interruption of highly
active antiretroviral therapy (HAART) in patients with a history of sustained viral
suppression. Proc Natl Acad Sci U S A, 1999. 96(26): p. 15109-14.

Chun, T.W,, et al., Re-emergence of HIV after stopping therapy. Nature, 1999.
401(6756): p. 874-5.

Harrigan, P.R., M. Whaley, and J.S. Montaner, Rate of HIV-1 RNA rebound upon
stopping antiretroviral therapy. Aids, 1999. 13(8): p. F59-62.

Koenig, S., et al., Detection of AIDS virus in macrophages in brain tissue from
AIDS patients with encephalopathy. Science, 1986. 233(4768): p. 1089-93.

Chun, T.W,, et al., In vivo fate of HIV-1-infected T cells: quantitative analysis of
the transition to stable latency. Nat Med, 1995. 1(12): p. 1284-90.

Foudraine, N.A., et al., Cerebrospinal-fluid HIV-1 RNA and drug concentrations
after treatment with lamivudine plus zidovudine or stavudine. Lancet, 1998.
351(9115): p. 1547-51.

Lee, C.G., et al., HIV-1 protease inhibitors are substrates for the MDR1
multidrug transporter. Biochemistry, 1998. 37(11): p. 3594-601.

Zhang, L., et al., Genetic characterization of rebounding HIV-1 after cessation of
highly active antiretroviral therapy. J Clin Invest, 2000. 106(7): p. 839-45.

Chun, T.W., et al., Relationship between pre-existing viral reservoirs and the re-
emergence of plasma viremia after discontinuation of highly active anti-retroviral
therapy. Nat Med, 2000. 6(7): p. 757-61.

Dornadula, G., et al., Residual HIV-1 RNA in blood plasma of patients taking

suppressive highly active antiretroviral therapy. Jama, 1999. 282(17): p. 1627-32.

46

=,
S LS

Marag ﬂ‘“
‘Bq" o

Are®n & v

"\\‘,‘ "\
m.in 1
[T T~ VO

movens en.cue 7,

L, p—
z”“’"}
Ea
[ X
m”‘)
D
- -




98.

99.

100.

101.

102.

103.

104.

105.

106.

Finzi, D, et al., Latent infection of CD4+ T cells provides a mechanism for
lifelong persistence of HIV-1, even in patients on effective combination therapy.
Nat Med, 1999. 5(5): p. 512-7.

Siliciano, J.D., et al., Long-term follow-up studies confirm the stability of the
latent reservoir for HIV-1 in resting CD4+ T cells. Nat Med, 2003. 9(6): p. 727-8.
Strain, M.C,, et al., Heterogeneous clearance ratés of long-lived lymphocytes
infected with HIV: intrinsic stability predicts lifelong persistence. Proc Natl Acad
Sci U S A, 2003. 100(8): p. 4819-24.

Sprent, J. and C.D. Surh, T cel/l memory. Annu Rev Immunol, 2002. 20: p. 551-
79.

Rocha, B., N. Dautigny, and P. Pereira, Peripheral T lymphocytes: expansion
potential and homeostatic regulation of pool sizes and CD4/CDS8 ratios in vivo.
Eur J Immunol, 1989. 19(5): p. 905-11.

Chun, T.W,, et al., Quantification of latent tissue reservoirs and total body viral
load in HIV-1 infection. Nature, 1997. 387(6629): p. 183-8.

Brooks, D.G., et al., Generation of HIV latency during thymopoiesis. Nat Med,
2001. 7(4): p. 459-64.

Livingstone, W.]., et al., Frequent infection of peripheral blood CD8-positive T-
lymphocytes with HIV-1. Edinburgh Heterosexual Transmission Study Group.
Lancet, 1996. 348(9028): p. 649-54.

Zhou, Y., et al., Kinetics of human immunodeficiency virus type 1 decay following

entry into resting CD4+ T cells. J Virol, 2005. 79(4): p. 2199-210.

47




107.

108.

109.

110.

111.

112.

113.

114.

115.

Sadaie, M.R., T. Benter, and F. Wong-Staal, Site-directed mutagenesis of two
trans-regulatory genes (tat-1ll,trs) of HIV-1. Science, 1988. 239(4842): p. 910-3.
Hauber, J. and B.R. Cullen, Mutational analysis of the trans-activation-responsive
region of the human immunodeficiency virus type I long terminal repeat. J Virol,
1988. 62(3): p. 673-9.

Malim, M.H,, et al., Functional dissection of the HIV-1 Rev trans-activator--
derivation of a trans-dominant repressor of Rev function. Cell, 1989. 58(1): p.
205-14.

Malim, M.H,, et al., HIV-1 structural gene expression requires binding of the Rev
trans-activator to its RNA target sequence. Cell, 1990. 60(4): p. 675-83.
Emiliani, S., et al., Mutations in the tat gene are responsible for human
immunodeficiency virus type 1 postintegration latency in the Ul cell line. J Virol,
1998. 72(2): p. 1666-70.

Emiliani, S., et al., 4 point mutation in the HIV-1 Tat responsive element is
associated with postintegration latency. Proc Natl Acad Sci U S A, 1996. 93(13):
p. 6377-81.

Freitas, A.A. and B. Rocha, Population biology of lymphocytes: the flight for
survival. Annu Rev Immunol, 2000. 18: p. 83-111.

Garriga, J., et al., Upregulation of cyclin T1/CDK9 complexes during T cell
activation. Oncogene, 1998. 17(24): p. 3093-102.

Ghose, R, et al., Induction of TAK (cyclin T1/P-TEFb) in purified resting CD4(+)

T lymphocytes by combination of cytokines. J Virol, 2001. 75(23): p. 11336-43.

48

Ra.
]

.,

—




116.

117.

118.

119.

120.

121.

122.

123.

Jordan, A., P. Defechereux, and E. Verdin, The site of HIV-1 integration in the
human genome determines basal transcriptional activity and response to Tat
transactivation. Embo J, 2001. 20(7): p. 1726-38.

Jordan, A., D. Bisgrove, and E. Verdin, HIV reproducibly establishes a latent
infection after acute infection of T cells in vitro. Embo J, 2003. 22(8): p. 1868-77.
Lewinski, M.K,, et al., Genome-wide analysis of chromosomal features
repressing human immunodeficiency virus transcription. J Virol, 2005. 79(11): p.
6610-9.

Kashanchi, F., et al., Rapid and sensitive detection of cell-associated HIV-1 in
latently infected cell lines and in patient cells using sodium-n-butyrate induction
and RT-PCR. J Med Virol, 1997. 52(2): p. 179-89.

Ylisastigui, L., et al., Coaxing HIV-1 from resting CD4 T cells: histone
deacetylase inhibition allows latent viral expression. Aids, 2004. 18(8): p. 1101-
8.

Bednarik, D.P., J.A. Cook, and P.M. Pitha, Inactivation of the HIV LTR by DNA
CpG methylation: evidence for a role in latency. Embo J, 1990. 9(4): p. 1157-64.
Pion, M., et al., Transcriptional suppression of in vitro-integrated human
immunodeficiency virus type 1 does not correlate with proviral DNA methylation.
J Virol, 2003. 77(7): p. 4025-32.

Prins, J. M., et al., Immuno-activation with anti-CD3 and recombinant human IL-2
in HIV-1-infected patients on potent antiretroviral therapy. Aids, 1999. 13(17): p.

2405-10.

49

AL ]




124.

125.

126.

127.

128.

129.

130.

131.

Chun, T.W., et al., Effect of interleukin-2 on the pool of latently infected, resting
CD4+ T cells in HIV-1-infected patients receiving highly active anti-retroviral
therapy. Nat Med, 1999. 5(6): p. 651-5.

Dybul, M, et al., Pilot study of the effects of intermittent interleukin-2 on human
immunodeficiency virus (HIV)-specific immune responses in patients treated
during recently acquired HIV infection. J Infect Dis, 2002. 185(1): p. 61-8.
Stellbrink, H.J., et al., Kinetics of productive and latent HIV infection in lymphatic
tissue and peripheral blood during triple-drug combination therapy with or
without additional interleukin-2. Antivir Ther, 1998. 3(4): p. 209-14.
Lafeuillade, A., et al., Pilot study of a combination of highly active antiretroviral
therapy and cytokines to induce HIV-1 remission. J Acquir Immune Defic Syndr,
2001. 26(1): p. 44-55.

Gaynor, R., Cellular transcription factors involved in the regulation of HIV-1
gene expression. Aids, 1992. 6(4): p. 347-63.

Chiang, C.M,, et al., Unique TATA-binding protein-containing complexes and
cofactors involved in transcription by RNA polymerases II and III. Embo J, 1993.
12(7): p. 2749-62.

Rittner, K., et al., The human immunodeficiency virus long terminal repeat
includes a specialised initiator element which is required for Tat-responsive
transcription. ] Mol Biol, 1995. 248(3): p. 562-80.

Arya, S.K. and R.C. Gallo, Three novel genes of human T-lymphotropic virus type
II1: immune reactivity of their products with sera from acquired immune

deficiency syndrome patients. Proc Natl Acad Sci U S A, 1986. 83(7): p. 2209-13.

50

s weansas

E S Faas

e X % -

\\1‘" ‘%
J-f 0l
[ 2 ]

oLl o~ ]

A,
e ;
3 e ot

[ %
n”.")

e

2 1 2




132.

133.

134.

135.

136.

137.

138.

139.

Kao, S.Y., et al., Anti-termination of transcription within the long terminal repeat
of HIV-1 by tat gene product. Nature, 1987. 330(6147): p. 489-93.

Herrmann, C.H. and A.P. Rice, Lentivirus Tat proteins specifically associate with
a cellular protein kinase, TAK, that hyperphosphorylates the carboxyl-terminal
domain of the large subunit of RNA polymerase II: candidate for a Tat cofactor. J
Virol, 1995. 69(3): p. 1612-20.

Zhu, Y., et al., Transcription elongation factor P-TEFb is required for HIV-1 tat
transactivation in vitro. Genes Dev, 1997. 11(20): p. 2622-32.

Mancebo, H.S., et al., P-TEFb kinase is required for HIV Tat transcriptional
activation in vivo and in vitro. Genes Dev, 1997. 11(20): p. 2633-44.

Parada, C.A. and R.G. Roeder, Enhanced processivity of RNA polymerase II
triggered by Tat-induced phosphorvlation of its carboxy-terminal domain. Nature,
1996. 384(6607): p. 375-8.

Bieniasz, P.D., et al., Recruitment of cyclin T1/P-TEFb to an HIV type 1 long
terminal repeat promoter proximal RNA target is both necessary and sufficient
Jor full activation of transcription. Proc Natl Acad Sci U S A, 1999. 96(14): p.
7791-6.

Okamoto, H., et al., Trans-activation by human immunodeficiency virus Tat
protein requires the C-terminal domain of RNA polymerase II. Proc Natl Acad Sci
US A, 1996. 93(21): p. 11575-9.

Marciniak, R.A. and P.A. Sharp, HIV-1 Tat protein promotes formation of more-

processive elongation complexes. Embo J, 1991. 10(13): p. 4189-96.

51




140.

141.

142.

143.

144.

145.

146.

147.

Fujinaga, K., et al., Dynamics of human immunodeficiency virus transcription: P-
TEFb phosphorylates RD and dissociates negative effectors from the
transactivation response element. Mol Cell Biol, 2004. 24(2): p. 787-95.

Raha, T., S.W. Cheng, and M.R. Green, HIV-1 Tat stimulates transcription
complex assembly through recruitment of TBP in the absence of TAFs. PLoS Biol,
2005. 3(2): p. e44.

Han, Y., et al., Resting CD4+ T cells from human immunodeficiency virus type 1
(HIV-1)-infected individuals carry integrated HIV-1 genomes within actively
transcribed host genes. J Virol, 2004. 78(12): p. 6122-33.

Komberg, R.D. and Y. Lorch, Twenty-five years of the nucleosome, fundamental
particle of the eukaryote chromosome. Cell, 1999. 98(3): p. 285-94.

Kornberg, R.D., Chromatin structure: a repeating unit of histones and DNA.
Science, 1974. 184(139): p. 868-71.

Verdin, E., P. Paras, Jr., and C. Van Lint, Chromatin disruption in the promoter of
human immunodeficiency virus type 1 during transcriptional activation. Embo J,
1993. 12(8): p. 3249-59.

Marzio, G., et al., HIV-1 tat transactivator recruits p300 and CREB-binding
protein histone acetyltransferases to the viral promoter. Proc Natl Acad Sci U S
A, 1998. 95(23): p. 13519-24.

Fischle, W., Y. Wang, and C.D. Allis, Histone and chromatin cross-talk. Curr

Opin Cell Biol, 2003. 15(2): p. 172-83.

52




148.

149.

150.

151.

152.

153.

154.

155.

Van Lint, C., et al., Transcriptional activation and chromatin remodeling of the
HIV-1 promoter in response to histone acetylation. Embo J, 1996. 15(5): p. 1112-
20.

Sheridan, P.L., et al., Histone acetyltransferases regulate HIV-1 enhancer activity
in vitro. Genes Dev, 1997. 11(24): p. 3327-40.

Steger, D.J., et al., Purified histone acetyltransferase complexes stimulate HIV-1
transcription from preassembled nucleosomal arrays. Proc Natl Acad Sci U S A,
1998. 95(22): p. 12924-9.

Benkirane, M, et al., Activation of integrated provirus requires histone
acetyltransferase. p300 and P/CAF are coactivators for HIV-1 Tat. J Biol Chem,
1998. 273(38): p. 24898-905.

Hottiger, M.O. and G.J. Nabel, Interaction of human immunodeficiency virus type
1 Tat with the transcriptional coactivators p300 and CREB binding protein. J
Virol, 1998. 72(10): p. 8252-6.

Kiernan, R.E., et al., HIV-1 tat transcriptional activity is regulated by acetylation.
Embo J, 1999. 18(21): p. 6106-18.

Coull, J.J., et al., The human factors YY1 and LSF repress the human
immunodeficiency virus type 1 long terminal repeat via recruitment of histone
deacetylase 1. J Virol, 2000. 74(15): p. 6790-9.

Hsia, S.C. and Y.B. Shi, Chromatin disruption and histone acetylation in
regulation of the human immunodeficiency virus type 1 long terminal repeat by

thyroid hormone receptor. Mol Cell Biol, 2002. 22(12): p. 4043-52.

53

.,
o masmne

" s Mo AEOD:
. ‘-.—‘

Mty .l“-

e

n::‘_"l‘“
i T
RT3 e

[ ] -..2

55'
Pl 2%

T

i

-
.

R

ITF“?

"




156.

157.

158.

159.

160.

161.

162.

163.

164.

Henderson, A., et al., Recruitment of SWI/SNF to the human immunodeficiency
virus type 1 promoter. Mol Cell Biol, 2004. 24(1): p. 389-97.

Morse, R.H., Nucleosomes inhibit both transcriptional initiation and elongation
by RNA polymerase Il in vitro. Embo J, 1989. 8(8): p. 2343-51.

Lorch, Y., JJW. LaPointe, and R.D. Komberg, Nucleosomes inhibit the initiation
of transcription but allow chain elongation with the displacement of histones.
Cell, 1987. 49(2): p. 203-10.

Knezetic, J.A. and D.S. Luse, The presence of nucleosomes on a DNA template
prevents initiation by RNA polymerase II in vitro. Cell, 1986. 45(1): p. 95-104.
Rampalli, S., et al., Stimulation of Tat-independent transcriptional processivity
from the HIV-1 LTR promoter by matrix attachment regions. Nucleic Acids Res,
2003. 31(12): p. 3248-56.

Sune, C. and M.A. Garcia-Blanco, Sp! transcription factor is required for in vitro
basal and Tat-activated transcription from the human immunodeficiency virus
type 1 long terminal repeat. J Virol, 1995. 69(10): p. 6572-6.

Franza, B.R., Jr., et al., The Fos complex and Fos-related antigens recognize
sequence elements that contain AP-1 binding sites. Science, 1988. 239(4844): p.
1150-3.

Bohnlein, E., et al., The same inducible nuclear proteins regulates mitogen
activation of both the interleukin-2 receptor-alpha gene and type 1 HIV. Cell,
1988. 53(5): p. 827-36.

Lu, Y., et al., Effects of long terminal repeat mutations on human

immunodeficiency virus type 1 replication. J Virol, 1989. 63(9): p. 4115-9.




165.

166.

167.

168.

169.

170.

171.

172.

173.

Cooney, A.J., ct al., Chicken ovalbumin upstream promoter transcription factor
binds to a negative regulatory region in the human immunodeficiency virus type 1
long terminal repeat. J Virol, 1991. 65(6): p. 2853-60.

Nabel, G. and D. Baltimore, An inducible transcription factor activates
expression of human immunodeficiency virus in T cells. Nature, 1987. 326(6114):
p- 711-3.

Canonne-Hergaux, F., D. Aunis, and E. Schaeffer, Interactions of the
transcription factor AP-1 with the long terminal repeat of different human
immunodeficiency virus type 1 strains in Jurkat, glial, and neuronal cells. J Virol,
1995. 69(11): p. 6634-42.

Cron, R.Q., et al., NFATI enhances HIV-1 gene expression in primary human
CD4 T cells. Clin Immunol, 2000. 94(3): p. 179-91.

Schmid, R.M,, et al., Cloning of an NF-kappa B subunit which stimulates HIV
transcription in synergy with p65. Nature, 1991. 352(6337): p. 733-6.

Markovitz, D.M,, et al., Activation of the human immunodeficiency virus type 1
enhancer is not dependent on NFAT-1. ] Virol, 1992. 66(6): p. 3961-5.

Perkins, N.D., et al., 4 cooperative interaction between NF-kappa B and Sp1 is
required for HIV-1 enhancer activation. Embo J, 1993. 12(9): p. 3551-8.

Logeat, F., et al., Inhibition of transcription factors belonging to the rel/NF-kappa
B family by a transdominant negative mutant. Embo J, 1991. 10(7): p. 1827-32.
Leonard, J., et al., The NF-kappa B binding sites in the human immunodeficiency
virus type 1 long terminal repeat are not required for virus infectivity. J Virol,

1989. 63(11): p. 4919-24.

55

QR



174.

175.

176.

177.

178.

179.

180.

181.

Sen, R. and D. Baltimore, Multiple nuclear factors interact with the
immunoglobulin enhancer sequences. Cell, 1986. 46(5): p. 705-16.

Baeuerle, P.A. and D. Baltimore, 4 65-kappaD subunit of active NF-kappaB is
required for inhibition of NF-kappaB by I kappaB. Genes Dev, 1989. 3(11): p.
1689-98.

Sen, R. and D. Baltimore, Inducibility of kappa immunoglobulin enhancer-

binding protein Nf-kappa B by a posttranslational mechanism. Cell, 1986. 47(6):

p. 921-8.

Kieran, M., et al., The DNA binding subunit of NF-kappa B is identical to factor
KBF1 and homologous to the rel oncogene product. Cell, 1990. 62(5): p. 1007-
18.

Ghosh, S., et al., Cloning of the p50 DNA binding subunit of NF-kappa B:
homology to rel and dorsal. Cell, 1990. 62(5): p. 1019-29.

Ryseck, R.P., et al., Re/B, a new Rel family transcription activator that can

interact with p50-NF-kappa B. Mol Cell Biol, 1992. 12(2): p. 674-84.

Bours, V., et al., A novel mitogen-inducible gene product related to p50/p105-NF-

kappa B participates in transactivation through a kappa B site. Mol Cell Biol,
1992. 12(2): p. 685-95.

Mercurio, F., et al., Molecular cloning and characterization of a novel Rel/NF-
kappa B family member displaying structural and functional homology to NF-

kappa B p50/p105. DNA Cell Biol, 1992. 11(7): p. 523-37.

56




182.

183.

184.

185.

186.

187.

188.

189.

Bours, V., et al., Cloning of a mitogen-inducible gene encoding a kappa B DNA-
binding protein with homology to the rel oncogene and to cell-cycle motifs.
Nature, 1990. 348(6296): p. 76-80.

Ruben, S.M., et al., Isolation of a rel-related human cDNA that potentially
encodes the 65-kD subunit of NF-kappa B. Science, 1991. 251(5000): p. 1490-3.
Nolan, G.P., et al., DNA binding and I kappa B inhibition of the cloned p65
subunit of NF-kappa B, a rel-related polypeptide. Cell, 1991. 64(5): p. 961-9.
Meyer, R., et al., Cloning of the DNA-binding subunit of human nuclear factor
kappa B: the level of its mRNA is strongly regulated by phorbol ester or tumor
necrosis factor alpha. Proc Natl Acad Sci U S A, 1991. 88(3): p. 966-70.

Bull, P., et al., The mouse c-rel protein has an N-terminal regulatory domain and

a C-terminal transcriptional transactivation domain. Mol Cell Biol, 1990. 10(10):

p. 5473-85.

Schmitz, M.L. and P.A. Bacuerle, The p65 subunit is responsible for the strong
transcription activating potential of NF-kappa B. Embo J, 1991. 10(12): p. 3805-
17.

Plaksin, D., P.A. Baeuerle, and L. Eisenbach, KBFI (p50 NF-kappa B
homodimer) acts as a repressor of H-2Kb gene expression in metastatic tumor
cells. J Exp Med, 1993. 177(6): p. 1651-62.

Udalova, I.A., et al., Functional consequences of a polymorphism affecting NF-
kappaB p50-p50 binding to the TNF promoter region. Mol Cell Biol, 2000.

20(24): p. 9113-9.

57




190.

191.

192.

193.

194.

195.

196.

197.

198.

Zhong, H., et al., The phosphorylation status of nuclear NF-kappa B determines
its association with CBP/p300 or HDAC-1. Mol Cell, 2002. 9(3): p. 625-36.
Saccani, S., S. Pantano, and G. Natoli, Two waves of nuclear factor kappaB
recruitment to target promoters. ] Exp Med, 2001. 193(12): p. 1351-9.

Ganchi, P.A, et al,, I kappa B/MAD-3 masks the nuclear localization signal of
NF-kappa B p65 and requires the transactivation domain to inhibit NF-kappa B
p65 DNA binding. Mol Biol Cell, 1992. 3(12): p. 1339-52.

Davis, N, et al., Rel-associated pp40: an inhibitor of the rel family of
transcription factors. Science, 1991. 253(5025): p. 1268-71.

Haskill, S., et al., Characterization of an immediate-early gene induced in
adherent monocytes that encodes I kappa B-like activity. Cell, 1991. 65(7): p.
1281-9.

Thompson, J.E., et al., I kappa B-beta regulates the persistent response in a

biphasic activation of NF-kappa B. Cell, 1995. 80(4): p. 573-82.

Whiteside, S.T., et al., I kappa B epsilon, a novel member of the I kappa B family,

controls RelA and cRel NF-kappa B activity. Embo J, 1997. 16(6): p. 1413-26.

Ohno, H., G. Takimoto, and T.W. McKeithan, The candidate proto-oncogene bcl-

3 is related to genes implicated in cell lineage determination and cell cycle

control. Cell, 1990. 60(6): p. 991-7.

Inoue, J., et al., I kappa B gamma, a 70 kd protein identical to the C-terminal half

of p110 NF-kappa B: a new member of the I kappa B family. Cell, 1992. 68(6): p.

1109-20.

58

R 3
Pl

1.
-



199.

200.

201.

202.

203.

204.

205.

206.

207.

Henkel, T., et al., Intramolecular masking of the nuclear location signal and

dimerization domain in the precursor for the p50 NF-kappa B subunit. Cell, 1992.

68(6): p. 1121-33.

Bours, V., et al., The oncoprotein Bcl-3 directly transactivates through kappa B
motifs via association with DNA-binding p5S0B homodimers. Cell, 1993. 72(5): p.
729-39.

Lin, L., G.N. DeMartino, and W.C. Greene, Cotranslational dimerization of the
Rel homology domain of NF-kappaB1 generates p50-p105 heterodimers and is
required for effective p50 production. Embo J, 2000. 19(17): p. 4712-22.

Lin, L., G.N. DeMartino, and W.C. Greene, Cotranslational biogenesis of NF-
kappaB p50 by the 26S proteasome. Cell, 1998. 92(6): p. 819-28.

Heusch, M, et al., The generation of nfkb2 p52: mechanism and efficiency.
Oncogene, 1999. 18(46): p. 6201-8.

Zabel, U., et al., Nuclear uptake control of NF-kappa B by MAD-3, an I kappa B
protein present in the nucleus. Embo J, 1993. 12(1): p. 201-11.

DiDonato, J.A., et al., 4 cytokine-responsive lkappaB kinase that activates the
transcription factor NF-kappaB. Nature, 1997. 388(6642): p. 548-54.

Zandi, E., et al., The IkappaB kinase complex (IKK) contains two kinase subunits,
IKKalpha and IKKbeta, necessary for IkappaB phosphorylation and NF-kappaB
activation. Cell, 1997. 91(2): p. 243-52.

Mercurio, F., et al., IKK-1 and IKK-2: cytokine-activated IkappaB kinases

essential for NF-kappaB activation. Science, 1997. 278(5339): p. 860-6.

59




208.

209.

210.

211.

212,

213.

214.

215.

Scherer, D.C., et al., Signal-induced degradation of I kappa B alpha requires site-
specific ubiquitination. Proc Natl Acad Sci U S A, 1995. 92(24): p. 11259-63.
Chen, Z., et al., Signal-induced site-specific phosphorylation targets I kappa B
alpha to the ubiquitin-proteasome pathway. Genes Dev, 1995. 9(13): p. 1586-97.
Sun, S.C., et al., NF-kappa B controls expression of inhibitor I kappa B alpha:
evidence for an inducible autoregulatory pathway. Science, 1993. 259(5103): p.
1912-5.

DiDonato, J., et al., Mapping of the inducible lkappaB phosphorylation sites that
signal its ubiquitination and degradation. Mol Cell Biol, 1996. 16(4): p. 1295-
304.

Dobrzanski, P., R.P. Ryseck, and R. Bravo, Specific inhibition of RelB/p52
transcriptional activity by the C-terminal domain of p100. Oncogene, 1995.
10(5): p. 1003-7.

Bohuslav, J., et al., p53 induces NF-kappaB activation by an lkappaB kinase-
independent mechanism involving phosphorylation of p65 by ribosomal S6 kinase
1. J Biol Chem, 2004. 279(25): p. 26115-25.

Krikos, A., C.D. Laherty, and V.M. Dixit, Transcriptional activation of the tumor
necrosis factor alpha-inducible zinc finger protein, A20, is mediated by kappa B
elements. J Biol Chem, 1992. 267(25): p. 17971-6.

Song, H.Y., M. Rothe, and D.V. Goeddel, The tumor necrosis factor-inducible
zinc finger protein A20 interacts with TRAF1/TRAF2 and inhibits NF-kappaB

activation. Proc Natl Acad Sci U S A, 1996. 93(13): p. 6721-5.

60




216.

217.

218.

219.

220.

221.

222,

223.

224

225.

Delhase, M., et al., Positive and negative regulation of lkappaB kinase activity
through IKKbeta subunit phosphorylation. Science, 1999. 284(5412): p. 309-13.
Saccani, S., S. Pantano, and G. Natoli, Modulation of NF-kappaB activity by
exchange of dimers. Mol Cell, 2003. 11(6): p. 1563-74.

Beg, A.A., et al.,, Embryonic lethality and liver degeneration in mice lacking the
RelA component of NF-kappa B. Nature, 1995. 376(6536): p. 167-70.

Doi, T.S., ct al., Absence of tumor necrosis factor rescues RelA-deficient mice
Jfrom embryonic lethality. Proc Natl Acad Sci U S A, 1999. 96(6): p. 2994-9.
Horwitz, B.H., et al., Failure of lymphopoiesis after adoptive transfer of NF-
kappaB-deficient fetal liver cells. Immunity, 1997. 6(6): p. 765-72.

Doi, T.S., et al., NF-kappa B RelA-deficient lymphocytes: normal development of
T cells and B cells, impaired production of IgA and IgG1 and reduced
proliferative responses. ] Exp Med, 1997. 185(5): p. 953-61.

Sha, W.C., et al., Targeted disruption of the pS0 subunit of NF-kappa B leads to
multifocal defects in immune responses. Cell, 1995. 80(2): p. 321-30.

Weih, F., et al., Multiorgan inflammation and hematopoietic abnormalities in
mice with a targeted disruption of RelB, a member of the NF-kappa B/Rel family.
Cell, 1995. 80(2): p. 331-40.

Burkly, L., et al., Expression of relB is required for the development of thymic

medulla and dendritic cells. Nature, 1995. 373(6514): p. 531-6.

Snapper, C.M,, et al., B cells lacking RelB are defective in proliferative responses,

but undergo normal B cell maturation to Ig secretion and Ig class switching. ]

Exp Med, 1996. 184(4): p. 1537-41.

61



/',/

N ¢
: (.
: '
.

.

‘M:

pomen !

{r;:m:‘
i sen o
FEE]

>
Lt e

it BAS
¥y '

i!‘d-‘;ua B

ey,
o '
PR L)

LT L

Sl
PETaaes
ne

H

)

PILE

[}
LA

- (PR o 2

W e



226.

227.

228.

229.

230.

231.

232.

233.

Kontgen, F., et al., Mice lacking the c-rel proto-oncogene exhibit defects in
lymphocyte proliferation, humoral immunity, and interleukin-2 expression. Genes
Dev, 1995. 9(16): p. 1965-77.

Gerondakis, S., et al., Rel-deficient T cells exhibit defects in production of
interleukin 3 and granulocyte-macrophage colony-stimulating factor. Proc Natl
Acad Sci U S A, 1996. 93(8): p. 3405-9.

Naumann, M. and C. Scheidereit, Activation of NF-kappa B in vivo is regulated
by multiple phosphorylations. Embo J, 1994. 13(19): p. 4597-607.

Zhong, H., R.E. Voll, and S. Ghosh, Phosphorylation of NF-kappa B p65 by PKA
stimulates transcriptional activity by promoting a novel bivalent interaction with
the coactivator CBP/p300. Mol Cell, 1998. 1(5): p. 661-71.

Zhong, H., et al., The transcriptional activity of NF-kappaB is regulated by the

TkappaB-associated PKAc subunit through a cyclic AMP-independent mechanism.

Cell, 1997. 89(3): p. 413-24.

Chen, L.F. and W.C. Greene, Shaping the nuclear action of NF-kappaB. Nat Rev
Mol Cell Biol, 2004. 5(5): p. 392-401.

Chen, L., et al., Duration of nuclear NF-kappaB action regulated by reversible
acetylation. Science, 2001. 293(5535): p. 1653-7.

Chen, L.F., Y. My, and W.C. Greene, Acetylation of RelA at discrete sites
regulates distinct nuclear functions of NF-kappaB. Embo J, 2002. 21(23): p.

6539-48.

62

Gy



234.

235.

236.

237.

238.

239.

240.

241.

242.

Ito, K., P.J. Barnes, and I.M. Adcock, Glucocorticoid receptor recruitment of
histone deacetylase 2 inhibits interleukin-1beta-induced histone H4 acetylation on
lysines 8 and 12. Mol Cell Biol, 2000. 20(18): p. 6891-903.

Gerritsen, M.E,, et al., CREB-binding protein/p300 are transcriptional
coactivators of p65. Proc Natl Acad Sci U S A, 1997. 94(7): p. 2927-32.

Huang, S.M. and D.J. McCance, Down regulation of the interleukin-8 promoter
by human papillomavirus type 16 E6 and E7 through effects on CREB binding
protein/p300 and P/CAF. J Virol, 2002. 76(17): p. 8710-21.

Perkins, N.D., et al., Regulation of NF-kappaB by cyclin-dependent kinases
associated with the p300 coactivator. Science, 1997. 275(5299): p. 523-7.
Barboric, M., et al., NF-kappaB binds P-TEFb to stimulate transcriptional
elongation by RNA polymerase II. Mol Cell, 2001. 8(2): p. 327-37.

Covic, M., ct al., Arginine methyltransferase CARMI is a promoter-specific
regulator of NF-kappaB-dependent gene expression. Embo J, 2005. 24(1): p. 85-
96.

Ashburner, B.P., S.D. Westerheide, and A.S. Baldwin, Jr., The p65 (RelA) subunit
of NF-kappaB interacts with the histone deacetylase (HDAC) corepressors
HDACI and HDAC? to negatively regulate gene expression. Mol Cell Biol, 2001.
21(20): p. 7065-77.

Folks, T., et al., Induction of HTLV-III/LAV from a nonvirus-producing T-cell
line: implications for latency. Science, 1986. 231(4738): p. 600-2.

Folks, T.M,, et al., Cytokine-induced expression of HIV-1 in a chronically

infected promonocyte cell line. Science, 1987. 238(4828): p. 800-2.

63

Wb RG-asuRS

wﬂ‘

L L ]
“?-“

pIM

L LA - )

..ﬂ-'u\
s e
rrrre T

LI
b ﬁ)
Lo
.-n)
D
T

T




243.

244,

245.

246.

247.

248.

249.

250.

Folks, T.M,, et al., Tumor necrosis factor alpha induces expression of human
immunodeficiency virus in a chronically infected T-cell clone. Proc Natl Acad Sci
U S A, 1989. 86(7): p. 2365-8.

Clouse, K.A., et al., Monokine regulation of human immunodeficiency virus-1

expression in a chronically infected human T cell clone. ] Immunol, 1989. 142(2):

p-431-8.

Folks, T.M,, et al., Characterization of a promonocyte clone chronically infected
with HIV and inducible by 13-phorbol-12-myristate acetate. J Immunol, 1988.
140(4): p. 1117-22.

Stanley, S.K., T.M. Folks, and A.S. Fauci, Induction of expression of human
immunodeficiency virus in a chronically infected promonocytic cell line by
ultraviolet irradiation. AIDS Res Hum Retroviruses, 1989. 5(4): p. 375-84.
Mikovits, J.A., et al., Negative regulation of human immune deficiency virus
replication in monocytes. Distinctions between restricted and latent expression in
THP-1 cells. J Exp Med, 1990. 171(5): p. 1705-20.

Pomerantz, R.J., et al., Cells nonproductively infected with HIV-1 exhibit an
aberrant pattern of viral RNA expression: a molecular model for latency. Cell,
1990. 61(7): p. 1271-6.

Malim, M.H. and B.R. Cullen, HIV-1 structural gene expression requires the
binding of multiple Rev monomers to the viral RRE: implications for HIV-1
latency. Cell, 1991. 65(2): p. 241-8.

Duan, L., et al., Tat and rev differentially affect restricted replication of human

immunodeficiency virus type 1 in various cells. Virology, 1994. 199(2): p. 474-8.

64




251.

252.

253.

254.

255.

256.

257.

Winslow, B.J., et al., HIV-1 latency due to the site of proviral integration.
Virology, 1993. 196(2): p. 849-54.

Butera, S.T., et al., Oscillation of the human immunodeficiency virus surface
receptor is regulated by the state of viral activation in a CD4+ cell model of
chronic infection. J Virol, 1991. 65(9): p. 4645-53.

Perez, V.L,, et al., An HIV-1-infected T cell clone defective in IL-2 production and
Ca2+ mobilization after CD3 stimulation. ] Immunol, 1991. 147(9): p. 3145-8.
Butera, S.T., et al., Human immunodeficiency virus type 1 RNA expression by four
chronically infected cell lines indicates multiple mechanisms of latency. J Virol,
1994. 68(4): p. 2726-30.

Li, X.D., B. Moore, and M.W. Cloyd, Gradual shutdown of virus production
resulting in latency is the norm during the chronic phase of human
immunodeficiency virus replication and differential rates and mechanisms of
shutdown are determined by viral sequences. Virology, 1996. 225(1): p. 196-212.
Song, S.K., H. Li, and M.W. Cloyd, Rates of shutdown of HIV-1 into latency:
roles of the LTR and tat/rev/vpu gene region. Virology, 1996. 225(2): p. 377-86.
Kutsch, O., et al., Direct and quantitative single-cell analysis of human
immunodeficiency virus type I reactivation from latency. J Virol, 2002. 76(17): p.

8776-86.

65

e ame®

D“;R

r

[P



Chapter 2

Prostratin antagonizes HIV latency by activating NF-xB v
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Introduction

Early efforts to purge the pool of latent HIV-1 infection from patiepts focused on
broadly targeted immune activating therapies. Studies of the T-cell receptor-activating
antibody OKT3 and the general inflammatory cytokine IL-2 as adjuvant therapies to
HAART demonstrated that these broad approaches were ineffective [1, 2]. These failures
prompted a search for new candidate HIV-1 latency antagonists, including traditional
Eastern medicines in addition to more established Western pharmaceuticals.

Prostratin, 12-deoxyphorbol 13-acetate, is a phorbol ester that forms the
therapeutic basis of Somoan traditional medicines used in treatment of a wide spectrum
of ailments. Derived from the bark of homanthalas nutans, prostratin bears strong
molccular similarity to phorbol myristate acetate (PMA), an established mitogenic T-cell
activator, and a strong inducer of HIV-1 transcriptional activity [3]. In addition to its
mitogenic propertics, PMA is a known tumor-promoter, thus precluding its use as a
therapeutic in human subjects. In contrast, prostratin exhibits no such carcinogenic
properties at concentrations in 100-fold excess of tumorigenic doses of PMA [4]. As
such, further exploration of the prostratin as an antagonist of HIV-1 latency was
warranted.

Examination of prostratin in Ul and ACH-2-based models of HIV-1 latency
confirmed that the phorbol ester is capable of enhancing the transcriptional activity of
integrated HIV provirus [5, 6]. These studies, however, were performed in models of
latency that are consequences of viral mutation in HIV-1 rat or TAR, and thus are

incomplete models of HIV-1 postintegration latency [7, 8].
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To extend and expand upon previous studies of prostratin antagonism of HIV-1
latency, we assessed the effect of the non-tumor promoting phorbol ester on multiple J-
Lat cell clones. Additionally, we examined the mechanism of prostratin activity,
isolating the induction of the NF-xB family of transcription factors as a necessary
determinant of prostratin induction of latent HIV-1. The intersection of NF-kB activation
was demonstrated to be direct, as chromatin immunoprecipitation assays revealed
prostratin-induced binding of the strong NF-kB transactivators RelA to the kB elements
present in the HIV-1 enhancer of the latent provirus. Further characterization of
upstream events identified prostratin induction of several novel, classical, and atypical
PKC-family members. Targeted interference with these subclasses suggested that the
novel PKCs are of central importance in prostratin induction of HIV-1 latency.
Additionally, the observation of dissimilar patterns of PKC membrane translocation
suggested a mechanistic basis for the non-tumor-promoting effect of prostratin vs. its

oncogenic cousin PMA.
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A subeet of quiescent memory CD4 T cells harboring
integrated but transcriptionally silent proviruses poses
a currently insurmountable barrier to the eradication of
the human immunodeficiency virus (HIV) in infected
patients. Induction of HIV gene expression in these la-
tently infected cells by immune activating agents has
been proposed as one approach to confer sensitivity to
antiretroviral therapy. Interest has recently focused on
the non-tumor-promoting phorbol ester, prostratin, as a
potential agent to activate latent HIV proviruses. Using
multiple Jurkat T cell lines containing integrated but
transcriptionally latent HIV proviruses (J-Lat cells), we
now demonstrate that prostratin effectively activates
HIV gene expression in these latently infected cells. We
further show that prostratin acts by stimulating IKK-de-
pendent phosphorylation and degradation of IxBa, lead-
ing to the rapid nuclear translocation of NF-xB and ac-
tivation of the HIV-1 long terminal repeat in a «B
enhancer-dependent manner. In contrast, NFAT and
AP-1 are not induced by prostratin. Using chromatin
immunoprecipitation assays to identify host transcrip-
tion factors recruited to the latent HIV-1 promoter in
living cells, we find that prostratin induces RelA bind-
ing. Analysis of potential upstream signal transducers
demonstrates that prostratin stimulates membrane
translocation of classical, novel, and atypical protein
kinase C (PKC) isoforms. Studies with isoform-specific
PKC inhibitors suggest that the novel PKCs play a par-
ticularly prominent role in the prostratin response.
These findings provide new insights into the molecular
pathway through which prostratin antagonizes HIV la-
tency highlighting a central role for the action of NF-«B.

A small but clinically important fraction of CD4' memory T
cells in HIV-1 '-infected patients contain integrated but tran-
scriptionally inactive proviruses (1). These latently infected
cells retain the ability to produce infectious virus following
cellular activation by specific antigen or various cytokines (2).
The half-life of these CD4* memory T cells is at least 44
months; consequently, elimination of this viral reservoir is
projected to require administration of antiretroviral therapy
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“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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(ART) for at least 60 years (3, 4). Accordingly, the rebound
viremia routinely observed in patients terminating effective
ART probably involves viral reseeding from this long-lived
latent reservoir. Indeed, studies examining the genetic charac-
teristics of rebound virus have found substantial similarities
between virus present in the latent pool and that emerging
after cessation of therapy (5). New approaches to the elimina-
tion of these latently infected cells are urgently needed (6).

One proposed strategy to eliminate this pool of latently in-
fected cells is to purge the virus by activating the CD4' mem-
ory lymphocytes in concert with ART administration (7). How-
ever, clinical efforts aimed at eliminating the pool of latently
infected cells by induction with IL-2 or anti-CD3 OKT3 anti-
bodies have yielded discouraging results (8, 9).

The failure of initial attempts to deplete the latently infected
pool of CD4 T cells reflects in part our limited understanding of
the molecular mechanisms governing HIV latency. HIV latency
is characterized by transcriptional inactivity, but the underly-
ing cause of this inactivity remains unknown and may be
multifactorial. The HIV long terminal repeat (LTR) is a well-
characterized transcription regulatory element that contains
DNA-binding domains for a broad range of transcription fac-
tors, including AP-1, NFAT, Sp1, and NF-«B (see Ref. 10 for a
review). NF-xB and Spl have been demonstrated to be key
factors in the stimulation of HIV replication, and viruses lack-
ing binding sites for either factor display attenuated replicative
capacity (11). The absence of active NF-«B in the nuclei of
quiescent memory CD4 lymphocytes could play a key role in
promoting proviral latency in this lymphocyte subset.

Study of the latently infected reservoir in vivo is greatly
hampered by the fact that infected patients may contain only
10° to 10° latently infected CD4 memory T cells and that in
their latent state these cells are virtually impossible to distin-
guish from uninfected CD4 memory T cells (12). We have em-
ployed a recently developed Jurkat T-cell model of postintegra-
tion HIV latency termed J-Lat (13). J-Lat T-cell clones are
infected with full-length HIV proviruses and contain the
Aequorea victoria green fluorescent protein (GFP) gene in lieu
of Nef, thus permitting epifluorescence monitoring of viral
transcriptional activity. Under basal conditions, little or no
GFP expression is detected; however, transcriptional activa-
tion of the latent provirus leads to GFP expression, which can
be detected at the single-cell level by flow cytometry. In con-
trast to other previously studied models of HIV latency where
mutations have been detected in the HIV Tat gene or TAR
element, the J-Lat cells contain wild-type Tat and TAR and
appear to be highly representative of the latently infected cells
present in vivo. Because multiple latently infected clones have
been independently established, clone- and integration locus-
specific phenotypes can be excluded.

Recent interest has focused on prostratin, a nontumorigenic
phorbol ester, as a potential antagonist of HIV latency (14, 15).

42008 This paper is available on line at hitp://www.jbc.org
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Prostratin is derived from the Samoan plant Homalanthus
nutans and has been used in traditional medicine to treat
yellow fever and other conditions (16, 17). Early studies of
prostratin demonstrated that this agent inhibits HIV replica-
tion in vitro at micromolar concentrations via down-regulation
of the cellular HIV receptors CD4 and CXCR4 (14, 18). More
recent studies have shown that prostratin also promotes tran-
scriptional activation of latent HIV proviruses in latently in-
fected thymocytes present in the SCID-hu Thy/Liv model (15).
Prostratin may also not elicit the broader and less desirable
changes in cellular activation associated with IL-2 and OKT3
therapies (15) and thus may be clinically useful. Currently, the
precise molecular basis of prostratin antagonism of HIV la-
tency is unknown. We now describe a series of studies dissect-
ing the mechanism of prostratin induction of latent HIV pro-
virus in J-Lat cells.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—J-Lat clones 6.3, 8.4, 9.2, and
10.6 and sorted peripheral blood lymphocytes were cultured in RPMI
1640 supplemented with 10% fetal bovine serum, penicillin, streptomy-
cin, and L-glutamine. Cells were stimulated with 0.1-10 uM prostratin
(LC Laboratories), 10 ng/ml TNF-a (R&D Systems), or 10 uM 4-a-
phorbol 12-myristate 13-acetate (PMA) in the presence or absence of 1
uM onomycin (Sigma) for 8 or 14 h as indicated. For PKC inhibition

tud cells were bated with 10-1000 nm Go6983, 5 um Go6976
(Calbtochem), 5 um (06850 (Biomol), or 100 nu TER14687 (Sigma) for
1 h prior to cellular activation.

Transient Transfection and Luciferase Assavs—J-Lat 6.3 or 9.2 cells
were expanded to 0.5 to 1 X 10® cells/ml and resuspended in scrum-free
RPMI at 4 % 107 cell&/ml. 15 pg of expression vector DNA was added
(adjusted with pCMV4 carrier DNA as necessary) to 0.4-ml ahquots of
the cell suspension followed by electroporation (250 V. 950 microfarads

isolate TKK-containing signalsomes as previously described (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA) (19). In vitro kinase assays
were performed ax described utilizing glutathione S-transferase-IxBa-
(1-62) as an added exogenous substrate. Reactions were terminated by
the addition of an equal volume of 2x Lacmmli buffer. Reaction prod-
ucts were separated by SDS-PAGE, electrophoretically transferred to a
polyvinylidene difluoride brane, and exposed to HyperFilm at
- 80 °C. Following autoradiography, membranes were probed with anti-
1KK1 antibodies (Santa Cruz Biotechnology) to determine the amounts
uf kinase immunoprecipitated in each sample.

Electrophoretic Mobility Shift Assay—J-Lat 6.3 or 9.2 cells or sorted
peripheral blood lymphocytes were adjusted to 2 x 10° cell&/ml and
stimulated with 10 ng/ml TNF-a or 2 uM prostratin for various times.
After stimulation, nuclear extracts were prepared as previously de-
scribed (20). For analysis of xB enh r binding proteins, 2.5 ul of the
nuclear extracts were incubated with poly(dI-dC) and salmon sperm
DNA for 10 min, followed by lhe addition of |y-**PJATP-labeled consen-
sus xB or Oct-1 enh leotides (P, ga). For supershift
analysis. 2 ul of anti-p65 or anu Hck polyclonnl antibodies (Santa Cruz
Biotechnology) or anti-p50/p105 antiserum were added prior to the
addition of radiolabeled ol leotides. Sumples were separated on
nondenaturing gels and analywd by autoradiography.

Chr in Immunoprecip Assay—J-Lat 6.3 and 9.2 T cells
were adjusted to 1 X 107 cells/ml and stimulated with 10 ng/ml TNF-a
or 2 uM prustratin for 30 or 45 min, respectively. Cells were incubated
in 1% formaldehyde for 10 min at room temperature, followed by ter-
mination of the reaction with 125 mu glycine. Cells were washed twice
in PBS and three times in run-on lysis buffer (10 mm Tris-Cl, pH 7.5, 10
mM NaCl, 3 mm MgCl,, 0.5% Nonidet P-40) and resuspended in micro-
coccal nuclease reaction buffer (10 mm Tris-Cl, pH 7.5, 10 mm NaCl, 3
mM MgCl,. 1 mm CaCl,, 4% Nonidet P-40, 1 mM phenylmethylsulfonyl
fluonide). Lysates were digested with 100 unita of micrococcal nuclease
for 10 min at 37 °C, and the reaction was stopped with 3 mm EGTA.
DNA was then sheared by sonication to achieve an average size of 0.5-1
kb. Extructs were clarified by centrifugation at 13,000 rpm for 10 min.

in 0.4-cm cuvettes; Invitrogen) and resuspension in 6 ml of pl

RPMI. Reporter plasmids containing the luciferase gene positioned
immediately downstream of the full-length, AxB, AAP-1, or ASp1 LTR
of HIV-1 or transcription cassettes containing tandem copies of the
NFAT, NF-xB, AP-1, or Sp1 enhancers. These reporter plasmids were
cotransfected with 0.1 ug of Renilla luciferase expression vector (Pro-
mega) to monitor differences in transfection efficiency. 15-20 h after
electroporation, cells were stimulated as indicated for 5 h at 37 °C. The
dual luciferase assay system (Promega) was employed to measure re-
sultant luciferase activity using a Wallac microbeta 1450 luminometer.

Flow Cvtometry Analysis and FACS—J-Lat 6.3 or 9.2 cells were
transfected with 2 ug of pMACS-Kk (H2Kk) and 13 ug of empty pCMV4
or pCMV4-IxBaSR expression vector DNA 48 h pnor to stimulation.
Transfected and nontransfected cells were stimulated as indicated for
14 h at 37 °C. Following incubation, cells were stained with biotin-anti-
H2Kk antibody. washed, and stained with streptavidin-APC (Pharm-
ingen). Cells were analyzed on a FACSCalibur flow cytometer (Becton
Dickinson). For intracellular anti-Gag immunostaining, J-Lat 9.2 cells
were fixed in 4.7% paraformaldehyde and stained with anti-p24 RD1
(Coulter) antibody 1n buffer containing 0.1% Triton for permeabiliza-
tion. Samples were washed once and resuspended in PBS prior to
analysis. Compensation was performed with monostained cultures.
Data were analyzed with FloJo software (Treesoft). For FACS sorting
experiments, J-Lat 9.2 cells were incubated with 2 uM prostratin or 10
ng/ml TNF-a for 24 h, washed twice in complete medium, and bated
for an additional 24 h prior to FA(“-) wrtmx ona FA(‘S DIVA cell wru-r
GFP-negative cells were collected and incubated in let
for 3 days, followed by incubation with either pmtrnun or TNF-a for
24 h. GFP expression was assessed by flow cytometry.

Immunoblotting Analysis—J-Lat 6.3 or 9.2 cells were adjusted to 1 x
10°® cells/mi and stimulated with TNF-a or prostratin for various times.
Cells were then lysed on ice in egg lysis bufler (50 mm HEPES, pH 7,
250 mM NaCl, 1% Nonidet P-40, 5 mm EDTA) for 20 min and clanfied
by microcentrifugation. Lysates were next added to an equal volume of
2% Laemmli buffer (25 mm Tris, 200 mM glycine, 0.1% SDS) and heated
to 95 °C for 5 min. Proteins were separated by SDS-PAGE, transferred
to polyvinylidene difluoride membranes, and immunoblotted with var-
ious antibodies.

In Vitro Kinase Assay—J-Lat 6.3 or 9.2 cells were adjusted to 2 x 10°
per ml in serum-free medium and stimulated with 10 uM prostratin, 10
ng/ml TNF-q, or 10 uM PMA for various times. Cells were lysed in egg
lysis buffer and immunoprecipitated with anti-NEMO antibodies to

72

Fori precipitations, 5 ul of anti-RelA polycional antibody (Santa
Cruz Biotechnology) were mixed with 600 ul of extract for 2 h, followed
by the addition of agarose protein A beads for 2 h. A nonspecific agarose
protein A bead binding control performed in the absence of added
antibody was included with each ple. Following incubation, beads
were washed exhaustively, and proteins were eluted in elution buffer
(25 mm Tris-Cl, pH 7.5, 10 mm EDTA, 0.5% SDS) with a 15-min incu-
bation at 60 °C. Eluates were digested with Pronase (Sigma) and de-
cross-linked by incubation at 65 °C for 12 h. DNA was isolated by
phenol/chloroform extraction, and PCR analysis was performed. For
detection of the HIV-1 LTR, DNA oligonucleotide primers LTR«B-
primer5 (5'-AGGTTTGACAGCCGCCTA-3') and LTRxBprimer3 (5'-A-
GAGACCCAGTACAGGCAAAA-3') specific for a 203-bp region encom-
passing the xB binding sites in the HIV LTR were used for PCR amplifi-
cation. For detection of control B-actin DNA, two primers g-actin5 (5'-
GTCGACAACGGCTCCGGC-3') and B-actind (5'-GGTGTGGTGCCAG-
ATTTTCT-3') specific for a 239-bp region in the p-actin gene were used.
35 cycles of amplification were performed using Tag polymerase (Qia-
gen), and the products were analyzed on a 2.5% agarose gel. Images
were acquired using an EagleEye digital camera.

PKC Translocation Assay—J-Lat 6.3 cells were adjusted to 1 x 10°
cells/ml and incubated with either 10 uMm prostratin, 10 um PMA, or 10
ng/ml TNF-a for 7 or 30 min. After stimulation, cells were washed in
PBS and lysed in hypotonic lysis buffer (10 mm Hepes, 10 mum KCI, 1 mM
dithiothreitol, 1 mm phenyimethylsulfonyl fluonde) for 5 min on ice,
followed by freezing in liquid nitrogen. Lysates were thawed and cen-
trifuged at 14,000 rpm, and cytosolic supernatant was collected. Re-
maining lysate pellet was resuspended in Nomidet P-40 buffer (20 mu
Tnas, pH 7.5, 200 mam NaCl. 0.5% Nonidet P-40, 1 mm phenylmethylsul-
fonyl fluonde) and centrifuged at 14,000 rpm, and membrane extract
supernatant was collected. Cytorolic and membrane extract prepara-
tions were separated by SDS-PAGE, electrophoretically transferred to
polyvinylidenc diflueride membranes, and probed with various isotype-
specific anti-PKC antibodies (BD Biosciences).

Isolation of Primarv CD45RO" CDM4° T-lymphocytes—Primary pe-
ripheral blood mononuclear cells (PBMCs) were separated from eryth-
rocytes by Ficoll density gradient centrifugation. CD4* cells were iso-
lated from PBMCs by negative selection bead sorting (Miltenyi).
CD45RO " T cells were subsequently sorted from this pool by FACS.
>99% purity of CD45RO ", CD4 ", and CD3 " sorted cells was confirmed
by immunofluorescent staining and flow cytometric analysis.
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FiG. 1. Prostratin antagoni HIV latency in J-Lat T-lymphocytes. A, prostratin activates latent proviruses present in multiple J-Lat

clones. J-Lat clones 6.3, 8.4, 9.2, and 10.6 were stimulated with 10 uM prostratin (right column) or with TNF-« (middle column) or with medium
containing 0.1% Me,SO (DMSO; left column). GFP expression reflecting transcriptional activation of the latent HIV proviruses was measured by
flow cytometry. The percentage of cells activated is presented in the GFP-positive gate. Note that prostratin and TNF-« activate a similar response,
although only a fraction of the cells respond. B, prostratin antagonizes HIV latency in a dose-dependent manner. J-Lat clone 9.2 cells were
stimulated with TNF-a or 0.1-10 uM prostratin. The error bars indicate S.D. C, prostratin induction of GFP expression is correlated with
intracellular expression of HIV Gag. J-Lat clone 9.2 cells were stimulated with medium containing carrier Me,SO, TNF-a, or 10 um prostratin and
stained for intracellular Gag expression with anti-p24 lonal antibodies conjugated to phycoerythrin (bottom row). GFP expression is plotted
on the x axis, and intracellular anti-p24-phycoerythrin immunofluorescence on the y axis. The staining pattern obtained indicates that the majority
nfGFP positive celln also express the HIV late gene product Gag. A similar response was observed in other J-Lat clones. D, prostratin and TNF-a

duce a var in J-Lat T cells. Stimulated J-Lat 9.2 cells, which failed to express GFP in response to either prostratin or TNF-a,
were isolated by FACS “and subjected to a second round of prostratin or TNF-a stimulation. Levels of GFP expression induced in the initially
nonresponsive cells were measured by flow cytometry. Note that levels of GFP expression induced during the second round of stimulation in

initially nonresponding cells are similar to that induced in previously unstimulated, nonsorted cells.

RESULTS

Prostratin Induces HIV Gene Transcription in Latently In-
fected J-Lat T Cells—To examine the effect of prostratin in a
lymphocyte-based model of HIV postintegration latency, J-Lat
clones 6.3, 8.4, 9.2, and 10.6 were incubated for 14 h with 10 um
prostratin, 10 ng/ml TNF-a, or 0.1% Me,SO as a buffer control.
In the absence of stimulation, J-Lat 6.3, 8.4, and 9.2 cells
expressed virtually no GFP, whereas J-Lat 10.6 cells were ~4%
positive, indicating low-level HIV gene expression (Fig. 1A, left
column). Following treatment with prostratin, GFP expression
was induced to various and characteristic degrees in each of the
four J-Lat T cell lines (Fig. 1A, right column). Of note, a higher
proportion of J-Lat 10.6 cells displayed GFP epifluorescence
following prostratin stimulation. TNF-a activated GFP expres-
sion in each of the latently infected cell lines to levels compa-
rable with that induced by prostratin. Short term (<24-h)
prostratin treatment induced little or no toxicity as assessed by
the forward and side light scattering properties of the treated
cells (data not shown). Prolonged exposure to prostratin (>2
days), however, induced substantial growth arrest and cell
death at concentrations greater than 500 nm (data not shown).
To more precisely define the dose-response relationship for
prostratin, J-Lat 9.2 cells were stimulated with 0.1-10 um
concentrations of the agonist. Prostratin induced latent HIV
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LTR-driven expression of GFP at concentrations as low as 0.1
uM, with minimal toxicity (Fig. 18). When concentrations of
prostratin higher than 10 um were tested, increased short-term
toxicity was observed (data not shown).

Because the GFP gene is substituted for the early expressed
Nef gene of HIV-1 in the J-Lat model, we investigated whether
prostratin also activated HIV late gene expression. Following
14 h of stimulation with prostratin or TNF-a, immunostaining
for intracellular Gag expression revealed expression of this
Rev-dependent late gene product in a majority of the GFP
positive subset of cells (Fig. 1C). Together, these studies dem-
onstrate that prostratin induces dose-dependent transcrip-
tional activation of the latent HIV provirus present in four
independently derived J-Lat cell lines. Further, prostratin
stimulation leads to expression of both early and late HIV gene
products. However, at high doses or after prolonged exposure,
prostratin induces cytotoxic effects.

Both prostratin and TNF-a induce GFP expression in only a
subset of the J-Lat cells. Given that the J-Lat cell lines are clonal,
the nonuniform response of these lines to activating stimuli sug-
gested a variegated response. However, it was unclear whether
the unresponsive cells were permanently inactivated or able to
undergo activation in a second round of stimulation. To distin-
guish between these possibilities, J-Lat 9.2 cells were incubated
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40! uxB
4 wAP-1
Fic. 2. Prostratin activates the 30, eSp1

HIV-1 LTR through induction of NF-

xB. A, prostratin activates xB- and AP-1

luciferase reporter plasmids. J-Lat 9.2

cells were transfected with xB-, AP-1-,

Spl-, or NFAT-luciferase reporter plas-

mid DNA and stimulated with 2 uM pros-

tratin, TNF-a, PMA, or a combination of

PMA and ionomycin. Luciferase activity

was measured 5 h later. The error bars

indicate S.D. Note that prostratin acti-

vates the xB and AP-1 reporter plasmids B
but not the Spl or NFAT reporter plas-

mids. Similar results were obtained in J-

Lat 6.3 cells. B, an HIV LTR lacking the

xB enhancers is not induced by prostra-

tin. J-Lat 9.2 cells were transfected with

HIV1-LTR-, HIV1-LTRAxB-, HIVI-LTRA

AP-1-, and HIV1-LTRASp|-luciferase re-

porter plasmid DNA and 14 h later were

stimulated with 2 um prostratin, TNF-a, %
PMA, or PMA/ionomycin. Luciferase ac- “w
tivity was measured after 5 h of stimula-

tion. The error bars depict S.D. Note the

lack of prostratin activation of the HIV1-

LTRAxB reporter plasmid. Similar re-

sults were obtained in J-Lat 6.3 cells. C,

prostratin induction of the HIV LTR is c
not inhibited by cyclosporin A. J-Lat 6.3

aNFAT

204

DMSO Prostratin  TNF-« PMA  PMA/lono

8, sHIV LTR

sHIV LTR AxB

¢/ aHIV LTR AAP-1
oHIV LTR ASp1

.
i 1

DMSO Prostratin TNF-u PMA  PMA/lono

or 9.2 cells were preincubated with cyclo- Clone 6.3 Clone 9.2

sporin A for 1 h followed by stimulation
with 2 um prostratin, TNF-o, PMA, or
PMA/ionomycin. Note that the prostratin
response is not inhibited by cyclosporin A,
whereas the PMA/ionomycin response is
partially impaired, suggesting a compo-
nent of NFAT-mediated stimulation un-
der these conditions of activation.

GFP-positive Cells (%)
° 3

with either prostratin or TNF-q, and the initially unresponsive
cells were purified and stimulated in a second round with pros-
tratin or TNF-a. In parallel, previously unstimulated, unsorted
J-Lat 9.2 cells were stimulated with prostratin or TNF-a. The
second round of either prostratin or TNF-a stimulation induced
GFP expression in ~20% of originally nonresponsive cells, a
fraction that was equivalent to that observed in the previously
unstimulated cells (Fig. 1D). These findings indicate that an
increasingly greater proportion of the entire J-Lat cell population
is activated by serial stimulation, with the fractional response
during each cycle remaining constant.

Prostratin Activation of the HIV LTR Is Mediated through
NF-xB—We next explored the signaling pathway activated by
prostratin in J-Lat cells that mediates activation of the latent
HIV proviruses. The HIV-1 LTR contains binding sites for
several inducible transcription factors, including NF-«B,
NFAT, AP-1, and Sp1 (10). To assess the effects of prostratin on
the induction of these transcription factors, J-Lat 9.2 cells were
transfected with NF-xB-, AP-1-, Spl-, or NFAT-luciferase re-
porter plasmids and stimulated with either 2 um prostratin, 10
ng/ml TNF-a, 10 um PMA, or combinations of PMA and 1 um
ionomycin. Prostratin activated the NF-xB- and AP-1-respon-
sive reporter constructs but failed to activate the Spl or NFAT
luciferase reporters (Fig. 2A). The magnitude of the NF-«xB
response to prostratin was less than that obtained with PMA
either added alone or in combination with ionomycin but was
comparable with TNF-a.
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OCyclosporin A

10

04
DMSO Prostratin  PMA  PMA/lono DMSO Prostratin PMA  PMA/ono

To assess more directly the role of NF-xB/Rel factors in
prostratin activation of the HIV LTR, J-Lat 9.2 cells were
transfected with luciferase reporter plasmids containing either
the wild type HIV-1 LTR, the LTR lacking the two xB enhanc-
ers, the LTR lacking the AP-1 enhancers, or the LTR lacking
the Sp1 enhancers. Prostratin induced 4-fold stimulation of the
HIV-LTR-Luc reporter relative to unstimulated controls (Fig.
2B) but failed to activate the HIV-LTRAxB-Luc reporter. How-
ever, co-incubation with PMA and ionomycin stimulated lucif-
crase activity with this AxB reporter, indicating the induction
of a non-NF-xB/Rel transcription factor with LTR-activating
properties. Additionally, prostratin induced —-2.5-fold stimula-
tion of the HIV-LTRAAP-1 and HIV-LTRASp1 reporters, indi-
cating that neither AP-1 nor Spl is required for HIV LTR
responsiveness to prostratin. Together, these findings support
a central role for NF-kB/Rel induction in prostratin-mediated
activation of the latent HIV LTR and exclude a necessary role
of AP-1 and Spl.

Because NFAT has been implicated in the activation of the
LTR involving a site overlapping the xB sites (21), we further

ted the potential invol t of NFAT as a mediator of
prostratin antagonism of HIV latency by treating cells with
cyclosporin A. This agent blocks the activation of NFAT by
antagonizing calcineurin-mediated dephosphorylation of
NFAT (22). J-Lat 6.3 or 9.2 cells were preincubated with cy-
closporin A or with medium containing comparable quantities
of Me,SO used to dissolve cyclosporin A and then stimulated
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A § TNFa Prostratin
s 10 3 5 10
1xBa (142) Iabi.'- ---*'i
S Y Y XX X X
8 TNF-a Prostratin PMA
T % T ¥ T ¥
W Cedh e—an ]
wTubin DG
Clone 6.3 Clone 9.2
34, eVector 40 , eVector
z ohBaBR oikBaSR
310 30
[13 20
s. 10
0
OMSO Prostratin  TNF-a PMA PMANOnO OMSO Prostratin  TNF-a

Fic. 3. Prostratin activation of the latent HIV LTR i

IKK activation and d. “donoflnBaApmmunmmuhlu
activation of endogenous IKKs. J-Lat 6.3 cells were stimulated with TNF-a or 2 uM prostratin for 5. 10 or 30 min, fc dbyi

of IKK complexes with anti-IKKy antibodies. These compl were analyzed for enzymatic activity in in vitro kinase assays uullzlng glutathione
S-transferase-IxBa<{ 1-62) as an exogenous substrate. Levels of IKK1 immunoprecipitated under each condition are shown in the lower panel. Note

that both TNF-a and prostratin

the IKK compl although the prostratin response occurs with slightly slower kinetics. Similar It

were obtained other J-Lat clones. B, prostratin induces IxBa degradation. J-Lat 6.3 cells were stimulated with TNF-a or 2 uM pmnnl.in for 10,

15, or 30 min, and cellular lysates were i blotted with antibodi

specific for IxBa or

Y

Similar Its were obtained with other

J-Lat clones. C, IxBa super repi {IxBaSR) inhibits prostratin activation of latent HIV provirus. J-Lat 6.3 or 9.2 cells were transfected with
expression vectors encoding either an IxBaSR protein expression vector or vector alone, in combination with an H2Kk marker of transfection,
followed by stimulation with 2 uM prostratin, TNF-a, PMA, or PManomyun HZKkexpu-nn( cells were analyzed by flow cy y for GFP

expression. Note that the [xBaSR markedly inhibits prostrati diat

of the latent provirus present in both J- Lndonubutnnly

partially inhibits the resp licited by PMA and ionomycin.

with prostratin, TNF-a, PMA, or combinations of PMA and
ionomycin for 14 h, followed by assessment of GFP expression.
Prostratin, TNF-a, and PMA each induced strong GFP re-
sponses, and these responses were not impaired by the addition
of cyclosporin A (Fig. 2C). Conversely, combined stimulation of
these cells with PMA and ionomycin induced higher levels of
GFP expression than observed with PMA alone, and this re-
sponse was partially inhibited by cyclosporin A. These findings
suggest that NFAT induction plays a role in the activation of
latent HIV provirus in J-Lat cells stimulated with PMA and
ionomycin. The cyclosporin-resistant component of HIV provi-
ral activation observed in these cells probably reflects the in-
duction and action of NF-xB/Rel factors. These findings sup-
port a central role for NF-«B/Rel induction in prostratin
antagonism of HIV latency.

Prostratin Induction of NF-xB Is Associated with IKK Acti-
vation—Among the initial events in the classical signaling
cascade leading to NF-xB induction is the activation of IKK
kinase activity (see Ref. 23 for a review). To assess whether the
macromolecular IKK complex is stimulated by prostratin, we
assessed IKK enzymatic activity in J-Lat 6.3 cells in in vitro
kinase assays. After stimulation of J-Lat cells with either pros-
tratin or TNF-a, endogenous IKK complexes were immunopre-
cipitated from cell lysates using an anti-NEMO antibody. IKK
enzymatic activity was detected by phosphorylation of gluta-
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thione S-transferase-1xBa-(1-62) added as an exogenous sub-
strate. Prostratin markedly stimulated IKK kinase activity
after 10 min, with relatively little activity observed at 5 or 30
min of stimulation (Fig. 3A). In contrast, TNF-a stimulation led
to a more rapid increase in IKK activity, peaking at 5 min and
returning to base line at 10 and 30 min. These findings suggest
that prostratin induction of NF-«xB is mediated through acti-
vation of the IKKs and that the kinetics of this response are
slightly slower than that elicited by TNF-a.

Activated 1KKs target the IxBa inhibitor of NF-xB for phos-
phorylation on serines 32 and 36, leading in turn to the rapid
ubiquitylation and degradation of the inhibitor by the 26 S
proteasome (24). To assess the functional consequence of pros-
tratin induction of IKK kinase activity, we assessed the ability
of prostratin to induce IxBa degradation in J-Lat 6.3 cells.
Prostratin, like TNF-a and PMA, induced degradation of IxBa
(Fig. 3B). However, consistent with the observed delay in IKK
activation, the degradation of IxBa induced by prostratin at 30
min was less complete than that induced by TNF-a.

To further evaluate whether IxBa degradation plays a key
role in the prostratin response, J-Lat 6.3 or 9.2 cells were
transfected with expression vectors encoding a nondegradable
mutant of IxkBa (IxBa SS32/36, termed the IxBa super repres-
sor, or [xBaSR) or with vector alone, along with a mouse MHC
H2Kk surface antigen transfection marker plasmid (Fig. 3C).
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Cell surface immunofluorescence staining for H2Kk permitted
rapid identification of the transfected subset of cells. Following
transfection and culture for 24 h, cells were stimulated with
prostratin, TNF-a, PMA, or a combination of PMA and iono-
mycin for 14 h. Cells expressing H2Kk were then analyzed for
GFP expression indicative of latent HIV provirus activation.
Prostratin, TNF-a, PMA, and PMA/ionomycin effectively in-
duced latent HIV LTR-mediated GFP expression in the H2Kk-
transfected cells. In contrast, cells transfected with IxBaSR
failed to increase GFP expression in response to prostratin,
TNF-a, or PMA. Consistent with dual induction of NF-xB and
NFAT by combination of PMA and ionomycin, GFP expression
in dually treated cells was only partially inhibited by IxBaSR.
These findings provide further evidence that NF-xB activation
plays an important role in prostratin-mediated activation of
latent HIV proviruses in the J-Lat cells.

Prostratin Induces NF-xB Nuclear Translocation and DNA
Binding—Following the degradation of IxBa. the liberated
NF-«B transcription factors translocate into the nuclcus and
engage cognate xB enhancers. To assess whether prostratin
stimulation provided sufficient stimulus for RelA nuclear
translocation and DNA binding, we assessed xB enhancer DNA
binding activity in nuclear extracts from J-Lat 6.3 cells stimu-
lated with prostratin or TNF-a for 30 or 45 min. Extracts were
incubated with [y-**P] radiolabeled xB enhancer olig 1
tides. Parallel assays were performed with y-*“P-labeled Oct-1
DNA olig leotides to loading and integrity of the
nuclear extracts. Unstimulated nuclear extracts contained xB
enhancer binding activity consistent in migration with p50-p50
homodimers (Fig. 4A). Following prostratin and TNF-a stimu-
lation, a more slowly migrating complex was observed. Based
on antibody supershifting, this complex corresponds to the
prototypical NF-«xB complex of p50-RelA heterodimers bound to
the xB enhancer (data not shown). Consistent with the ob-
served slower kinetics of both IKK activation and IxBa degra-
dation, prostratin induction of NF-xB DNA binding occurred
somewhat slower than the response elicited by TNF-a.

Prostratin Induces Direct RelA Binding to the Integrated HIV
LTR—NF-xB could either directly activate the LTR of the
latent proviruses present in J-Lat cells by binding to the xB
enhancer or indirectly by inducing the expression of a second
gene product, which in turn drives LTR transcription. To in-
vestigate whether RelA is directly recruited to the HIV LTR in
vivo following prostratin stimulation, chromatin immunopre-
cipitation assays were performed. J-Lat clones 6.3 and 9.2 were
treated with TNF-a or prostratin for 30 or 45 min, respectively.
The longer time course for prostratin was selected in view of its
slower kinetics of induction. Following stimulation, cells were
cross-linked, and DNA was fragmented by micrococcal nuclease

digestion and ication. Lysates were i precipitated
wi th anti-RelA or anti-Spl antibodies and agarvse A beads or
wi th agarose A beads alone, and DNA-protein cross-links were
rewersed. Coimmunoprecipitated DNA was isolated and input,
RelA-immunoprecipitated, and agarose A control samples were
probed by PCR for HIV LTR xB binding site DNA and for
downstream HIV and B-actin seq es as pecific controls.
In the absence of stimulation, samples immunoprecipitated
with anti-RelA amplified low to undetectable levels of HIV LTR
xB binding site DNA (Fig. 4B). Following stimulation with
TNF-a or prostratin, anti-RelA immunoprecipitated samples
from both J-Lat clones 6.3 and 9.2 amplified significant quan-
tities of HIV LTR DNA. Importantly, these samples did not
amplify p-actin ncgative controls beyond background levels,
demonstrating specificity of the DNA immunoprecipitation. In
contrast, Spl was constitutively bound to the latent HIV LTR,
with no observable change in occupancy occurring in response
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A

< Oct-1

FiG. 4. Pn in stimulat lear NF-«B DNA binding and
induces RelA-mediated recruitment to the HIV-1 LTR in vive. A,
prostratin induces NF-xB DNA binding. J-Lat 6.3 cells were stimulated
with TNF-a or prostratin for the indicated times. Nuclear extracts were
wolated and subjected to electrophoretic mobility shift assay with y=P-
labeled xB enhancer DNA probes. Oct-1 binding was studied in parallel as
a control for loading and integrity of vanous protein extracts. B, prostra-
tin induces RelA recruitment to the latent HIV-1 LTR in vivo. J-Lat clones
6.3 or 9.2 were sumulated with TNF-a or 2 uM prostratin tor 30 or 45 min,
respectively. Chromatin immunoprecipitation assays were performed us-
ing anti-RelA or anti-Spl antibodies and probed for the HIV LTR DNA
MOQUENOLS K g the xB enh or for pecific control B-actin.
Note that prostratin and TNF-« stimulation induced RelA recruitment to
the xB enhancer of the HIV-1 LTR in both latently infected J-Lat clones,
whercas Spl is constitutively bound and unaffected by either treatment.
DMS0, Me,SO; [P, immunoprecipitation.

to TNF-a or prostratin stimulation. These findings support a
model of prostratin action involving the induction and direct
recruitment of NF-xB to the latent HIV LTR.

Prostratin Activation of the Latent LTR Requires Activity of
Novel PKC Isoforms—Previous studies of prostratin induced
down-regulation of CD4 and CXCR4 identified a PKC-depend-
ent signaling step (18). However, it remained unclear whether
single or multiple PKC isoforms were involved in this response.
To characterize the profile of PKC isoforms induced by pros-
tratin, we prepared cytoplasmic and membrane fractions from
J-Lat 6.3 cells treated with prostratin, TNF-a, or PMA and
analyzed which PKC isoforms were induced to translocate from
the cytoplasm to the membrane. Such translocation serves as
an early marker of PKC activation (25). Prostratin induced
rapid translocation of PKC-¢ and -8 from the cytoplasm to the
membrane fraction, with similar efficiency to PMA (Fig. 5A).
Membrane translocation of PKC-a, -v, -8, and -{ was also in-
duced by prostratin; however., this translocation response was
incomplete and greatly reduced in comparison with the re-
sponse induced by PMA. In contrast, TNF-a did not induce
membrane translocation of any of these PKC isoforms. Immu-
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Fic. 5. PKC activation and prostratin-mediated stimulation of latent HIV provirus. A, prostratin induces membrane translocation of
multiple PKC isoforms. J-Lat 6.3 cells were treated with Me,SO (DMSO). TNF-a, 2 uM prostratin, or PMA for the indicated times. Cytopl
and membrane extracts were prepared, and proteins were separated by SDS-PAGE followed by immunoblotting with antibodies specific for various
PKC isoforms. B-Tubulin was employed as a loading control for these extracts. Similar responses were observed in other J-Lat clones. B, PKCs
participate in prostratin antagonism of HIV latency. J-Lat clones were incubated with a pan-PKC inhibitor, G66986, prior to stimulation with 2
uM prostratin, PMA, or TNF-o. Results for J-Lat 6.3 and 9.2 cells are shown. The percentage inhibition of total GFP expression was measured by
flow cytometry. Note the inhibition of the prostratin and PMA responses with G66983 but no effect of this inhibitor on the TNF-« induced response.
C. novel PKCs probably play a role in prostratin-mediated activation of latency. J-Lat 6.3 or 9.2 cells were incubated with medium, G66976 (an
inhibitor of conventional PKC isoforms only), Go6850 (an inhibitor of novel and conventional PKC isoforms), or TER14687 (an inhibitor the novel
PKC isoform PKC-0). Cells were stimulated with 2 uM prostratin, TNF-a, or PMA. The percentage inhibition of total GFP expression was measured
by flow cytometry. Note that an inhibitor of conventional PKC isoforms failed to impair the prostratin or PMA response, whereas the inhibitor of
conventional and novel PKC isoforms effectively inhibited these responses, and the inhibitor of PKC-# failed to inhibit prostratin induction of GFP

expression.

noblotting for PKC-e, -1, -1, -y, and -A failed to produce specific
signals (data not shown).

To further the PKC depend of prostratin-medi-
ated antagonism of HIV latency, we pretreated J-Lat 6.3 or 9.2
cells with medium or the pan-PKC small molecule inhibitor
G6983 (26), followed by stimulation with prostratin, TNF-a, or
PMA (Fig. 5B). G56983 strongly inhibited GFP expression in-
duced by both PMA and prostratin, further implicating a PKC-
dependent signaling step in this response. In contrast, TNF-«

in-duction of the latent HIV provirus was unaffected by G66983,
exzcluding nonspecific toxic effects of this drug. The PKC family
of protein kinases includes the classical, novel, and atypical
subclasses (see Ref. 27 for review). To investigate whether a
specific subclass of PKC mediates prostratin antagonism of
HIV latency, we employed PKC subclass-specific inhibitors
(Fig. 5C). The G66850 inhibitor impairs the action of only the
conventional and novel PKC isoforms (28). This inhibitor exerts
little effect on the atypical {, 7, A, and u isoforms. In contrast,
the G66976 inhibitor inhibits the action of only the conven-
tional PKC isoforms, a, B, and y (28). Preincubation with
Go66850 reduced GFP expression in response to both prostratin
and PMA with similar efficiency, indicating that conventional
and/or novel subclasses of PKCs are involved. In contrast, the
addition of G66976 had little effect on prostratin and PMA
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induction of GFP expression, arguing that prostratin antago-
nism of HIV latency is not dependent on the conventional
subclass of PKC isoforms. Neither inhibitor reduced TNF-a
induction of the latent genome. Taken together, these findings
suggest that one or more members of the novel PKC subfamily
(3, €, m, and 0 isoforms) play an important signaling role in
prostratin activation of the latent HIV-1 LTR.

The novel isoform PKC-6 has been implicated as an impor-
tant regulator of NF-«xB activity during T-cell activation (29-
31). To more specifically assess the role of PKC-8 in prostratin
induction of the latent HIV LTR, we employed a PKC-6 iso-
form-specific inhibitor, TER14687 (32). J-Lat 6.3 or 9.2 cells
were pretreated with standard medium or with TER14687,
followed by stimulation with prostratin, PMA, or TNF-a. In the
presence of TER14687, no appreciable inhibition of LTR induc-
tion by prostratin relative to untreated samples was observed
(Fig. 5C, white bars). High concentrations of TER14687 proved
toxic, precluding the examination of effects at higher doses
(data not shown). These findings suggest that either PKC-6
does not play a major role in the prostratin response or that
other novel PKC isoforms function in a redundant manner with
PKC-6.

Prostratin Activates NF-xB and Induces NF-xB-dependent
Gene Expression in Primary Memory CD4 Lymphocytes—The
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Fii;. 6. Prostratin activates NF-xB and induces NF-«B-depend-
ent genes in primary resting CD4* memory T cells. A, prostratin
induces NF-xB DNA binding in primary memory C1)4+ lymphocytes.
CD45RO" CD4" lymphocytes were sorted from patient PBMCx and
stimulated with TNF-«e or 2 pM prostratin for the indicated times.
Nuclear extracts were prepared and subyected to electrophoretic mobil-
ity shift askav with y-"*P-labeled xB enhancer DNA probe. Oct-1 bind-
ing was studied in parallel as a control for loading and integrity of
various protein extracts. B, prostratin induces activation of a NF-xB-
responsive gene in pnmary memory CD4  lymphocytes. Sorted patient
PBMCx were stimulated with 2 uwm prostratin for the indicated times
and cellular lysates were immunoblotted with antibodies specific for the
NF-«B-responsive gene. IxBa, or B-tubulin as a control. Note the re-
synthesis of IxBa at 60 min indicating prostratin activation of func-
tional nuclear NF-xB complexes in these primary cells. DMSO, Me,SO.

latent viral reservoir present in infected patients has been
identified within quiescent nondividing CD4 ' memory T cells
arrested in the G, phase of the cell cycle. To assess whether our
observations within the continuously dividing J-Lat clones re-
flect the biology of this arrested pool of cells, we sorted
CD45RO* CD4° T-lymphocytes from patient blood. This iso-
lated population was confirmed to be G,-arrested by DNA
staining (data not shown). We d the inducibility of
NF-«B within this pool using electrophoretic mobility shift
assay. Sorted patient cells were stimulated with TNF-a or
prostratin for 30 or 45 min, and nuclear extracts were prepared
and incubated with y-*“P-radiolabeled consensus B or Oct-1
oligonucleotides. Both TNF-a and prostratin treatment in-
duced a slowly migrating complex indicative of NF-xB activa-
tion (Fig. 64). As observed in J-Lat clones, the peak in NF-xB
binding activity induced by prostratin was delayed relative to
the TNF-a response.

To ensure that NF-«xB activation in primary memory CD4 '
lymphocytes results in NF-xB-dependent gene expression, we
assessed the resynthesis of the NF-xB-responsive gene, IxBa.
Sorted primary CD45RO° CD4' T-lymphocytes were un-
treated or treated with prostratin for 15, 30, or 60 min, and
cellular lysates were prepared and immunoblotted for IxBa or
B-tubulin, the latter serving as a loading control. Prustratin
induced complete degradation of IxBa within 30 min of stimu-
lation, consistent with activation of the NF-«B signaling path-
way (Fig. 6B). Resynthesis of IxkBa was observed after 60 min of
Prostratin stimulation, indicating effective induction of this
NF-xB-responsive gene. Taken together, the observed activa-
tion of NF-xB and induction of NF-xB-responsive genes in
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these nondividing primary CD45R0O* CD4 ' T-lymphocytes re-
capitulates the response observed in the proliferating J-Lat
model.

DISCUSSION

In this study, we have explored the mechanism by which the
non-tumor-promoting phorbol ester, prostratin, antagonizes HIV
latency. Considerable interest has recently focused on prostratin
as an in vivo agent to purge latent HIV proviruses (6, 14, 15). As
a ccllular model of HIV latency, we employed the J-Lat T cells,
which contain a full-length latent HIV provirus. This provirus
contains GFP in place of Nef; thus, transcriptional activation of
the latent provirus can be readily detected in individual cells by
flow cytometry. We find that prostratin effectively activates the
latent provirus in multiple independently derived J-Lat T-cell
clones. These results arc in agreement with recently published
results demonstrating prostratin-mediated activation of latent
virus in the SCID-HU Thy/Liv system and in the blood of pa-
tients with HAART-suppressed HIV (14, 15). We observed that
prostratin induces similar levels of proviral gene transcription as
TNF-a, although the kinetics of the prostratin-mediated re-
sponse are slower. Intriguingly, neither prostratin nor TNF-a
induced proviral reactivation in the entire clonal population of
latently infected cells. Indeed, it appears that activation of the
latent HIV LTR occurs in a varicgated manner, a hallmark of
epigenetic regulation. When initially nonresponsive cells were
restimulated with prostratin or TNF-a, a similar fraction of pre-
viously unresponsive cells were induced to express GFP. The
underlying mechaniam of this fractional responsiveneas may lie
in heternchromatin epigenesis or alternatively could reflect se-
lective responsiveness of cells at a particular stage in the cell
cycle. These findings suggest that the reversal of HIV latency will
probably require repeated administration of agonists. Thus, to be
clinically useful, such inducers must exhibit relatively low toxic-
ity, permitting patients to withstand long-term, multiround
treatments (33).

Prostratin was observed to lack toxicity when applied for
short time courses; however, it induced substantial growth
arrest and cell death if administered in a concentration of >500
nm for greater than 2 days. If prostratin is to be considered as
a human therapeutic, it is unlikely that high-dose or protracted
treatment will be tolerated. Consequently, short-term, low-
dose treatments will probably be the only alternative, since
sustained administration will probably result in dramatically
negative side effects.

To delineate the molecular basis for prostratin-mediated ac-
tivation of the latent HIV LTR, we first examined the ability of
prostratin to activate various signaling pathways using re-
porter plasmids containing xB, AP-1, Spl, or NFAT enhancer
cassettes. We observed that prostratin effectively activated the
xB- and AP-1-luciferase reporters but displayed no stimulatory
effects on the Spl or NFAT reporter constructs. Consistent
with a central role for NF-xB stimulation, prostratin failed to
induce a mutated version of the HIV LTR lacking the tandem
xB enhancers, whereas it promoted expression of AP-1- and
Spl-deficient LTR constructs. These findings are consistent
with the prior observation that prostratin induces up-regula-
tion of a number of NF-xB-responsive genes, including IL-18,
IL-8, and osteoprotogerin (14). The observed induction of AP-1
by prostratin is probably reflective of the phorbol ester nature
of this compound. It is possible that in addition to the NF-«xB
and AP-1 pathways, prostratin also stimulates other signaling
cascades that either modulate the NF-xB response or function
independently. The fact that the profile of gene expression
induced by prostratin fails to completely overlap with that
found with classical agonists of NF-xB like TNF-a strengthens
this possibility.
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Further investigation of the pathway of NF-xB activation
stimulated by prustratin revealed that prostratin activates the
IKKs residing in the macromolecular signalsome complex. No-
tably, this response occurs with somewhat delayed kinetics
compared with the response elicited by TNF-a. We further
found that prostratin induces phosphorylation and degradation
of IxBa and that expression of a degradation-resistant mutant
of IxBa (IxBa super repressor) inhibits prostratin activation of
the latent HIV LTR. These findings indicate that the classical
NF-«B signaling pathway is stimulated by prostratin.

NFAT has also been proposed to function as a key transcrip-
tional activator of the HIV-1 LTR (34, 35); however, the NFAT
inhibitor cyclosporin A failed to impair prostratin-mediated
activation of the latent HIV LTR. Of note, latent provirus was
activated in a greater fraction of cells when agonists that stim-
ulated both the NFAT and NF-«B pathways were employed.
This observation is consistent with early studies demonstrat-
ing cooperative induction of the HIV LTR by NF-«B and NFAT
(36). These results suggest that strategies to activate latent
HIV proviruses involving the induction of both NF-«B and
NFAT merit further investigation. Such approaches might also
help mitigate the problem posed by the variegated nature of
latent HIV provirus activation.

Since the NF-xB pathway is activated by prostratin, and
HIV-1 LTR constructs lacking the xB enhancers are not stim-
ulated by prostratin, it was important to confirm that Rel
proteins were directly recruited to the HIV-1 LTR in vivo
following prostratin stimulation. Using chromatin immunopre-
cipitation assays to study this question, we observed that pros-
tratin stimulation promoted rapid recruitment of RelA to the
HIV LTR. In contrast, we observed that Spl is constitutively
associated with the latent HIV promoter. These findings argue
for a direct role of RelA in the prostratin-induced transcrip-
tional response leading to activation of the latent HIV LTR in
cells stimulated with either prostratin or TNF-a. Additionally,
these observations demonstrate that Spl binding is insufficicnt
to promote transcriptional activation of the latent HIV LTR. In
the setting of the HIV LTR, RelA synergizes with Sp1 to induce
gene expression, probably involving chromatin remodeling
steps (37). In the case of the A20 gene, Spl independently
recruits TFIID to the site of transcriptional initiation (38).
Nonetheless, RelA is required to promote efficient transcrip-
tional elongation by the RNA polymerase II complex, probably
through its ability to recruit the pTEFb complex that phospho-
rylates the C-terminal heptapeptide repeat of RNA polymerase
1. Indeed., in the absence of Sp1, RelA is probably less efficient
in driving LTR tranacription (39). Determining the full range of
transcription factors bound to the transcriptionally repressed
and activated LTR in vivo will be instrumental in enhancing
our understanding of the molecular events that govern HIV
latency. Additionally, analyses of the impact of transcription
factor binding on localized chromatin structure may reveal
insights into the molecular underpinnings of HIV latency. Such
insights may also suggest additional strategies for activation of
the latent LTR in a greater fraction of the cells.

Additional events occurring during the activation of NF-«xB
by prostratin may play an important role in the transcriptional
activation of the latent HIV LTR. For example, recent studies
have demonstrated that NF-xB activation by TNF-u results in
the nuclear translocation of IKK1, which subsequently pro-
motes phosphorylation of serine 10 on the tail of H3 histones
surrounding NF-xB-regulated genes (40, 41). This post-trans-
lational modification by IKK1 may help to promote changes in

chromatin structure associated with transcriptional activation.
Whether IKK1 or other recognized serine 10 kinases like Rsk2
or MSKI1 are similarly recruited to the latent HIV-1 LTR fol-
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lowing prostratin stimulation is currently under investigation.
Additionally, signal-dependent post-translational modification
of RelA by phosphorylation and acetylation may also stimulate
transcriptional activation of the repressed HIV LTR by enhanc-
ing the transcriptional potential of RelA or by impairing the
inhibitory action of resynthesized IxBa (42).

Our studies have also shed light on the proximal signaling
components involved in the prostratin response. Because pros-
tratin is a nontumorigenic phorbol ester, we focused initial
attention on prostratin-mediated activation of various PKC
isoforms. When PKC translocation from the cytoplasm to the
membrane was evaluated, we observed that conventional,
novel, and atypical isoforms were effectively mobilized, indicat-
ing a broad response. However, translocation of PKC a, ¥, 8,
and { by prostratin was attenuated relative to that induced by
PMA. This differential activation of PKC isoforms may provide
a mechanistic basis for the non-tumor-promoting nature of
prostratin. The activation of PKCs appears necessary for pros-
tratin induction of the latent HIV LTR, since the generalized
PKC inhibitor G56983 blocks prostratin induction of GFP ex-
pression in J-Lat cells. We additionally found that the treat-
ment of the prostratin-stimulated cultures with an inhibitor
that selectively blocks conventional PKC isoforms, G66976, did
not impair the response, indicating that conventional PKC
isoforms are dispensable for this response. Conversely, the
addition of G66850, which inhibits both conventional and novel
PKC isoforms, effectively inhibited the prostratin response.
These findings suggest that the novel subfamily of PKC iso-
forms may play a key role in induction of the latent HIV LTR by
prostratin. Whether prostratin signaling is dependent on a
single novel PKC isoform or is rather mediated through mul-
tiple isoforms remains an open question. In this regard, the
addition of inhibitor TER14687, a selective PKC-# inhibitor,
failed to inhibit prostratin antagonism of latency. These find-
ings raise the possibility of functional redundancy in the novel
subsct of PKCs.

Previous studies of prostratin antagonism of HIV latency
have elucidated the ability of prostratin to stimulate p24 Gag
production and releasc from HAART-suppressed human PB-
MCs or thymocytes present in a SCID-hu Thy/Liv experimental
model (15). These systems contain heterogeneous populations
of uninfocted, actively infected, and latently infected cells,
which complicate examination of the overall efficacy of candi-
date antilatency compounds. The clonal latently infected J-Lat
model has the advantage that changes at the single-cell level
can be conveniently monitored by flow cytometry. Our studies
in fact show that prostratin induces the transcriptional activa-
tion of the latent LTR only in a portion of the population.
However, a second round of stimulation activates a response in
a similar fraction of the previously unresponsive cells. These
findings suggest that repeated rounds of stimulation may be
required to purge the entire pool of latently infected cells.
Differences in the chromatin environment immediately sur-
rounding the HIV integration locus may play an important role
in controlling this functional response as well as the basal and
induced levels of transcription (43).

HIV postintegration latency in infected patients is probably
most stable within the resting memory population of CD4"
T-lymphocytes. To confirm that our observations within the
continuously dividing J-Lat model are applicable to primary
resting memory T cells, we analyzed NF-xB induction and its
activation of a prototypical NF-xB-responsive gene within
sorted primary CD4' CD45RO" T-lymphocytes. Our obscrva-
tions demonstrate that prostratin is capable of both activating
NF-«xB and driving NF-xB-dependent gene expression within
this biologically relevant population of cells. Additionally, work
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by Kulkoeky et al. (14, 44) has demonstrated that prostratin is
capable of inducing outgrowth of latent viruses from the blood
of HAART-suppressed patients. Taken together, the proliferat-
ing J-Lat model recapitulates many of the responses observed
in primary resting memory T cells.

Complete elimination of the latently infected reservoir in
infected patients will undoubtedly be a difficult task. Efforts to
eliminate this pool of latently infected cells with interleukin-2
and OKT3 antibodies yielded disappointing results (8. 9). For
this lofty goal to be reached. more efficient and less toxic
antagonists of HIV latency must be identified. and the varie-
gated nature of the response must be successfully dealt with.
Although prostratin is promising on some fronts, its cytotoxic
properties may limit its utility in human use. The identification
of truly effective antagonists of HIV latency could be propelled
by a better understanding of the molecular basis of HIV la-
tency. The J-Lat cells used in these studies provide a powerful
cellular model for hypothesis testing and biochemical and mo-
lecular analysis. However, it is essential that any promising
agents ultimately be vetted for their efficacy in primary CD4 T
cells latently infected with HIV.
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Chapter 3

NF-xB1 p50 promotes HIV proviral latency through HDAC recruitment and
repression of transcriptional initiation
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Early studies of HIV-1 transcriptional regulation were performed largely in vitro.
Proteins capable of binding regulatory elements contained within the 5 LTR were
identified through analysis of electrophoretic mobility shift of radioactively labeled naked
HIV-1 DNA fragments [1]. Regions of DNA important for HIV-1 transcriptional
regulation were defined through deletion mapping of LTR-reporter fusion constructs [2].
Combined approaches allowed the identification of cellular Sp1 and NF-«xB proteins and
their cognate DNA binding sitcs within the HIV-1 LTR as key positively acting
transcription factors necessary for robust expression of HIV-1 [3-5]. While these
approaches were able to identify interactions that may occur with HIV regulatory
elements, they lacked the ability to define which interactions do occur with integrated
HIV-1 proviruses in vivo. DNA footpriniting analyses of integrated HIV-1 proviruses
took steps towards understanding of interactions in vivo, however these approaches
remained suggestive rather than definitive [6].

The chromatin immunoprecipitation (ChIP) assay permits analysis of protein-
DNA interactions as they exist in vivo (reviewed in [7]). Briefly, cells are treated with
formaldehyde, a crosslink-inducing agent that covalently links DNA and protein that are
immediately juxtaposed. Specific protein-DNA interactions can then be assessed by
immunoprecipitating target protcins with specific antibodies, and probing for DNA of
interest by PCR. This approach can be used to assess association of transcription factors,
such as NF-kB, basal transcription machinery, such as RNA polymerase II, or modified
of DNA-organizing proteins, such as acetylated histones, with a region of genomic DNA
[8-10]. Most applications of ChIP analyze promoter or enhancer elements involved in the

regulation of cellular gene expression. A more recent application has been the
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assessment of RNA polymerase II with protein-coding DNA sequences downstream of
regulatory elements, thus allowing real-time assessment of transcriptionally active genes
[11].

The integrated HIV-1 LTR has been studied by ChIP in various systems [12-15],

however these systems lacked the hallmarks of HIV-1 latency, thus their findings are

descriptive of general transcription machinery associated with the active HIV-1 promoter.

We were interested in characterizing the transcriptional machinery and histone status
associated with the latent HIV-1 regulatory elements, and the changes associated with
activation of the latent HIV-1 provirus. Additionally, the role of NF-kB as a strong
inducer of HIV-1 transcription coupled with the observation of direct RelA binding to the
enhancer elements of HIV-1 prompted further investigation into the role of the NF-xB
family of transcription factors and their association with the latent provirus.

NF-kB is generally considered a strong activator of transcription, however, the
p50-p50 homodimeric species of NF-kB prominent in the nucleus of unstimulated CD4+
T-cells cells has been reported to have transcriptionally repressive properties [16-18].
NF-«xB1 p50 lacks the transcriptional activation domain contained in the carboxy-
terminus of RelA, but retains DNA-binding activity through the amino-terminal Rel
homology domain. Thus, while p50 is capable of binding kB enhancer sites in promoter
regulatory elements, it is incapable of recruiting positively-acting transcription cofactors
to promote gene expression. Additionally, p50 has been demonstrated to associate with
HDACI, an association that mediates deacetylation of histones proximal to p50-

homodimer-bound kB enhancers, establishing a transcriptionally repressive environment
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[19]. This negative action of pSO may serve to tighten transcriptional regulation of xB-
regulated genes, ensuring that uninduced promoters are not “leaky”.

The goal of this project was to explore the association of NF-kB RelA and p50
with the latent and unstimulated promoters, and to the changes in basal transcription
factor recruitment and patterns of histone acetylation linked with these associations. We
found that the latent HIV-1 kB enhancer is bound by a p50-containing complex that
promotes recruitment of HDAC1 and deacetylation of surrounding histones. This
deacetylation inhibits recruitment of RNA polymerase II to the latent HIV-1 promoter
and prevents initiation of HIV-1 mRNA transcripts. Induction of NF-kB signaling
promotes binding of pS0/RelA heterodimers to the kB enhancer elements in the latent
HIV-1 LTR, removing the repressive effect pS0-homodimer recruitment of HDACI.
Elimination of HDACI1 repression by either chemical inhibition or siRNA knockdown of
HDACI1 was insufficient to activatec HIV-1 transcription, however, likely as a
consequence of an absence of positively-acting transcription factors at the HIV-1
promoter.

These findings suggest the use of dual-pronged approaches in next generation
immune activating therapies targeting HIV-1 latency. Combined application of NF-xB-
inducing and HDAC-inhibiting therapeutic regimens should prove more effective than
either therapy alone. Alternatively, exogenously supplied tat might synergize with
HDAC-inhibitors to similarly promote transcriptional activation of latent proviruses. It
is, however, unlikely that HDAC-inhibitors alone will be successful at purging the latent
pool in patients as the lack of positively-acting transcription factors will cause, in many

cases, abortion of transcription after initiation. The recent short-term success of valproic
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acid as a clinical antagonist in HIV-1 latency might be more pronounced were mild NF-

kB agonists such as TNF-a employed [20].
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Cells latently infected with HIV represent a currently
insurmountable barrier to viral eradication in infected
patients. Using the J-Lat human T-cell model of HIV
latency, we have investigated the role of host factor bind-
ing to the xB enhancer elements of the HIV long terminal
repeat (LTR) in the maintenance of viral latency. We show
that NF-xB pSO-HDAC1 complexes constitutively bind the
latent HIV LTR and induce histone deacetylation and
repressive changes in chromatin structure of the HIV
LTR, changes that impair recruitment of RNA polymerase
1 and transcriptional initiation. Knockdown of pSO ex-
pression with specific small hairpin RNAs reduces HDAC1
binding to the latent HIV LTR and induces RNA polymer-
ase I recruitment. Similarly, inhibition of histone de-
acetylase (HDAC) activity with trichostatin A promotes
binding of RNA polymerase 1l to the latent HIV LTR. This
bound polymerase complex, however, remains non-pro-
cessive, generating only short viral transcripts. Synthesis
of full-length viral transcripts can be rescued under these
conditions by expression of Tat. The combination of HDAC
inhibitors and Tat merits consideration as a new strategy
for purging latent HIV proviruses from their cellular
reservoirs.
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Subject Categories: chromatin & transcription; microbiology

& pathogens

Keywords: HDAC; HIV; latency; NF-kB; trichostatin A

Introduction

A small pool of memory CD4 ' T cells latently infected with
integrated but transcriptionally silent HIV proviruses has
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undermined all attempts at curative eradication of virus in
HiV-infected patients. Although active replication of HIV can
be reduced to undetectable levels by multidrug therapies, the
long half-life of these latently infected memory CD4* T cells
predicts that treatment must be continued for more than 60
years for effective clearance of this reservoir (Finzi et al,
1997; Siliciano et al, 2003). Systemic reseeding of HIV from
this latent reservoir appears to play an important role in the
recrudescence of viral replication that routinely follows the
withdrawal of antiviral therapy in fully suppressed patients.
To advance therapeutic strategies beyond an expectation of
life-long treatment, novel approaches for dealing with the
latent HIV reservoir must be developed (Pomerantz, 2003).
An important first step toward this goal is to understand
at a molecular level how HIV latency is established and
maintained.

HIV latency is associated with a lack of proviral gene
expression. Thus, latently infected memory CD4* T cells
differ from their uninfected counterparts only by the presence
of the integrated and transcriptionally silent HIV provirus.
Expression of the viral genome is regulated by the enhancer
and promoter elements contained within the HIV long term-
inal repeat (LTR) located at the 5’ end of the integrated HIV
provirus (see Rohr et al, 2003 for review). In the prevailing
model of HIV transcription, the RNA polymerase 11 (RNA Pol
i) complex is constitutively bound to the HIV promoter and
persistently initiates the synthesis of short RNA transcripts
(Kao et al, 1987; Ratnasabapathy et al, 1990: Yankulov et al,
1994). However, in the absence of the virally encoded trans-
activating protein Tat or cellular activation signals, the pro-
cessivity of this bound polymerase is sharply limited, leading
to the production of abortive short viral transcripts (Laspia
et al, 1989). Tat binds to an RNA stem-loop structure termed
the transactivating responsive element (TAR), which is lo-
cated at the 5’ end of all initiated viral transcripts (Kao et al,
1987), and also recruits cellular cyclin T1 and CDK9 proteins
(the p-TEFb complex), which phosphorylate multiple serines
in the C-terminal domain (CTD) of RNA Pol 1l (Zhu et al,
1997). These events culminate in an elongating RNA Pol 11
complex that effectively synthesizes full-length HIV tran-
scripts (Marshall and Price, 1995; Zhou et al, 1998).
Similarly, induction of transcriptionally active NF-xB strongly
promotes recruitment of RelA to xB-binding sites within the
LTR, driving the initiation and elongation of HIV transcripts
(West et al, 2001). Of note, RelA also binds p-TEFb, providing
a Tat-independent mechanism for initial RNA Pol Il-depen-
dent synthesis of HIV Tat mRNA (Barboric et al, 2001).

The prototypical NF-xB transcription factor is a positively
acting heterodimeric complex composed of RelA and NF-xB1
p50 (see Hayden and Ghosh, 2004 for review). Both RelA and
pS0 bind DNA through a shared Rel homology domain;
however, RelA also contains C-terminal transcriptional acti-
vation domains (TAD), whereas pS0 does not. In the absence
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of NF-xB activating stimuli, RelA-p50 heterodimers are
bound by a specific inhibitor, IxBx, which prevents this
transcription factor from associating with cognate kB enhan-
cers present in NF-xB-responsive target genes. In unstimu-
lated cells, NF-xBl p50-pS0 homodimers are the
predominant nuclear species of Rel proteins and bind
a range of NF-xB-responsive genes in vivo. The ability of
NF-xB1 p50 to bind DNA coupled with its lack of a TAD has
suggested that p50-p50 homodimers may act as xB-specific
transcriptional repressors. Consistent with this notion, pS0
homodimers also bind to histone deacetylases (HDACs) and
recruit these enzymes to various NF-xB target genes under
basal conditions (Zhong et al, 2002), where they promote
deacetylation of surrounding histones and reduced basal
transcriptional activity.

Histones are subject to dynamic covalent modifications
that modify gene expression. including acetylation, methyla-
tion, ubiquitylation, and ADP-ribosylation (Khorasanizadeh,
2004). Compaction of chromatin associated with HDAC-
mediated deacetylation of histone tails can markedly reduce
the binding of basal transcription factors to their DNA targets.
In contrast, histone acetylation induced by histone acetyl-
transferases (HATs) is associated with relaxation of chroma-
tin structure, a characteristic of transcriptionally active genes
(Kurdistani and Grunstein, 2003). The integrated HIV pro-
virus is assembled into an ordered chromatin structure
altered by NF-xB-inducing stimuli or inhibitors of HDAC
activity (Pazin et al, 1996; Van Lint et al, 1996). How this
restructuring impacts HIV transcription is unclear.

The exceeding rarity of latently HIV-infected cells coupled
with the lack of a distinctive surface marker makes purifica-
tion and biochemical analysis of these cells impractical. As an
experimentally tractable and relevant model of postintegra-
tion HIV latency, we have employed Jurkat CD4 ' T-cell-
based J-Lat clones to explore the molecular underpinnings
of HIV latency (Jordan et al, 2003). J-Lat cells contain a
single, full-length integrated HIV provirus in which GFP has
been substituted for Nef. This substitution allows rapid
assessment of HIV transcriptional activity by cytometric
detection of GFP epifluorescence. Our recent studies have
shown that NF-xB-inducing agents rapidly promote the bind-
ing of RelA to the latent HIV LTR, leading in turn to GFP
expression (Williams et al, 2004). In the present study, we
explored how HIV proviral latency is maintained in J-Lat
cells, investigating the potential role of xB-specific transcrip-
tional repressors. Using chromatin immunoprecipitation
(ChIP) analyses, we found that the HIV LTR is actively
repressed through local histone deacetylation and restriction
of promoter access 1o RNA Pol Il mediated by NF-xB1 p50-
HDACI1 complex binding.

Results

RNA Pol Il binding to the HIV LTR is greatly reduced
in latently infected T celis

To examine the potential occupancy of the xB enhancers in
the HIV LTR of latently infected human CD4 - T lymphocytes,
we first assessed NF-xB1 p50 and RelA binding in ChIP assays
using the human J-Lat T-cell model of postintegration HIV
latency. J-Lat T cells were incubated with or without TNF-a
(20ng/ml) for 30min, formaldehyde-crosslinked sheared
chromatin extracts were prepared, and these extracts were
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immunoprecipitated with antibodies specific for RelA,
NF-xkB1 pS50, or RNA Pol 1I. These immunoprecipitates were
then interrogated for the presence of HIV-1 LTR sequences
spanning the xB enhancers by PCR (Figure 1B, lanes 1 and 2).
More distal HIV sequences (Figure 1B, lanes 3 and 4) and
DNA 3 kb upstream (Figure 1B, lanes 5 and 6) or downstream
of the B-actin promoter (Figure 1B, lanes 7 and 8) served as
specificity controls (Figure 1B, lanes 5 and 6). RelA or RNA
Pol 11 antibodies did not detectibly co-immunoprecipitate HIV
LTR DNA in unstimulated samples, suggesting that these
factors do not bind to the LTR in unstimulated J-Lat cells
in vivo (Figure 1B, lane 1). In contrast, unstimulated samples
immunoprecipitated with NF-xB1 p50 antibodies were
strongly enriched in HIV LTR DNA, suggesting constitutive
binding of NF-xB1 p50 to the latent LTR (Figure 1B, lanel).
Immunoprecipitation of TNF-a-stimulated samples with anti-
RelA and anti-RNA Pol 1l antibodies led to marked enrich-
ment in HIV LTR DNA, indicating the recruitment of both
RelA and RNA Pol Il under these stimulated conditions.
Binding of NF-xBl p50 did not appreciably change with
TNF-a stimulation (Figure 1B, lane 2).

The absence of detectable binding of RNA Pol 1I to the
latent HIV LTR by ChIP under unstimulated conditions was
surprising in view of the prevailing model of a constitutively
bound but non-processive polymerase in the absence of Tat
or activating stimuli. To confirm that generalized immuno-
precipitation of DNA-associated RNA Pol 11 was not TNF-a
dependent in all situations, anti-RNA Pol Il immunoprecipita-
tion was performed and followed by interrogation of a con-
stitutively transcribed region of the B-actin gene (B-ACT DS),
expected to associate with RNA Pol 1l under basal conditions.
B-ACT DS DNA was readily detected in both untreated and
TNF-a-stimulated samples (Figure 1B, lanes 7 and 8, third
panel), demonstrating stimulation-independent association
of RNA Pol 11 association with a constitutively transcribed
cellular gene. To assess whether RNA Pol Il was similarly
present on downstream regions of HIV DNA, a real-time
indicator of effective polymerase elongation (Sandoval et al,
2004). immunoprecipitated samples were assessed for en-
richment in HIV Pol DNA (DS H1V). RNA Pol Il antibodies
strongly enriched HIV DS DNA in TNF-x treated but not
untreated samples, indicating that cellular activation was
required for the appearance of an effective elongating Pol I
complex (Figure 1B, lanes 3 and 4, third panel).

The detection of HIV LTR DNA with antibodies specifically
reacting with NF-xB1l p50 and RelA after TNF-a induction is
consistent with the recruitment of p50 and RelA as a hetero-
dimeric NF-xkB complex (p50/RelA). However, this analysis
did not exclude the possibility that homodimers of p50 and
RelA were recruited to separate HIV LTR DNA fragments.
To distinguish between these possibilities, sequential ChIP
(seqChIP) with antibodies specific for RelA or p50 was
performed. TNF-a stimulated, but not unstimulated, samples
incubated with anti-RelA antibodies in both the first and
second rounds of immunoprecipitation were highly enriched
in HIV LTR DNA (Figure 1C, lane 3). Immunoprecipitation
first with anti-RelA and then with anti-pS0 showed enrich-
ment in HIV LTR DNA only after TNF-a induction (Figure 1C,
lane 4), indicating coassociation of RelA and NF-xBl p50
with a common fragment of HIV LTR DNA. To confirm this
result, we performed seqChlP in the reverse manner, using
anti-p5S0 antibodies in the first immunoprecipitation and
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Figure 1 p50/RelA complexes displace NF-xB1 p50 from the latent HIV promoter. (A) Schematic of the HIV genome and location of
oligonucleotide primers. ChiP primers for analysis of the HIV LTR were designed to span the nuc-0 to nuc-1 region, including the duplicated xB
enhancers, the TATA box, and the transcriptional initiation site. Primers for analysis of initiated HIV transcripts were directed against TAR, and
primers for downstream analysis were targeted at HIV tat. (B) NF-xB1 p50 is constitutively recruited to the HIV-1 promoter, whereas RelA and
RNA Pol Il are inducibly recruited. Fixed chromatin extracts from J-Lat 6.3 cells treated with 20 ng/ml TNF-x for 30 min or left unstimulated
were immunoprecipitated with the indicated antibodies. Samples were assessed for enrichment in HIV LTR DNA, downstream HIV DNA (HLV
DS). nonspecific control DNA (B-actin US), or transcriptionally active control DNA (B-actin DS) by UV visualization of PCR products in an
ethidium bromide-stained agarose gel. Specific enrichment was quantitated by real-time PCR; mean of three measurements is indicated
beneath each band image. Data are representative of three independent experiments. (C) A RelA-NF-kB1 p50-containing complex is recruited
to the activated HIV LTR. Fixed chromatin extracts from J-Lat 6.3 cells treated as in panel B were immunoprecipitated with the indicated
antibodies. and enriched complexes were subjected to a second round of immunoprecipitation with the indicated antibodies. Samples were
assessed for enrichment of HIV LTR DNA. Nonspecific enrichment in B-actin DNA was not detected, supporting the specificity of these

immunoprecipitations (data not shown). Data are representative of three independent experiments.

anti-p50 or anti-RelA antibodies in the second. In unstimu-
lated cells, HIV LTR binding of p50, but not RelA, was
detected: however, in TNF-a-treated samples, RelA-bound
HIV LTR DNA was detected in the anti-p50 immunoprecipi-
tates (Figure 1C, lane 8), supporting the conclusion that the
HIV LTR in TNF-xz-activated cells is bound by p50/RelA
heterodimers.

NFxB1/p50 knockdown induces incressed basal
transcription of latent HIV

In view of the constitutive binding of NF-xB1 p50 to the latent
HIV LTR, we investigated the possibility that p50, which lacks
a transactivation domain, might function as a transcriptional
repressor of the HIV LTR, thereby reinforcing HIV latency in
these cells. To assess this possibility, a small hairpin RNA
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(shRNA) targeting NF-xB1 p50 was cloned into an expression
vector coexpressing mouse MHC class I H2K", the latter
permitting rapid identification of successfully transfected
cells. J-Lat cells were transfected with various quantities of
p50-shRNA vector, stained for H2K* expression, and H2K*-
expressing cells were enriched by cell sorting. Whole-cell
lysates were prepared and analyzed by immunoblotting for
NF-xB1 pS0 expression. Cells transfected with the p50-tar-
geted shRNA vector exhibited an shRNA dose-dependent
decrease in NF-xB1 p50 expression (Figure 2A).

HIV gene expression within these pS0-shRNA-transfected
cells was examined by flow cytometric analysis of LTR-driven
GFP expression in J-Lat cells. In contrast to the induction
achieved with TNF-a stimulation, p50-shRNA transfection
was not sufficient to drive multi-log increases in GFP
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Figure 2 NF-xB1 p50 inhibits basal transcription of HIV in latently
infected T cells. (A) Transient reduction of NF-xB1 p50 expression
with anti-p50 shRNA vector. J-Lat 6.3 cells were cotransfected with
an shRNA vector directed against NF-xBl pS0 and a plasmid
expressing the cell-surface H-2K* marker to identify transfected
cells. H-2K*-expressing cells were sorted and lysed 72h after
transfection, and samples were assessed for NF-xB p50 by
Western blot. Data are representative of three independent experi-
ments. (B) Reduction of NF-xB1 p50 expression is associated with
increased basal HIV expression. Cells were treated as in panel A,
and H-2K*-expressing cells were assessed for HIV-LTR-driven ex-
pression of GFP by FACS. Experiments were conducted in triplicate;
error bars represent standard deviation. Data are representative of
three independent experiments.

expression (data not shown); however, cells transfected with
pS0-shRNA consistently displayed higher GFP fluorescence as
measured by increased mean geometric fluorescence
(Figure 2B). Induction of p50-shRNA-transfected cells with
TNF-2 produced a GFP expression response in a similar
percentage of the cells as observed with untransfected cells
(data not shown). Taken together, these data suggest that
a modest increase in HIV transcription occurs following
‘knockdown’ of p50 expression in the absence of additional
cellular stimulation.

HDACT1 is recruited to the latent HIV promoter

and is inducibly removed

NF-xB1 pS50 has been suggested to act as a transcriptional
repressor not only because it lacks a TAD but also because it
assembles with HDAC1. HDACI action is associated with
repressive changes in chromatin structure, leading to dimin-
ished transcription (Zhong et al, 2002). To assess whether
p50 effectively recruits HDAC1 to the latent HIV LTR, J-Lat
chromatin extracts were immunoprecipitated with specific
HDACI antibodies. The immunoprecipitates were enriched in
HIV LTR DNA, indicating that HDACI1 is associated with the
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latent HIV LTR (Figure 3A). In contrast, immunoprecipitation
of HDAC4 or HDAC? did not yield similar enrichment in HIV
LTR DNA (data not shown). To assess the effect of cellular
activation and the recruitment of pS0/RelA complexes to the
HIV LTR on HDAC1 binding, chromatin extracts from TNF-a-
treated cells were analyzed by ChIP. Levels of HIV LTR DNA
detected with anti-HDAC1 antibodies were markedly de-
creased in TNF-x-treated samples (Figure 3A). This finding
suggests that an HDACl-containing complex is inducibly
depleted from the HIV LTR upon TNF-a induction, consistent
with the notion that HDACI1 is recruited to the HIV LTR by a
transcriptionally repressive p50-p50 complex constitutively
bound to the HIV LTR under basal conditions, which dis-
sociates upon induction of p50/RelA binding. Similar results
were observed with PMA stimulation, indicating that NF-xB-
inducing stimuli with alternate upstream signaling intermedi-
ates correspondingly regulate transcription factor recruitment
to the HIV LTR (Supplementary Figure 1).

HDACI recruitment to the HIV LTR was strongly reduced
by TNF-2 treatment, but binding of the deacetylase was not
entirely eliminated. To assess whether the residual HDAC1 is
bound to the HIV LTR in concert with RelA, seqChIP assays
were performed. Untreated chromatin extracts were first
immunoprecipitated with anti-HDAC1 antibodies and then
with anti-p50 antibodies. The immunoprecipitates were
highly enriched in HIV LTR DNA, supporting the notion
that NF-xB1/p50 and HDACI exist in an interacting complex
on the latent HIV promoter (Figure 3B, lane 4, top panel).
TNF-2 stimulation reduced this enrichment (Figure 3B, lane
4, bottom panel), likely reflecting the replacement of p50
homodimers with p50/RelA heterodimers (Figure 3B, lanes 9
and 11). Secondary immunoprecipitation of anti-HDAC1-im-
munoprecipitated samples with anti-RelA or anti-RNA Pol Il
antibodies revealed no detectable enrichment in unstimu-
lated or TNF-z-induced samples, suggesting that HDACI is
excluded from RelA- or RNA Pol Il-containing complexes
(Figure 3B, lanes 5 and 6). In contrast, after TNF-a stimula-
tion, sequential immunoprecipitation of p50 and RelA or p50
and RNA Pol Il complexes was highly enriched in HIV LTR
DNA (Figure 3B, lanes 11 and 12). Thus, the residual HDAC1
present in the TNF-a-treated samples likely reflects either
continued binding in the subset of cells that did not respond
to the stimulus or recruitment of HDAC1 to the promoter
through its association with a different factor.

Inhibition of HDAC activity is associated with RNA Pol Il
recruitment to the latent HIV LTR and transcriptional
initiation but not elongation

To further assess the role of pS0-dependent recruitment of
HDAC]1 in repression of HIV transcription, J-Lat cells were
treated with trichostatin A (TSA), a cell-permeable chemical
inhibitor of class I/l HDACs. Analysis of GFP expression
revealed a fourfold increase in GFP expression as measured
by mean geometric fluorescence, a pattern similar to that
observed with p50-shRNA (data not shown). One key func-
tion of HDACs is the deacetylation of local histone tails,
which alters chromatin structure and is associated with
impaired transcription of resident genes. To assess the acet-
ylation status of the histones surrounding the latent HIV LTR
before and after activation, chromatin extracts were prepared
from J-Lat cells treated with TSA or TNF-a and immunopre-
cipitated with antibodies specific for acetyl-K14 histone H3.

©2005 European Molecular Biology Organization
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PCR: HIVLTR
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Figure 3 HDACI recruitment and loss from the latent HIV LTR RNA Pol Il complexes. (A) HDACI is present on the latent HIV-1 promoter and is
lost when T cells are activated. Fixed chromatin extracts from J-Lat 6.3 cells treated with 20 ng/ml TNF-x for 30 min or left untreated were
immunoprecipitated with the indicated antibodies. Samples were analyzed for enrichment in HIV LTR DNA by UV visualization of PCR
products on an ethidium bromide-stained agarose gel. Specific enrichiment was quantitated by real-time PCR; mean of three measurements is
indicated beneath each band image. (B) HDAC]I is excluded from RelA- or RNA Pol iI-containing complexes on the HIV-] LTR. Fixed chromatin
extracts from J-Lat 6.3 cells treated as in panel A were immunoprecipitated with the indicated antibodies and enriched complexes were
subjected to a second round of immunoprecipitation with the indicated antibodies. Data are representative of three independent experiments.

Samples treated with TNF-x or TSA, but not untreated con-
trols, were strongly enriched in HIV LTR DNA (Figure 4A, top
panel). K14 acetylation of histone H3 is associated with a less
compacted chromatin structure, which correlates with
increases in the access of basal transcription factors to DNA
and transcriptional activation.

To assess the effect of HDAC inhibition on the association
of basal transcription factors with latent HIV LTR DNA,
extracts were immunoprecipitated with RNA Pol Il anti-
bodies. Both TNF-«x and TSA treatinents were associated with
enhanced binding of RNA Pol II to the HIV LTR (Figure 4A,
second panel). Next, we investigated whether the CTD of
RNA Pol Il was phosphorylated, a change that signifies a fully
active elongating polymerase complex. While both TSA and
TNF-x treatment induced greater binding of RNA Pol 11, only
TNF-x induced phosphorylation of its CTD (Figure 4A, third
panel). ChlIP assays further showed that TSA did not interfere
with the binding of RelA or NF-xB1 p50 to the HIV promoter
(Figure 4A, fourth and fifth panels, and data not shown).

To test independently whether TSA induction was insuffi-
cient to induce RNA Pol II processivity, samples immunopre-
cipitated with anti-RNA Pol Il antibodies were probed for
enrichment of downstream HIV DNA. TNF-a stimulation
induced strong enrichment of DS HIV, but TSA did not
(Figure 4B, top panel).

To explore the functional relevance of the association of
RNA Pol Il with HIV LIR and DS DNA, initiated versus
elongated HIV transcripts were measured by quantitative
real-time RT-PCR with probe sets targeting HIV TAR in the
5’ 60 bp or the HIV Tat exon 1, roughly 5kb downstream of
the HIV LTR. The specificity of primers and the ability to
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isolate short transcripts were confirmed through analysis of
samples treated with TNF-x alone or in combination with
DRB. an inhibitor of CDK9-dependent RNA Pol 1 phosphor-
ylation (data not shown). To assess the effect of TSA on
transcription of HIV from the latent promoter, RNA was
extracted from J-Lat cells treated with TNF-x, TSA, and
untreated controls, and initiated and elongated transcripts
were quantified. TSA induced a fourfold increase in initiated
HIV transcripts, but failed to enhance elongated transcripts
(Figure 4C, gray bars). In contrast, TNF-a increased initiated
transcripts eightfold and elongated transcripts from a level
below the detection threshold to over 30 copies per cell
(Figure 4C, black bars). These observations coupled with
the ChiP data highlight a key role for HDAC-mediated inhibi-
tion of RNA Pol 1I association with the latent HIV LTR in the
basal state, and consequent reduction of transcriptional in-
itiation. While inhibition of HDAC activity is associated with
increased RNA Pol 1I binding, this polymerase remains un-
phosphorylated in its CTD and only capable of generating
short viral transcripts.

NF-xB1/p50 regulates HDAC1 recruitment to the latent
HIV promoter

To determine if recruitment of HDAC1 to the HIV LTR is
dependent on NF-xB1 p50 expression, polyclonal populations
of J-Lat cells stably expressing p50-shRNA or scrambled
control shRNA were isolated. Immunoblotting of the p50-
shRNA cells revealed marked reduction of NF-xB1 p50 ex-
pression compared with the control or parental cell lines
(Figure SA). Immunoprecipitation of chromatin extracts of
these cells with anti-p50 antibodies revealed strong enrich-
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Figure 4 Recruitment of RNA Pol II to the HIV promoter is modu-
lated by histone acetylation. (A) Both the activation of NF-kB and
addition of the HDAC inhibitor TSA induce histone hyperacetylation
and RNA Pol II recruitment to the latent HIV LTR. Fixed chromatin
extracts from J-Lat 6.3 cells treated with 20 ng/ml TNF-a for 30 min,
TSA for 4 h, or untreated cells were immunoprecipitated with the
indicated antibodies. Samples were assessed for enrichment in HIV-
LTR DNA by UV visualization of PCR products on an ethidium
bromide-stained agarose gel. Specific enrichment was quantitated
by real-time PCR; mean of three measurements is indicated beneath
each band image. (B) TNF-x, but not TSA, induces a processive
RNA Pol Il complex. Fixed chromatin extracts prepared as in panel
A were analyzed for enrichment in downstream HIV DNA (HIV DS).
(C) TSA induces imtiation but not elongation of HIV RNA tran-
scripts. Total RNA was extracted from J-Lat 6.3 cells treated as in
panel A, and initiated or elongated HIV RNA transcripts were
quantitated by real-time RT-PCR. Bars represent the mean of
triplicate samples; error bars represent standard deviation. Data
are representative of three independent experiments.

ment in HIV LTR DNA in control cells, but not in p50-shRNA
knockdown cells (Figure 5B, top panel). Reduction of NF-xB1
p50 expression did not affect the binding of RelA to the HIV
LTR following TNF-x stimulation, nor did it lead to sponta-
neous RelA binding to the HIV LTR in unstimulated cells
(Figure 5B, second panel). In uninduced p50-shRNA cells, the
association of HDAC1 with the latent HIV LTR was markedly
reduced (Figure 5B, third panel), supporting a key role for
pS0 in the recruitment of HDACI to the latent HIV LTR.
Consistent with the predicted effect of the removal of local
HDAC activity, anti-acetyl-K14 histone H3 immunoprecipi-
tates revealed marked enrichment in HIV LTR DNA in
unstimulated p50-shRNA samples, but not in unstimulated
controls (Figure 5B, fourth panel).

The transcriptional consequences of reduced NF-xB1 p50
expression were further explored. Unstimulated p50-shRNA
samples immunoprecipitated with anti-RNA Pol Il antibodies
revealed a strong enrichment in HIV LTR DNA, suggesting
increased polymerase binding in the absence of p50. In
contrast, no detectable enrichment was observed in the
scrambled control shRNA samples. Immunoprecipitation

6 The EMBO Journal

with anti-phospho-RNA Pol 11 antibodies, however, showed
little or no enrichment in HIV LTR DNA in either control- or
p50-shRNA-treated samples in the absence of stimulation
(Figure 5B, sixth panel).

The observed increase in HIV LTR RNA enrichment in RNA
Pol 11 from cells expressing p5S0-shRNA and the absence of
enrichment in phospho-RNA Pol II suggest that an unphos-
phorylated, non-elongating RNA Pol Il complex is recruited to
the latent HIV LTR in the absence of p50. These results were
similar to those obtained with TSA-treated cells, suggesting a
common mechanism of action. To further test this notion,
control- and pS0-shRNA stably transfected cells were treated
with TSA or left unstimulated, and initiated or elongated HIV
transcripts were quantified by real-time PCR. Initiated HIV
transcripts were increased by TSA stimulation in control-
shRNA cells. In contrast, and like TSA-treated cells, initiated
HIV transcripts in untreated pS0-shRNA cells were elevated
relative to untreated controls (Figure SC). Further, treatment
of p50-shRNA cells with TSA induced only a modest addi-
tional increase in the level of initiated transcripts. Either TSA
treatment or p50 knockdown was sufficient to promote the
accumulation of initiated HIV transcripts but did not appre-
ciably increase elongated transcripts. The fact that reduction
of pS0 expression was associated with hyperacetylation of
histones surrounding the latent HIV promoter is consistent
with the observed p50-dependent recruitment of HDACI in
unstimulated cells. The failure of TSA to further increase
initiated transcript formation in p50-shRNA samples adds
additional support to the notion that these manipulations
alter the same pathway leading to modulation of LTR tran-
scription.

NF-xB1/p50 knockdown or TSA sensitizes latent

HIV transcription to Tat

We next assessed whether increased RNA Pol Il binding
associated with TSA treatment or knockdown of pS0 expres-
sion confers sensitivity of latently infected cells to the viral
Tat transactivator protein. J-Lat cells were transfected with an
empty H2K* expression plasmid DNA or DNA encoding Tat or
RelA. Ectopic expression of Tat induced a small subset of
latently infected cells to express HIV, as measured by GFP
expression. Expression of RelA, however, induced robust HIV
gene expression, with ~85% of the transfected cells expres-
sing GFP (Figure 6A). Treatment of transfected cells witha 1 h
pulse of TSA strongly enhanced GFP expression in Tat-trans-
fected cell but had little effect on RelA-transfected cells,
suggesting that induction of increased initiation of HIV
transcripts by TSA sensitizes cells to the transactivating
effects of Tat. Similar results were observed in J-Lat clones
8.4 and 15.2 (Supplementary Figure 2), suggesting that a
similar mechanism might govern HIV latency in these clones.
To examine the influence of TSA treatment on the inherent
transactivating potential of Tat on a non-chromatinized sub-
strate, J-Lat cells were transfected with an HIV-LTR luciferase
reporter vector in conjunction with control, Tat, or RelA
expression vectors, and treated or not with a 1h pulse of
TSA. Both Tat and RelA induced strong upregulation of
HIV transcription, with minimal enhancement by TSA
(Figure 6B), suggesting that these treatment conditions do
not significantly alter the inherent transcriptional activity of
Tat and RelA. Taken together, these results indicate that TSA
treatment sensitizes latently infected J-Lat cells to Tat action
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Figure 5 NF-xBI1 p50 inhibits basal HIV expression in latently infected T cells by excluding RNA Pol II. (A) Stable shRNA knockdown of
NF-xB1 p50 in latently infected T cells. Parental J-Lat 6.3 cells or stably transfected clones expressing an shRNA vector directed against a
scrambled sequence or NF-xB1 p50 were selected and lysates were analyzed for pSO or control B-tubulin expression. (B) Fixed chromatin
extracts from J-Lat 6.3 cells stably transfected with scrambled control shRNA or anti-NF-kB1 p50 shRNA treated with 20 ng/ml TNF-a for
30 min or left untreated were immunoprecipitated with the indicated antibodies. Samples were analyzed for enrichment of HIV LTR DNA by UV
visualization of PCR products on an ethidium bromide-stained agarose gel. Specific enrichment was quantitated by real-time PCR; mean of
three measurements is indicated beneath each band image. (C) Cells stably transfected with control- or NF-kB1 p50-shRNA were treated with
100 nM TSA for 2 h or left untreated. Total RNA was extracted, and initiated or elongated HIV RNA transcripts were quantitated by real-time
RT-PCR. Bars represent the mean of triplicate samples; error bars represent standard deviation. Data are representative of three independent

experiments.

through enhanced recruitment of RNA Pol II, leading to
increased transcriptional initiation.

To examine whether NF-xBl1 p50 similarly limits the
transactivating potential of Tat in latently infected cells,
pS0- or scramble-shRNA stable cell lines were transfected
with control, Tat, or RelA expression vectors. Expression of
Tat strongly promoted production of GFP in p50 knockdown
cells, but not in the control p50 scramble-shRNA cells
(Figure 6C). Further, treatment of Tat-transfected pS0-
shRNA cells with TSA did not appreciably enhance GFP
expression above levels in untreated controls (data not
shown), again suggesting that these manipulations likely
exert their Tat-sensitizing effects through a common mechan-
ism.

These results strongly favor a model where NF-xB1 p50-
HDAC1 complexes promote the maintenance of HIV latency
through changes in chromatin structure that impair effective
recruitment of RNA Pol II. The absence of RNA Pol II binding
to the latent HIV LTR and the consequent failure of transcrip-
tional initiation render these cells unresponsive to Tat.

Discussion

In this study, we used the J-Lat model of postintegration HIV-
I latency to investigate the potential role of xB-specific
transcriptional repressors in the maintenance of viral latency.
We found that the latent HIV LTR in J-Lat cells is constitu-
tively bound by p50, likely as a pS0-p50 homodimer.
Additionally, we found that p50 mediates recruitment of
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HDACI to the latent LTR, leading to deacetylation of local
histone tails and thus altering the chromatin environment
(Figure 7A). The resultant changes in chromatin structure
limit the association of RNA Pol I with the latent proviral
LTR, emphasizing how p50-HDAC1 repressor complex rein-
forces transcriptional latency of the integrated HIV provirus.
These repressive effects are forfeited either when NF-kB1 p50
expression is knocked down by shRNA or when the enzy-
matic activity of HDACI is inhibited by the addition of TSA
(Figure 7C and D). Under these conditions, chromatin struc-
ture is altered in a manner that favors increased RNA Pol Il
binding and enhanced initiation of HIV transcription. Yet, in
the absence of transcriptional activators like RelA or the viral
Tat protein, the bound polymerase does not effectively elon-
gate, reflecting the absence of cyclin T1-CDK9-mediated
phosphorylation of the CTD of the polymerase.

Our findings thus support a model where p50-dependent
changes in the chromatin structure of the latent HIV LTR
importantly contribute to the maintenance of proviral latency.
These results extend and modify a prevailing model of HIV
latency, which proposes that constitutive association of RNA
Pol 11 can initiate transcription, but cannot efficiently support
elongation in the absence of Tat (Kao et al, 1987) or activated
NF-xB (West et al, 2001). However, as noted earlier, HIV
latency is likely multifactorial and blocks could occur at
different levels in different latently infected cells (Lassen
et al, 2004).

The function of pS0 as a transcriptional repressor of the
latent HIV LTR involving the recruitment of HDACI is very

The EMBO Journal

7

»>




e

g - ..
T i, .
ERR R
G I N
’ ot

LT R o K R




pSO/HOAC complexes maintain HIV latency
SA Williams et a/

A 199) omedium 8:
] e N —
éf’: e[ ww |
£ix -
° - - - - + + RelA
- - ¢ ¢+ - - FLAG-Tat
cu Tst  RelA DDA -y
B % omedium
'g B4TSA
i
3%
£
] 18:
Y — T
C '%75cusmAna e[ e ]
£ ol ==
0
B-Actin [~ = = o = =]
g%w - - = - ¢ ¢+ RelA
§ 2 - - 4+ + - - FLAGTa
o - 4 - & - + p50ShRNA
(=] Tat  RelA + - 4+ - + - ClishRNA

Figure 6 p50 and TSA-sensitive HDACs mediate desensitization of
the latent HIV LTR to Tat. (A) TSA enhances Tat induction of latent
HIV expression. J-Lat cells were transfected with control, Tat, or
RelA expression vectors, pulse treated with TSA (400 nM) for | h or
left untreated, and transiected cells were assessed for GFP expres-
sion (left panel). Lysates were prepared and probed for f-actin,
RelA. and Tat expression as a control (night panel). Note the low
basal sensitivity of J-Lat cells to Tat induction and the sensitization
to Tat induced by TSA treatment. (B) TSA treatment does not alter
herent Tat transactivating potential. Jurkat cells were transfected
with an HIV LTR firetly luciferase reporter vector and a control
Renulla luciferase vector in conjunction with control, Tat, or RelA
expression vectors, pulse treated with TSA (400 nM) for 1 h or left
untreated. and relative increase in firefly luciferase activity was
quantitated. (C) pSO shRNA enhances Tat induction of latent HIV
expression. Scramble- or pS0-shRNA stable cells were transfected
with control. Tat, or RelA expression vectors, pulse treated with TSA
(400nM) for 1h or left untreated, and transfected cells were
assessed for GFP expression (left panel). Lysates were prepared
and probed for B-actin, RelA, and Tat expression as a control (nght
panel). Note the sensitization to Tat expression in p50-shRNA cells
and relative lack of additional TSA sensitvity.

similar in many respects to the reported regulation of IL-8
gene expression (Zhong et al, 2002), a TSA-responsive host
gene (Ashburner et al, 2001). The latent HIV and IL-8
promoters are both enriched in acetylated histone H3 after
TSA treatment and are constitutively bound to repressive
HDAC1/p50-containing complexes, supplanted by active
pS0/RelA heterodimers (Baek et al, 2002). However, the
fact TSA is sufficient to drive [L-8 gene expression but is
insufficient to activate the latent HIV LTR highlights an
important difference in the regulation of these transcription
units.

Studies in HeLa cells identified HDAC1 repression of an
integrated HIV reporter in HelLa cells through its association
with YY1 and LSF (Coull et al, 2000; He and Margolis, 2002).
In our studies, shRNA knockdown of p50 expression reduced,
but did not eliminate, the association of HDAC1 with the HIV
LTR. The residual binding of HDACI might reflect LSF/
YY]-mediated recruitment of the deacetylase to regions
downstream of the xB-binding site. Studies of YY1 associa-
tion with the latent HIV LTR in the J-Lat system did not show
areduction of YY1 binding to the promoter upon activation of
gene expression (data not shown). It is possible that both
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YY1/LSF and p50-p50 homodimers are required to efficiently
recruit HDAC1 and that the association of the deacetylase
with the LTR involves coordinated recruitment by both
factors. Such a scenario could explain the residual HDAC1
binding to the LTR after p5S0 shRNA knockdown.

The transcriptional activity of NF-kB is itself modulated by
dynamic acetylation. For example, RelA acetylation by p300/
CBP enhances its nuclear retention and transactivation po-
tential (Chen et al, 2001). Additionally, NF-kB1 p50 is in-
ducibly acetylated, promoting increased binding to and
transcriptional activation of the COX-2 and iNOS promoters
in the context of pS0/RelA heterodimers (Deng and Wu, 2003;
Deng et al, 2003). Of note, we found no change in the binding
of NF-xB1 p50 to the latent HIV LTR in TSA-treated samples,
nor was binding of RelA induced. In contrast, TSA induced
strong acetylation of histone H3, supporting the notion that
local HDAC activity promotes the deacetylation of histones
arrayed around the HIV LTR. These findings suggest that the
enrichment in RNA Pol 11 at the latent HIV promoter in TSA-
treated cells is principally a consequence of histone modifica-
tion rather than modulation of transcription factor binding.

Our observations are limited to the analysis of various J-
Lat T-cell clones containing latent HIV proviruses.
Unfortunately, it is not currently possible to identify and
purify primary CD4 T cells latently infected with HIV in
sufficient numbers to confirm these results in primary cells.
However, in a prior study of viral propagation from cultures
enriched in latently infected cells, the addition of the HDAC
inhibitor valproic acid proved sufficient to rescue low-level
viral recovery (Ylisastigui et al, 2004). Thus, the processes we
have observed in the J-Lat system may reflect important
biological events underlying HIV latency in vivo. Our obser-
vations suggest that HDAC inhibitors might be valuable
adjuncts in future strategies aimed at eliminating the latent
reservoir in infected patients. Indeed, our findings raise the
interesting possibility that HDAC inhibitors in combination
with Tat could prove a potent combination for activation of
latent HIV proviruses. Such a strategy would be facilitated by
the ‘protein transducing’ properties of Tat, which allow its
successful transit across cellular membranes.

Materials and methods

Cell lines and cuiture conditions

J-Lat 6.3 cells were maintained in RPMI with 10% fetal calf serum,
penicillin, streptomycin, and r-glutamine. For stimulation, cells
were treated with 20 ng/ml TNF-x (R&D Systems) or 100nM TSA
(Calbiochem), alone or in combination. For pulsed stimulation with
TSA. cells were incubated with 400nM TSA for 1h, washed in
medium, and suspended in complete medium.

Expression vectors and construction of shRNA vectors

PMACS K* 1l was obtained from Miltenyi Biotech. To *knock down’
pS0 expression in J-Lat cells, shRNA veciors were constructed
by annealing synthetic DNA oligonucleotide primers with the
sequences PSOSH_S (5'-GATCCCCGGGGCTATAATCCTGGACTTTCAA
GAGAAGTCCAGGATTATAGCCCCTTITTA-3') and P50SH_AS (5'-
AGCTTAAAAAGGCGCTATAATCCTGGACTTCTCTTGAAAGTCCAGG
ATTATAGCCCCGGG-3'). A scrambled control version of the same
sequence was prepared: SCRAMSH_S (5'-GATCCCCCGTCTTACCC
TCAGGTCAAATTCAAGAGATTTGACCTGAGGGTAAGACTTTTTA-3')
and SCRAMSH_AS (5'-AGCTTAAAAAGTCTTACCCTCAGGTCAAA
TCTCTTGAATTTGACCTGAGGGTAAGACGGG-3'). These DNAs were
ligated into the Bgill/Hindlll sites in digested pTER shRNA cloning
vector. The pMACS K:Il S$V40 promoter was eliminated by
digestion with Nhel/Kle and then autoligated t0 produce
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Figure 7 Model of p50-mediated repression of basal HIV expression in latently infected T cells. (A) NF-xB1 pS0 homodimers bound to the
latent HIV-1 promoter recruit HDAC1, which deacetylates regional histones and compacts local histone structure, thereby inhibiting the binding
of RNA Pol 11. (B) TNF-x liberates pS0/RelA heterodimers, which displace constitutively bound p50/p50 homodimers present on the HIV LTR,
thereby removing HDACL. The regional shift in favor of HAT activity promotes increased acetylation of surrounding histones, relaxation of
chromatin, and increased accessibility to RNA Pol II. Recruntment of CTD kinases by RelA induces transcriptional elongation. (C) TSA treatment
inhibits HDAC1-mediated deacetylation of regional histones, inducing local histone acetylation, chromatin relaxation, and increased RNA Pol Ii
binding. Under these conditions, RNA Pol 11 is non-processive owing to the absence of phosphorylation of its CTD. (D) shRNA knockdown of
p50 displaces the pS0-HDACI complexes from the latent LTR, promoting local histone acetylation and increased recruitment of RNA Pol II.
Similarly, the lack of CTD kinases recruited to the LTR in this context produces a non-processive RNA polymerase complex.

PMACSASV40. pTER.NF-xB1/p50 and pTER.Scramble were di-
gested with EcoRI/Hindlll, and the resulting fragment containing
the modified H1 promoter and shRNA sequence was ligated into
PMACSASV40 digested with EcoR1/Hindlll to produce pMT.NF-xB1/
pS0 and pMT.Scramble vectors encoding both the targeted shRNA
cassette and the H-2K* marker of transfection driven by the PGK
promoter.

Transfection and flow cytometric detection of transfected
cells

Transfections were performed by electroporation as described
(Williams et al, 2004). After 16h of incubation, the cells were
stained with biotin-anti-H-2K* antibody, washed, and counter-
stained with streptavidin-APC (Phanningen). Cells were analyzed
on a FACSCalibur flow cytometer (Becton Dickinson) using FlowJo
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software (Treesoft). Cells were sorted with a FACS-DIVA (Becton
Dickinson).

To produce stably transfected cell lines, cells were transfected
with pMT.NF-xB1/p50 or pMT.Scramble vectors. At 7 days after
transfection, H-2KX-positive cells were enriched by fluorescence-
based sorting. This process was repeated four times at 7-day
intervals, resulting in >95% of cells expressing the H-2K* marker
of transfection.

J-Lat 6.3 T cells were adjusted to 1 x 107 cells/ml and incubated in
medium or stimulated with TNF-a (20ng/ml) for 30 min or TSA
(100nM) for 4h. ChIP assays were performed as described
(Williams et al, 2004).
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For seqChIP experiments, following an initial round of ChIP and
washing, the immunoprecipitated complexes were eluted in buffer
containing 1.5% SDS and heated to 65 C for 15 min. Samples were
then diluted 10-fold in elution buffer and 10pul of the second
antibody was added. Samples were incubated with agitation at 4 C
for 2h, foliowed by the addition of salmon sperm DNA/agarose
protein A beads at 4 C for 2h. Antibody-bead complexes were
washed and eluted as described in the standard ChiP protocol.

For detection of specific HIV-1 LTR sequences in the ChIP eluates,
DNA oligonucleotide primers LTRxBpnmerS (5'-AGGTTTGA
CAGCCGCCTA-3') and LTRxBprimer3 (5'-AGAGACCCAGTACAGG
CAAAA-3') specific for a 203bp region encompassing the xB
binding sites in the HIV LTR were used for PCR amplitication. To
detect downstream HIV sequences, primers directed against the Pol
gene with sequences SHIVDS (5'-TGACTCAGATTGGCTGCAC-3')
and 3HIVDS (5"-AATTTCTACTAATGCTTTA-3') were employed. To
detect sequences in the coding region of the B-actin gene (B-actin
DS). oligonucleotide primers with the sequences 5DSBACT (5'-
GTCGACAACGGCTCCGGC-3') and 3DSBACT (5-GGTGTGGTGCCA
GATTTTC1-3) were used. To detect sequences in the 5 flanking
region of the f-actin gene, primers were targeted at a region 4 kb
upstream of the B-actin gene with sequences SUSBACT (5'-
GCCAGCTGCAAGCCTTGG-3')  and  3USBACT  (5'-GCCACTGG
GCCTCCATTC-3"). Amplification was performed using laq poly-
merase (Qiagen) for 35-40 cycles and products were analyzed on
2.5% agarose gels. Images were acquired with an EagleEve 11 digital
imaging system (Stratagene). Specific enrichment in HIV LTR DNA
was quantitated by real-time PCR analysis of ChIP eluates,
normalized to enrichment in nonspecific actin DNA. All values
are reported in fold-ennchment relative to no-antibody control
ChIP eluates.

RNA extraction and analysis of initiated and elongated HIV

transcripts
J-Lat 6.3 cells (1 ~ 10°cells/ml) were treated with TSA (100 nM) or
TNF-2 (20ng/ml) for 2h at 37 C. For analysis of HIV mRNA
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Supplementary Figure 1. PMA induction of NF-xB reduces HDACI1 association with
the latent HIV LTR. Fixed chromatin extracts from J-Lat 6.3 cells treated with 20 ng/ml
PMA for 30 minutes or left untreated were immunoprecipitated with the indicated
antibodies. Samples were analyzed for enrichment in HIV-1 LTR DNA by UV
visualization of PCR products on an ethidium bromide stained agarose gel. Patterns of
transcription factor association with the HIV LTR induced by PMA are similar to those

induced by TNF-a (Figures 3A and 4A).
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Williams_Supplementary Figure 2
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Supplementary Figure 2. TSA induces increased initiated HIV transcripts in J-Lat
clones 8.4 and 15.2 and sensitizes to Tat transactivation of latent HIV. (A) Total RNA
was extracted from J-Lat 8.4 or 15.4 cells treated with 20 ng/ml TNF-a for 30 min, TSA
for 4 hrs, or untreated, and initiated or elongated HIV RNA transcripts were quantitated
by real-time RT-PCR. Bars represent the mean of triplicate samples; error bars represent
standard deviation. (B) TSA enhances Tat induction of latent HIV expression. J-Lat 8.4
(left panel) or 15.4 (right panel) cells were transfected with control-, Tat-, or RelA-
expression vectors, pulse treated with TSA (400 nM) for 1 hour or left untreated, and
transfected cells assessed for GFP expression 16 hours later. TSA induces initiation but
not elongation of HIV RNA transcripts. Bars represent the mean of triplicate samples;

error bars represent standard deviation.
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Chapter 4

Sustained Induction of NF-xB is Required for Efficient Activation of Latent HIV-1
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HIV-1 latency is characterized by the ability of the provirus in an infected cell to
remain transcriptionally silent while retaining the potential to become transcriptionally
active in response to various cellular cues. Our studies with the J-Lat model of HIV-1
latency demonstrated a key role for NF-xB in the induction of latent HIV-1 gene
expression. A broad range of NF-«kB agonists including TCR crosslinking by anti-CD3,
anti-CD3/CD28, phorbol esters PMA and prostratin, and TNF-a promote renewed
transcriptional activity of latent HIV-1 in every J-Lat clone assessed. Our early studies of
NF-kB directed activation of latent HIV-1 gene expression focused on the long-term
effect of these agonists, analyzing gene expression 16 to 20 hours after induction of NF-
kB. This delayed time point was chosen for these analyses because the GFP reporter
indicating HIV gene expression requires hours to mature to a fluorescent form, hence
real-time analyscs of transcriptional activity were not possible with this assay system.

The development of a realtime RT-PCR assay capable of quantitating initiated
and elongated transcripts as described in chapter 3 permitted more refined analysis of the
kinctics of NF-xB induced transcriptional activation of latent HIV-1. Total RNA can be
extracted from cells at any point following stimulation, thus the transcriptional
consequences of a stimulus can be assessed minutes after induction rather than days.
With this tool established, we set out to understand the kinetics of transcriptional
activation of HIV-1 induced by NF-kB.

The events surrounding the transition of HIV-1 latency to a state transcriptional
activity are poorly understood. Earlier studies have demonstrated a strong role for NF-
kB as an enhancer of HIV transcriptional activity by promoting both transcriptional

initiation and elongation (Nabel and Baltimore, 1987; West et al., 2001). The latter
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feature is likely mediated by RelA recruitment of P-TEFb, which supports an elongating |
RNA polymerase II complex in the absence of the otherwise required Tat (Barboric et al.,
2001). Existing models hypothesize that RelA is functionally homologous to Tat, and
provides the initial elongating cues necessary for a threshold level of Tat to be
synthesized, at which point the viral transactivator is capable of directing transcription
alone.

Based on these preexisting models, we expected induction of NF-xB to promote
rapid and stable accumulation of elongated HIV RNA transcripts, with accelerated
accumulation as Tat is synthesized. However, our studies uncovered a surprisingly
dynamic relationship of NF-kB with the HIV promoter. Chromatin immunoprecipitation
analyses of RelA binding to the HIV-1 LTR reveal multiple waves of binding which are
coincident with the recruitment of RNA polymerase II. These waves of RelA binding
coincide, in turn, with the general nuclear pool of RelA, which oscillates over time as
IxBa levels fluctuate in response to continuous induction of upstream kinases (Covert et
al., 2005; Werner et al., 2005). Delayed waves of NF-kB activity are abrogated with
transient NF-kB stimulation, a treatment which leads to a single wave of RelA, and
surprisingly RNA polymerase II, to the latent HIV-1 LTR. Analyses of HIV LTR-driven
GFP expression indicates that transient induction of NF-kB is insufficient to drive
efficient expression of HIV, although it is sufficient to drive expression of general xB-
responsive genes. To demonstrate this latter point, a kB-DsRed2 reporter was engineered
into the J-Lat cell lines, allowing simultaneous assessment of HIV and general xB

expression.
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Further investigation into the nature of the failure of HIV-1 expression induced by
transient induction of NF-kB revealed a relative failure of NF-xB as a promoter of
transcriptional elongation. While initiated HIV-1 transcripts rapidly emerge following
induction of NF-xB, elongated transcripts do not appreciably emerge until several hours
after stimulation, and fail to emerge at all is stimulus is not sustained. The eventual
accumulation of elongated transcripts was shown to be dependent on de novo synthesis of
HIV-1 Tat. Studies seeking to explore the relative deficiency of NF-xB as a promoter of
elongation relative to Tat examined the contribution of P-TEFb. Inhibition of P-TEFb
ablated the weak accumulation of elongated HIV-1 mRNA transcripts, implying that NF-
kB requires P-TEFb for its transcriptional elongating activity. Additionally, analyses of
RNA polymerase II phosphorylation at the LTR revealed similar levels of serine-2
phosphorylation induced by NF-«xB, and at late time points by Tat, implying that the
RNA polymerase serine kinase complex recruited by NF-kB and Tat is similarly capable
of inducing this modification. Given the similarities in P-TEFDb utilization by RelA and
Tat, it is unlikely that differential recruitment or employment of this factor underlies the
observed differences in the ability of these transactivators to promote elongation of HIV-
1 mRNA transcripts. Additional study will be required to further elucidate the processes

employed by Tat which distinguish it from RelA.

Barboric M, Nissen RM, Kanazawa S, Jabrane-Ferrat N and Peterlin BM. (2001) NF-

kappaB binds P-TEFb to stimulate transcriptional elongation by RNA polymerase

I1. Mol Cell, 8, 327-337.
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Abstract

Cells harboring infectious, but transcriptionally latent HIV-1 proviruses currently pose an
impenetrable barrier for complete eradication of HIV from infected patients. We used the
J-Lat experimental model of HIV-1 latency to explore the kinetic relationship of NF-xB
induction and the activation of latent HIV-1 proviral gene expression. Chromatin
immunoprecipitation analyses revealed an oscillatory and synchronous pattern of RelA
and RNA polymerase II recruitment to the HIV-1 LTR following activation of NF-kB by
continuous exposure of cells to TNF-a. Transient induction of NF-xB, produced by
exposure of cells to TNF-a for 15 minutes, restricted this pattern to single transient phase
of RNA polymerase II and RelA recruitment to the LTR. Using these transient
stimulation conditions, activation of latent proviral gene expression was markedly
impaired. Similarly, the analysis of HIV-1 transcript formation revealed that efficient
elongation of HIV-1 transcripts required sustained induction of NF-kB and depends on de
novo synthesis of Tat. Low-level NF-kB-stimulated viral transcript elongation was
blocked by the addition of 5,6-dichloro-1-beta-D-ribobenzimidazole (DRB) suggesting
the potential involvement of PTEF-b in this response. Further, serine-2 phosphorylation
of RNA polymerase II was detected immediately following NF-kB induction. These
results indicate that transient recruitment of P-TEFb to the proximal HIV promoter by
NF-xB is not sufficient for efficient elongation of HIV mRNA transcripts and activation
of proviral gene expression. Rather, sustained NF-xB activation is essential, likely to

promote effective synthesis of Tat.
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Introduction

Efforts aimed at eradicating HIV-1 in infected patients with antiviral drug AR
combinations have been thwarted in part by the presence of a reservoir of latently Y
infected T-cells. Latent HIV-1 infection involves successful integration of the provirus |
into host DNA but a failure of these integrated proviruses to synthesize long viral
transcripts (see (Blankson et al., 2002) for review). As a consequence of the failure of

viral gene expression, latently infected cells are insensitive to existing antiretroviral

therapies yet following their withdrawal, retain the potential to reseed systemic infection
when their cellular hosts are activated. The minimal half-life of one latent pool of HIV-1 T
present within memory CD4 T-cells is 45 months, and assuming an initial pool of 10° |
infected cells, would require over 60 years to eradicate with existing therapies (Finzi et ’
al., 1999; Siliciano et al., 2003). If curative therapies for HIV-linfection are to become a
reality, this pool of persistently infected and drug-insensitive virus must be addressed and
eliminated (Pomerantz, 2003). A recent clinical study examining valproic acid, a weak ¢ .
histone deacetylase inhibitor, in HIV-1 infected patients demonstrated moderate
reductions in the pool of latently infected memory T-cells in selected patients (Lehrman h
et al., 2005). While a step forward, the reductions achieved were clearly insufficient in
magnitude and the response proved transient. New approaches that produce a much
larger and durable response are required. Successful identification of new active agents
will be facilitated by a more complete understanding of the molecular events that regulate .
HIV-1 latency.

The principal feature of HIV-1 latency is a failure of viral gene expression,

chiefly as a consequence of aborted transcription. Expression of the viral genome is
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regulated by the promoter and enhancer elements contained within the long terminal

rep €at (LTR) located at the 5-prime end of the integrated provirus (see (Rohr et al., 2003)

for review). Elongation of HIV-1 mRNA transcripts is strongly dependent on the viral

transactivating protein, Tat, which binds to a highly structured region of viral RNAs

termed TAR at the 5-prime end of initiated transcripts (Kao et al., 1987). Tat recruits the
cellular P-TEFD kinase complex, comprised of cyclinT1 and CDK9 (Zhu et al., 1997), to
the HIV-1 promoter and induces serine-2 phosphorylation of C-terminal domain of RNA
polymerase II (Parada and Roeder, 1996). This modification promotes efficient
transcriptional elongation. Additionally, Tat partners with histone acetyltransferases
p300 and P/CAF (Benkirane et al., 1998; Marzio et al., 1998), although the role of these
proteins in Tat-induced transcriptional elongation of HIV-1 mRNA transcripts is less
clear. Mutation of Tat or TAR underlies the HIV-1 latency observed in Ul and ACH-2
cell lines (Emiliani et al., 1998; Emiliani et al., 1996). Remarkably, infectious virus can
be induced from both of these cell lincs by a range of NF-xB-inducing agents, indicating
that this cellular transcription factor can mimic some of the functions of Tat.

The prototypical NF-kB heterodimer, comprised of RelA and p50, binds to two kB
enhancer sites in the HIV-1 LTR positioned immediately upstream of the transcription
initiation site (Bohnlein et al., 1988; Perkins et al., 1993; Williams et al., 2005).
Induction of NF-kB is associated with both enhanced transcriptional initiation and
elongation of HIV-1 mRNA transcripts (Nabel and Baltimore, 1987; West et al., 2001).
RelA contains a transcriptional activation domain (TAD), which mediates recruitment of
a number of positively-acting transcription factors, including p300 and P/CAF (Sheppard

et al., 1999) and the P-TEFb serine kinase complex (Barboric et al., 2001). Recently, we
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hav-e demonstrated that RelA-driven displacement of repressive pS0-HDACI1 complexes
res 1dent on the latent HIV-1 LTR contributes to transcriptional initiation (Williams et al.,
2005). RelA-driven recruitment of P-TEFDb is thought to underlie initial elongation of
HIV-1 mRNA transcripts, permitting synthesis of Tat (Barboric et al., 2001).
A dditionally, RelA-mediated recruitment of p300 promotes enhanced localized histone
acetylation (Ito et al., 2000) and acetylation of Tat itself at lysine-50 (Kiernan et al.,
1999).

In the absence of appropriate activating stimuli, NF-kB is predominantly
localized within the cytoplasmic compartment and prevented from binding DNA by its
association with inhibitory IxB proteins (Davis et al., 1991; Ganchi et al., 1992; Henkel
etal.,, 1992; Zabel et al., 1993). Various stimuli trigger intracellular signaling cascades
that coalesce in the activation of the IKK signalsome complex. Activated IKK-mediates
phosphorylation of IkBa which in turn promotes polyubiquitylation and proteasome-
mediated degradation of this inhibitor (DiDonato et al., 1997; Mercurio et al., 1997; Sun
et al., 1993; Zandi et al., 1997). Liberated NF-kB complexes rapidly translocate into the
nucleus, bind cognate DNA enhancer loci, and induce gene expression. Because the
IxBa promoter contains kB enhancers, NF-kB activation stimulates de novo synthesis of
the inhibitor. This autoregulatory feedback loop actively limits the duration of NF-xB
activation (Sun et al., 1993).

The self-limiting duration of NF-kB activation and the apparent functional
homology of RelA and Tat as recruiters of P-TEFb prompted us to further investigate the
role of NF-kB in the activation of latent HIV-1 proviruses. The lack of specific

identifying markers on latently infected memory CD4" T-cells in HIV-1-infected patients
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precludes use of primary cells for biochemical and molecular studies. As a surrogate

experimental model of HIV latency, we have utilized J-Lat cells (Jordan et al., 2003). -
These cells consist of Jurkat T-cell clones infected with single-copy latent full-length
HIV-1 proviruses that express GFP in lieu of Nef. Prior studies using this system
identified a histone-acetylation-dependent exclusion of RNA polymerase (Pol) II from
the latent promoter and consequent failure in transcriptional initiation as a primary
feature underlying HIV-1 latency (Williams et al., 2005).

In the current study, we have explored the interplay between NF-xB and Tat in
the activation of latent HIV-1 proviral gene expression. We show that NF-xB and Tat
drive transcriptional elongation in a P-TEFb-dependent manner. However, there is
striking disparity in the efficiency of elongation promoted by these stimuli. Tat is highly
efficient while NF-xB is not. In fact, we find that transient induction of NF-kB is -

insufficient to activate the latent provirus although other NF-kB-dependent transcription

\ .
units are efficiently activated. These striking differences argue that additional factors '
i
distinct from PTEF-b are utilized by Tat to promote efficient activation of HIV and that ",
sustained NF-«kB activation is likely required to ensure effective production of Tat. N

Materials and Methods

Cell lines and culture conditions

J-Lat 6.3 cells were maintained in RPMI with 10% fetal calf serum, penicillin,
streptomycin, and L-glutamine. For stimulation, cells were treated with 20 ng/ml TNF-a
(R&D Systems) or 100 nM trichostatin A (TSA, Calbiochem) alone or in combination.

For experiments involving inhibition of PTEF-b, 5,6-dichloro-1-8-p-
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ribofuranosylbenzimidazole, or DRB, (Sigma) was used at 10 ng/ml, and cycloheximide
(Sigma) was used at 10 pg/ml. To produce NF-xB-DsRed2-reporter cells, a lentiviral
vector was constructed containing 4 tandem consensus kB binding sites positioned
upstream of the coding sequence for DsRed2. This construct was cotransfected with

V' SV-g envelope into HEK 293T cells, and virus-containing supernatants were harvested
and concentrated with Centricon filtration units (Millipore). Parental Jurkat or J-Lat 6.3
cells were infected with concentrated viral stocks and incubated 72 hours, and DsRed2-
negative cells were sorted for by FACS. After negative sorting, cells were treated with
TNF-a and incubated for 24 hours, and cells with TNF-a-inducible DsRed2 expression

were selected for by flow cytometry, Jurkat-xB-Red, and J-Lat-6.3-xB-Red.

Chromatin Immunoprecipitation

J-Lat 6.3 T cells were adjusted to 1 x 10’ cells/ml and incubated in medium or
stimulated with TNF-a (20 ng/ml) for 30 minutes or TSA (100 nM) for 4 hours. ChIP
assays were performed as described (Williams et al., 2004). Antibodies employed were
RelA (sc-109), RNA polymerase II (sc- sc-899), ser-2-RNA polymerase II (HS))

For detection of specific HIV-1 LTR sequences in the ChIP eluates, DNA
oligonucleotide primers LTRxBprimer5 (5~ AGGTTTGACAGCCGCCTA-3’) and
LTRxBprimer3 (5'-AGAGACCCAGTACAGGCAAAA-3) specific for a 203-bp region
encompassing the kB binding sites in the HIV-1LTR were used for PCR amplification.

To detect downstream HIV-1 sequences, primers directed against the pol gene with

S¢quences SHIVDS (5’-TGACTCAGATTGGCTGCAC-3’) and 3HIVDS (5°-
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AATTTCTACTAATGCTTTA-3’) were employed. To detect sequences in the coding
region of the B-actin gene (B-actin DS), oligonucleotide primers with the sequences
SDSBACT (5’-GTCGACAACGGCTCCGGC-3’) and 3DSBACT (5’-
GGTGTGGTGCCAGATTTTCT-3’) were used. To detect sequences in the 5° flanking
region of the B-actin gene, primers were targeted at a region 4 kb upstream of the B-actin
gene with sequences SUSBACT (5’-GCCAGCTGCAAGCCTTGG-3’) and 3USBACT
(5’-GCCACTGGGCCTCCATTC-3’). Amplification was performed using Taq
polymerase (Qiagen) for 35-40 cycles and products were analyzed on 2.5% agarose gels.

Images were acquired using an EagleEye II digital imaging system (Stratagene).

RNA extraction and analysis of initiated and elongated HIV-1transcripts

J-Lat 6.3 cells (1 x 10° cells/ml) were treated with TSA (100 nM) or TNF-a (20
ng/mL) for 2 hours at 37°C. For analysis of HIV-ImRNA synthesis in nucleofected
primary T cells, RNA was extracted from 0.5x10° cells with an RNAWiz kit (Ambion).
RNA transcripts were quantitated using the QuantiTect SYBR Green RT-PCR kit
(Qiagen). To quantitate viral transcripts, serial dilutions of a quantitated RNA stock of
full-length viral genome were employed as a reference standard (gift of R. Grant).
Initiated transcripts were detected with primers HIVTARS (5°-
GTTAGACCAGATCTGAGCCT-3’) and HIV-1TAR3 (5°-
GTGGGTTCCCTAGTTAGCCA-3"). Elongated transcripts were detected with primers
HIVTat5 (5’-ACTCGACAGAGGAGAGCAAG-3’) and HIVtat3 (5°-

GAGTCTGACTGTTCTGATGA-3’). B-actin mRNA copics were quantitated with

primers B-actin5 (5’-GTCGACAACGGCTCCGGC-3’) and B-actin3 (5’-
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GGTGTGGTGCCAGATTTTCT-3’) specific for a 239-bp region in the B-actin mRNA

and samples were normalized for B-actin copies. Fluorescence profiles were collected on

an ABI 7700 real-time thermocycler and analyzed with SDS v1.91 (Applied Biosystems).

Absence of non-specific bands in RT-PCR products was confirmed on 2% agarose gels.

Immunoblotting analysis

J-Lat 6.3 or stably transfected J-Lat 6.3 cells were pelleted and lysed on ice in ELB
for 20 min and clarified by microcentrifugation. Protein concentration was quantitated
using the Bradford protein assay (BioRad), and 10 pg of each sample was added to an
equal volume of 2x Laemmli buffer and heated to 95°C for 5 min. Samples were
separated on 10% acrylamide Tris-HCI buffered SDS-PAGE gels (BioRad), transferred
to polyvinylidene difluoride membranes, and immunoblotted with anti-NF-xB p50, RelA

(Santa Cruz Biotechnology), anti-FLAG or anti-B-tubulin (Sigma) antibodies.

Electrophoretic Mobility Shift Assay

J-Lat 6.3 cells were adjusted to 2 x 10° cells/ml and stimulated with 10 ng/ml TNF-a
for various times. After stimulation, nuclear extracts were prepared as described (20).
For analysis of kB enhancer binding proteins, 2.5 pl of the nuclear extracts were
incubated with poly(dI-dC) and salmon sperm DNA for 10 min, followed by the addition
of [y-**P]ATP-labeled consensus kB or Oct-1 enhancer oligonucleotides (Promega).

Samples were separated on nondenaturing gels and analyzed by autoradiography.
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Transfection and Flow Cytometric Detection of Transfected Cells

Transfections were performed by electroporation as described (Williams et al., 2004).
After 16 hours of incubation, cells were stained with biotin-anti-H-2K* antibody, washed,
and counter-stained with streptavidin-APC (Pharmingen). Cells were analyzed on a
FACSCalibur flow cytometer (Becton Dickinson) with FlowJo software (Treesoft). Cell

sorting was performed using a FACS-DIVA (Becton Dickinson).

Results

Continuous stimulation of NF-xB activation promotes oscillating and synchronous
binding of RelA and RNA polymerase II with the latent HIV-1 LTR

Prior studies of the latent HIV-1 LTR revcaled TNF-a-inducible recruitment of RNA
Pol II (Williams et al., 2005). To further characterize the events underlying activation of
the latent HIV-1 LTR, we sought to define the kinetics of RNA Pol II recruitment after
activation of latent HIV-1 proviruses. Chromatin immunoprecipitation (ChIP) assays
with the human J-Lat T cell model of postintegration HIV-1 latency were used to study
interaction of RNA Pol II with the HIV-1 LTR in vivo. Sheared formaldehyde-
crosslinked chromatin extracts prepared from J-Lat cells left untreated or stimulated with
20 ng/ml TNF-a for various times were immunoprecipitated with antibodies specific for
RNA Pol II. The abundance of HIV-1 LTR DNA in immunoprecipitates was assessed by
ethidium bromide visualization of PCR products amplified with primers specific for the
HIV-1 LTR. In extracts from untreated cells, RNA Pol II immunoprecipitates failed to
specifically enrich HIV-1 LTR DNA, indicating a lack of binding of this polymerase

complex to the unstimulated latent HIV-1 LTR (Figure 1A). In contrast, RNA Pol II
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immunoprecipitates from extracts of TNF-a-stimulated cells were enriched in HIV-1

L TR DNA after 15 min of stimulation. This enrichment increased at 30 min after TNF-a
stimulation. Strikingly, a marked reduction in enrichment was consistently noted at 1-
hour after TNF-a stimulation. Increased enrichment in HIV-1 LTR DNA in RNA Pol 11
immunoprecipitates was again observed in extracts of cells stimulated with TNF-a for 2,
4, and 6 h. Importantly, the levels of input HIV-1 LTR DNA were similar at each time
(Figure 1A).

The reduction in RNA Pol II association with the HIV-1 LTR after 1 h of TNF-a
stimulation was unexpected and suggested a dynamic association and dissociation of this
enzyme and perhaps other cofactor(s) necessary for effective recruitment of RNA Pol IL.
In this regard, RelA has been implicated as one such cofactor. Accordingly, we assessed
the pattern of RelA binding to latent HIV-1 LTR over time after TNF-a stimulation.
RelA immunoprecipitates from extracts of untreated cells displayed no specific
enrichment in HIV-1 LTR DNA. Extracts of TNF-a-stimulated cells were specifically
enriched in HIV-1 LTR DNA in a bimodal pattern, with apparent synchrony to the
Observed pattern of RNA Pol II association (Figure 1A). Peaks in specific enrichment in

HTV -1 LTR DNA were observed in RelA immunoprecipitates of extracts of cells treated
for 30 min and 4 h, and a nadir in enrichment was apparent one hour after TNF-a

Stimulation.

The dynamic pattern of RelA association and dissociation with the latent HIV-1 LTR
after TNF-a stimulation resembled oscillatory patterns of NF-kB recruitment recently

Teported on various host promoters occurring in response to various NF-xB-inducing
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stimuli (Covert et al., 2005; Nelson et al., 2004; Werner et al., 2005). This oscillation is
attributed to kB-dependent induction of IkBa gene expression, which inhibits DNA
binding and promotes nuclear export of RelA. Continued stimulation of the upstream
IxB kinases (IKKs) induces subsequent rounds of IkBa phosphorylation and degradation,
leading to delayed oscillating waves of nuclear accumulation of NF-kB. To examine
w hether this process might underlie the pattern of RelA recruitment to the latent HIV-1
L TR, the abundance of IkBa and nuclear RelA after TNF-a stimulation were assessed by
immunoblot analysis. Following TNF-a application, expression of IkBa was rapidly
reduced, however resynthesis of the inhibitory protein was apparent after 1 h. The level
of IKBO.. expression after 2 hours of TNF-a treatment appeared to be slightly reduced
relative to untreated samples (Figure 1B). Nuclear abundance of RelA was inversely
correlated with IkBa levels, with a peak in nuclear RelA at 30 min of TNF-a stimulation,
followed by a nadir at 1 hour, and a renewed peak at 4 h of stimulation (Figure 1C). The
Overall pattern of kinetics bore great similarity to those observed in the ChIP analyses,
Supporting the argument that the oscillating nuclear abundance of RelA underlies the

Pattern observed in ChIP analyses.

Transient induction of NF-xB induces synchronous unimodal association of RelA and

RN A polymerase I with the latent HIV-1 LTR

We next investigated the contribution of the first wave of RelA recruitment to
€Xpression of latent HIV-1 without subsequent delayed waves. Because the delayed
©scillatory nuclear recruitment of RelA depends upon continued induction of NF-xB

Signaling, we reasoned that a transient stimulation of the cells with TNF-o would induce
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a single cycle of RelA activity. To test this notion, J-Lat 6.3 cells were stimulated with
TINF-a for 15 min, washed extensively, and returned to culture for various times. The
pulsed administration of TNF-a induced rapid degradation of the inhibitor, with overall
lewv els falling to levels similar to those observed with continuous TNF-a stimulation
(Figure 2A). Resynthesis of IkBa was apparent 1 h after TNF-a pulse treatment, and in
contrast to continuous stimulation, expression levels thereafter appeared to remain
slightly higher than those observed in lysates of untreated cells. Correspondingly, early
nuc lear accumulation of RelA was observed in TNF-a-pulsed samples with kinetics
similar to samples treated continuously with TNF-a, and nuclear RelA was not apparent
1 hour after the TNF-a pulse (Figure 2B). Taken together, these results indicate that
delayed waves of nuclear RelA are not induced by transient stimulation of the cells for 15
minutes with TNF-a.

To examine the impact of transient induction of NF-kB on transcriptional regulation
of latent HIV-1, sheared chromatin extracts from TNF-a pulsed samples were
immunoprecipitated with antibodies specifically recognizing RelA or RNA Pol II, and
enrichment in HIV-1 LTR DNA was assessed. Consistent with the predicted transient
induction of NF-kB, RelA immunoprecipitates were enriched in HIV-1 LTR DNA in 5

Unimodal pattern, with a peak in enrichment observed at 1 hour after the TNF-a pulse
(Figure 2C). RNA Pol I immunoprecipitates also displayed a similar unimodal pattern

Of enrichment in HIV-1 LTR DNA.

T'ransient induction of NF-xB is insufficient to induce robust expression of latent HIV-

Z
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The transient nature of RNA Pol II immunoprecipitate enrichment in HIV-1 LTR o s
D 1IN A after pulsed TNF-a stimulation prompted assessment of a potential decline in HIV ) .
gene expression. To study this possibility, J-Lat 6.3 cells were pulsed or treated .
continuously with TNF-a and cultured for 16 h, and HIV-1-transcription dependent
ex pression of GFP was assessed by flow cytometry. Expression of GFP in unstimulated
J-L_at cells was minor while continuous stimulation with TNF-a induced robust GFP
expression in 36% of cells (Figure 3A). In contrast, pulsed TNF-a stimulation induced

only 3.8% of cells to express GFP. Similar results were observed in J-Lat clones 8.4 and

1 5.2, indicating that this effect was observed in multiple J-Lat clones (data not shown).

As a whole, these observations suggest that sustained induction of NF-kB is necessary for
the activation of robust latent HIV-1 gene expression.

The relative lack of latent HIV-1 gene expression in response to transient TNF-a
stimulation of NF-kB could reflect a unique property of the HIV-1 promoter, or could
reflect a more general property of many kB-responsive genes. To further explore this
qQuaestion, Jurkat T cells were transduced with a lentiviral reporter vector expressing
DsRed2 regulated by a tandem array of B sites, producing a stable population of B O
Teporter cells termed JkRed. Without stimulation, DsRed2 expression in JkRed cells was

Very low, apparently reflecting minimal basal activity of this reporter, (Figure 3B).

A fterl6 h of continuous TNF-a stimulation, 98% of the JkRed cells expressed DsRed2,

indicating induction of kB-specific gene expression in virtually the entire cell population. ‘
SirIlilarly, and in striking contrast to expression of HIV-1-driven GFP, 95% of JxRed

€115 stimulated with TNF-a for 15 minutes exhibited DsRed2 expression 16 h later.
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To exclude the possibility of confounding mutations and to confirm that similar
tran sient inducibility of kB-dependent gene expression is possible in J-Lat cells, stable
populations of J-Lat 6.3 cells containing xB-DsRed2 reporter were prepared, pulsed or
continuously stimulated with TNF-a, and analyzed after 16 h of culture by flow
cytometry. Like JxRed cells, J6.3xRed cells exhibited a modest background of DsRed2-
ex pressing cells (Figure 3C). 97% of cells continuously stimulated with TNF-a
ex pressed kB-driven DsRed2, and 30% expressed HIV-1LTR-driven GFP. Similarly,
93 2% of TNF-a-pulsed J6.3xRed cells exhibited DsRed2 expression, however only 1.7%
of these cells expressed GFP. Thesc results indicate that the failure of robust expression

of HIV-lin response to transient NF-kB induction is not a general feature of kB-

dcpendent transcription, but likely reflects properties unique to the latent HIV-1 LTR.

TN F-o induction of efficient transcriptional elongation of latent HIV-1 is delayed and
requires sustained NF-xB activation
‘We next examined the abundance of initiated and elongated HIV-1 mRNA transcripts
in J-Lat cells pulse-stimulated or continuously activated with TNF-a. at various time
Points by quantitative real-time RT-PCR. Continuous TNF-a. treatment induced a rapid
1 O-£old increase in initiated HIV-1 mRNA transcripts, plateauing temporarily at 1 h, and
increasing exponentially thereafter (Figure 4A). In contrast, elongated HIV-1 mRNA
transcripts were only modestly induced during the first four hours of TNF-a treatment,
With exponential increases becoming apparent at later time points.
Transient induction of NF-kB induced formation of initiated HIV-1 mRNA

tral’lscripts with kinetics similar to that observed at early time points in continuously
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stimulated cells. However, after 1 h, initiated transcript abundance declined rapidly, with
a ty,2of 60 minutes (Figure 4B). Elongated HIV-1 mRNA transcripts in TNF-a-pulsed ;o
samples were moderately induced in the first hour; however, sustained induction was not - { ‘ ,-
observed, and after 2 h the abundance of elongated transcripts declined to less than 1

copy per cell. Hence, transient induction of NF-kxB was sufficient to drive limited E-“““‘“‘
transcriptional activation of the latent HIV-1 provirus, but this early induction requires :
sustained NF-kB activity to develop robust expression of full-length HIV-1 mRNA

transcripts.

TN F-ainduction of HIV-1 Tat synergizes with active NF-xB to promote efficient

transcriptional elongation of latent HIV-1 mRNA -
The delayed accumulation of elongated HIV-1 mRNA transcripts relative to that of

initiated transcripts in J-Lat cells continuously stimulated with TNF-a. raised the

Possibility that efficient elongation may be dependent on de novo synthesis of a kB-

responsive gene. To investigate this possibility, initiated and elongated HIV-1 transcripts

Were quantitated in TNF-a stimulated J-Lat 6.3 cells treated with the translational o

inhibitor cycloheximide. IkBa resynthesis in TNF-o-treated cells was strongly impaired

in cycloheximide-treated cells, indicating the effectiveness of this inhibitor (data not - o | )

shown). Cycloheximide treatment modestly enhanced accumulation of initiated and el

elongated HIV-1 transcripts in J-Lat cells continuously stimulated with TNF-a for 1 h,

indicating that these early transcripts are not dependent on de novo protein synthesis

(Figure 5A and B). In contrast, the heightened production of elongated HIV-1 transcripts

Observed in samples treated with TNF-a for 6 h was sharply reduced in the presence of
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cycloheximide. These results suggest that NF-kB induction of transcriptional initiation
and low-level elongation of HIV-1mRNA do not require de novo protein synthesis,
however high-efficiency elongation is dependent on newly synthesized proteins in J-Lat

cells. The increased levels of initiation induced in cycloheximide-treated cells are likely

a consequence of the inhibition of IkBa synthesis, resulting in protracted NF-xB activity.

L_ewvels of B-actin mRNA remained unchanged for the duration of the experiment,
su g gesting cycloheximide-induced toxicity was not a factor in the observed impairment
of elongated HIV-1 mRNA transcript accumulation (data not shown).

Expression of Tat, a well-characterized positively acting viral factor-that promotes
effective RNA Pol II elongation, is induced following sustained NF-kB activation in
HTI'V-infected cells. Thus we hypothesized that Tat might be the key NF-kB-inducible
factor required for high-level transcriptional elongation observed at later time points. To

examine whether expression of Tat was sufficient to rescue expression of latent HIV-1 in
response to transient NF-kB induction, J-Lat 6.3 cells were transfected with a Tat or
control expression vector, pulse or continuously stimulated with TNF-a, and HIV-
directed GFP expression was assessed by flow cytometry. Consistent with prior
Observations, ectopic expression of Tat induced HIV-1 LTR-driven GFP expression in
only a minority of cells (Figure 5C). In contrast, Tat-transfected cells pulsed or
Continuously treated with TNF-a uniformly expressed GFP. Of note, mean GFP
fluorescence in Tat-transfected and TNF-a pulsed J-Lat cells was one third of that
detected in continuously stimulated cells (data not shown). These observations indicate

thag the initial wave of NF-xB recruited to the HIV-1 LTR is sufficient to drive effective
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gene expression in the context of Tat expression and argue against the notion that
functionally different forms of NF-kB recruitment in first and second waves.

To examine whether long-term NF-kB induction could induce efficient latent HIV-1
gene expression in the absence of Tat, we employed A72 cells, Jurkat cells containing a
latent HIV-1 LTR driving GFP expression, but lacking the Tat gene. siRNA depletion of
Tat was considered, but because the GFP transcript driven by J-Lat cells would contain
the mRNA sequence targeted by the necessary siRNA before splicing, this approach was
abandoned. J-Lat 6.3 or A72 cells were pulsed or continuously treated with TNF-a,
cultured for 16 h, and mean fluorescence expression of GFP in expressing cells was
measured by flow cytometry. Pulsed treatment of TNF-a increased mean GFP
fluorescence in J-Lat 6.3 cells from a baseline of 14.7 to 18.6, and A72 were similarly
increased from 15.6 to 19.2 (Figure SD). In contrast, continuous TNF-a treatment
increased mean GFP fluorescence in J-Lat cells to 227, whereas tat-deficient A72 cells
increased to 46.8. These results indicate that Tat represents a key factor mediating the
large increase in latent HIV-1 gene expression induced during sustained NF-xB
induction.

To confirm a role for NF-kB RelA in TNF-a induction of Tat sensitivity, J6.3xRed
cells were nucleofected with siRNA specific for RelA or GL3 as a control. Effective
“knockdown” of RelA was confirmed, and the cells were transfected with a Tat or control
expression vector, and GFP expression in response to pulsed TNF-a stimulation was
assessed by flow cytometry 16 hours later. Pulsed TNF-a stimulation failed to induce
significant GFP expression in J-Lat cells transfected with control expression vector in

either RelA or GL3 knock down cells. Further, kB-driven DsRed2 expression was
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sharply impaired in RelA knockdown cells relative to control GL3 knockdown cells.
TNF-a pulse stimulation of Tat-transfected cells strongly induced both GFP and DsRed2
expression in GL3-knockdown cells. However, this response was markedly blunted in
RelA knockdown cells. Similar results were observed with J-Lat clones 8.4 and 15.2
(data not shown). These findings indicate that TNF-a-activation of RelA is a necessary

cofactor for Tat-induced expression of latent HIV-1.

Impairment of early TNF-a induction of elongated HIV-1 mRNA transcripts from the
latent HIV-1 LTR is not a consequence of a defect in RNA polymerase I1
Phosphorylation.

The low level of elongated HIV-1 mRNA transcript accumulation despite rapid
synthesis of initiated transcripts suggested a defect in the elongation properties of RNA
Pol II. Elongation of HIV-1 mRNA is strongly dependant on phosphorylation of the
carboxy-terminal domain of RNA Pol II mediated by P-TEFb (Herrmann and Rice,
1995). RelA may similarly direct P-TEFD to xB-responsive promoters (Barboric et al.,
2001). The precise role of NF-kB-mediated recruitment of P-TEFb to the HIV-1 LTR
has not been explored. To examine whether early TNF-a induced elongation of HIV-1
mRNA transcripts is P-TEFb dependent or rather is a consequence of “slip-through”
elongation of unphosphorylated polymerase complexes, we examined the effect of the P-
TEFb inhibitor DRB on Tat-independent early elongation of HIV-1 mRNA transcript
formation in cells stimulated with TNF-a for 1 h. As a positive control, DRB inhibition
of late Tat-dependent elongation of HIV-1 mRNA in samples treated with TNF-a for 6 h

was also assessed. TNF-a stimulation for 6 hours induced accumulation of ~500 initiated
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and ~300 elongated transcripts per cell (Figure 6A and B). DRB strongly interfered with
elongated transcript formation in these samples, reducing transcript abundance to an
undetectable level. However, initiated transcript formation was similar to samples not
treated with DRB. Samples treated with TNF-a for 1 h amassed ~10 elongated
transcripts per cell and ~120 initiated transcripts. DRB treatment had little effect on the
accumulation of initiated HIV-1 mRNA transcripts in samples treated for 1 h while
clongated transcript formation was markedly reduced to levels below the limits of
detection (Figure 6A and B). These results indicate that both early Tat-independent and
late Tat-dependent TNF-a induced elongation relies on active P-TEFb-dependent
phosphorylation of RNA Pol II and suggest that P-TEFb is recruited to the HIV-1 LTR
shortly after TNF-a stimulation.

Although early TNF-a induced elongation of HIV-1 mRNA transcripts is apparently
P-TEFb dependent, RelA-recruited P-TEFDb still might function as a less efficient RNA
Pol II kinase than late Tat-recruited P-TEFb. To assess the kinetics of P-TEFDb kinase
activity at the HIV-1 LTR induced by TNF-a, ChIP analysis of phospho-RNA Pol II was
performed in J-Lat samples treated with TNF-a for various times. Phospho-Ser2-RNA
Pol II immunoprecipitates were enriched in HIV-1 LTR DNA from extracts treated with
TNF-a for 15 and 30 min (Figure 6C). However, this enrichment was reduced in extracts
of cells stimulated for 1 hour, consistent with the reduced overall level of RNA Pol II
associated with the HIV-1 LTR. Extracts of cells treated for 2, 4, and 6 h with TNF-a
were enriched in HIV-LTR DNA to similar levels as observed in 15- and 30-min
samples. These findings suggest that the kinase complex driving phosphorylation of

RNA Pol II on the HIV-1 LTR has similar activities during both the early and late phases
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of HIV transcription. Consequently, the inefficiency of elongation in early TNF-a-
induced HIV-1 mRNA transcription is unlikely to be solely a consequence of

insufficiently localized P-TEFb kinase activity.

Discussion-

To further delineate the role of NF-kB in the activation of latent HIV-1 proviruses,
we performed a kinetic analysis of RelA and RNA polymerase II interaction with the
LTR in the J-Lat model of HIV-1 latency. We observed an unexpectedly dynamic
oscillating pattern of RNA Pol II recruitment to the LTR driven by the inherent damped
oscillatory nature of NF-kB activation driven by NF-kB-dependent activation of IxkBa
and perhaps A20. Two recent studies have demonstrated that sustained induction of the
NF-xB signaling pathway produces similar oscillations of RelA and RNA Pol II at
various host gene promoters (Covert et al., 2005; Werner et al., 2005), and concluded that
these effects reflect the activation of IkBa and A20 gene expression. The pattern of
RelA and RNA Pol II recruitment to the HIV-1 LTR is coincident with the pattern of
overall nuclear enrichment of RelA in response to TNF-a stimulus, implying that LTR
binding is reflective of general NF-kB abundance. Indeed, when NF-xB signaling was
limited to a single round by transient stimulation (15 min) with TNF-a, the oscillatory
nature of RelA and RNA polymerase II recruitment to the latent HIV-1 LTR was lost.

Transient induction of NF-kB is sufficient to induce the synthesis of many xB-
responsive genes, most notably IkBa (Sun et al., 1993). Consequently it was unexpected
that NF-xB dependent activation of latent HIV-1 would require sustained NF-xB

induction. To confirm that general xB-responsive gene expression is inducible following
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transient induction of NF-xB, we constructed new Jurkat and J-Lat based cell lines
containing integrated kB-DsRed?2 reporter genes. Analysis of these cell lines provided
strong evidence that transient induction of NF-xB is sufficient for generalized xB-
dependent gene expression, however not for effective expression of latent HIV. The
features of the HIV-1 LTR that arc responsible for this difference remained unclear.
Analysis of HIV-1 mRNA transcript formation immediately after induction of NF-xB
revealed that, while initiated transcripts amass rapidly, transcriptional elongation is
impaired. Consistent with this obscrvation, early studies of HIV transcription described
NF-xB as a strong promoter of transcriptional initiation (Nabel and Baltimore, 1987).
More recent studies of NF-kB in HIV transcription suggest it also plays a major role in
transcription elongation in addition to its role as an initiation factor (West et al., 2001).
Low level accumulation of elongated HIV mRNA transcripts are apparent immediately
after TNF-a stimulation. However, the rate of accumulation of these elongated transcripts
is greatly reduced relative to the rate of initiated transcript synthesis. The rate of
elongated transcript formation begins to approximate the rate of initiated transcript
formation only after 4-6 h of cellular stimulation. This observation suggests that the
initial round of NF-xB recruitment to the HIV-1 LTR may promote inefficient elongation
which is sufficient to produce small quantities of Tat. This newly synthesized Tat then
synergizes with subsequent rounds of transcriptional initiation induced by NF-kB to
promote highly efficient elongation. This hypothesis is supported by the observed
dependence of late efficient elongation on de novo protein synthesis (Tat must be
synthesized). Additionally, the observation that ectopic expression of Tat drives robust

expression of latent HIV-1 in response to transient induction of NF-xB suggests that the
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absence of this transactivator is key to this failure of induced gene expression. A recent
computational study of Tat and HIV expression further supports this conclusion
(Weinberger et al., 2005).

The ability of NF-kB to induce transcriptional elongation has been ascribed to its
ability to recruit P-TEFb, the same RNA Pol II kinase partner used by Tat to induce
elongation (Barboric et al., 2001). Our studies with the P-TEFb inhibitor DRB indicate
that early TNF-a driven, NF-kB-dependent transcriptional elongation is impaired in the
presence of DRB. Further assessment of functional phosphorylation of RNA Pol II with
anti-phospho-scrine-2-RNA Pol II ChIP analyses confirm that the polymerase complex is
similarly phosphorylated in both early and late TNF-a stimulated samples, suggesting
that recruitment of NF-kB is sufficient to induce this modification. As both NF-kB and
Tat appear to similarly employ P-TEFb to induce transcriptional elongation, it remains
unclear why late Tat-dependent elongation is so much more efficient than early NF-kB
dependent clongation. One explanation might be that RNA Pol II phosphorylation is
dynamic, and that Tat, which moves with the polymerase complex, induces continuous
phosphorylation of RNA Pol II. Alternatively, Tat may recruit factors in addition to P-
TEFD that strengthen its function as an elongation factor. Finally, Tat may direct P-TEFb
to more efficiently phosphorylate factors aside from RNA Pol II, such as the inhibitory
DSIF or NELF proteins that ncgatively regulate RNA Pol II. The strong synergy
observed between Tat and NF-kB inducing stimuli in the activation of HIV transcription
further supports unique activating properties of NF-xB and Tat.

These studies were conducted using the J-Lat model of HIV latency, a model which

though representative of HIV-1 latency as it exists in vivo may diverge from the natural
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state of the latently infected cell. Unfortunately, systematic molecular and biochemical
studies of latently infected cells isolated from patients is not possible due to an inability
to purify these rare cells. However, NF-xB has been shown to exhibit a damped
oscillatory pattern of induction within stimulated primary T-cells (Covert et al., 2005;
Wermner et al., 2005).

The finding that sustained induction of NF-xB is required for kB-driven activation of
HIV latency may have implications for therapeutic interventions aimed at eliminating this
viral reservoir. The design of potential activators should be selected and employed in a
manner that sustains the induction of NF-kB. Alternatively, these findings support
consideration of combined application of sTat and transient agonists of NF-xB. Given
the broad assortment of host genes induced by NF-xB, this latter approach might avoid

the toxicity likely to be associated with sustained systemic induction of NF-xB.

133

- s
(.
R O
—-l L
F‘ﬁ‘w}
Y
r
B 4
-
b
¢
o
(S
[
£ .
!
MY 7,
‘}.- .J'
- .
-
1
4
¢
¢ .
|
N,

~ .

g -
NP —
B .
P .

~ w
'

A f YRDTTEEE




by -
e gam e Lent

WL S A . 2y

]

ey

h

A
AETIIWR .oy .

~;m P SR
AR R
LA s o
*
<

SR
WG P e .

t"'ﬂ.‘-" P



Barboric M, Nisscn RM, Kanazawa S, Jabrane-Ferrat N and Peterlin BM. (2001) NF-
kappaB binds P-TEFb to stimulate transcriptional elongation by RNA polymerase
II. Mol Cell, 8, 327-337.

Benkirane M, Chun RF, Xiao H, Ogryzko VV, Howard BH, Nakatani Y and Jeang KT.
(1998) Activation of integrated provirus requires histone acetyltransferase. p300
and P/CAF are coactivators for HIV-1 Tat. J Biol Chem, 273, 24898-24905.

Blankson JN, Persaud D and Siliciano RF. (2002) The challenge of viral reservoirs in
HIV-1 infection. Annu Rev Med, 53, 557-593.

Bohnlein E, Lowenthal JW, Siekevitz M, Ballard DW, Franza BR and Greene WC.
(1988) The same inducible nuclear proteins regulates mitogen activation of both
the interleukin-2 receptor-alpha gene and type 1 HIV. Cell, 53, 827-836.

Covert MW, Leung TH, Gaston JE and Baltimore D. (2005) Achieving stability of
lipopolysaccharide-induced NF-kappaB activation. Science, 309, 1854-1857.

Davis N, Ghosh S, Simmons DL, Tempst P, Liou HC, Baltimore D and Bose HR, Jr.
(1991) Rel-associated pp40: an inhibitor of the rel family of transcription factors.
Science, 253, 1268-1271.

DiDonato JA, Hayakawa M, Rothwarf DM, Zandi E and Karin M. (1997) A cytokine-
responsive IkappaB kinase that activates the transcription factor NF-kappaB.
Nature, 388, 548-554.

Emiliani S, Fischle W, Ott M, Van Lint C, Amella CA and Verdin E. (1998) Mutations
in the tat gene are responsible for human immunodeficiency virus type 1

postintegration latency in the U1 cell line. J Virol, 72, 1666-1670.

134







Emiliani S, Van Lint C, Fischle W, Paras P, Jr., Ott M, Brady J and Verdin E. (1996) A
point mutation in the HIV-1 Tat responsive element is associated with
postintegration latency. Proc Natl Acad Sci U S A, 93, 6377-6381.

Finzi D, Blankson J, Siliciano JD, Margolick JB, Chadwick K, Pierson T, Smith K,
Lisziewicz J, Lori F, Flexner C, Quinn TC, Chaisson RE, Rosenberg E, Walker B,
Gange S, Gallant J and Siliciano RF. (1999) Latent infection of CD4+ T cells
provides a mechanism for lifelong persistence of HIV-1, even in patients on
effective combination therapy. Nat Med, S, 512-517.

Ganchi PA, Sun SC, Greene WC and Ballard DW. (1992) I kappa B/MAD-3 masks the
nuclear localization signal of NF-kappa B p65 and requires the transactivation
domain to inhibit NF-kappa B p65 DNA binding. Mo/ Biol Cell, 3, 1339-1352.

Henkel T, Zabel U, van Zee K, Muller JM, Fanning E and Baeuerle PA. (1992)
Intramolecular masking of the nuclear location signal and dimerization domain in
the precursor for the pSO NF-kappa B subunit. Cell, 68, 1121-1133.

Herrmann CH and Rice AP. (1995) Lentivirus Tat proteins specifically associate with a
cellular protein kinase, TAK, that hyperphosphorylates the carboxyl-terminal
domain of the large subunit of RNA polymerase II: candidate for a Tat cofactor. J
Virol, 69, 1612-1620.

Ito K, Barnes PJ and Adcock IM. (2000) Glucocorticoid receptor recruitment of histone
deacetylase 2 inhibits interleukin-1beta-induced histone H4 acetylation on lysines
8 and 12. Mol Cell Biol, 20, 6891-6903.

Jordan A, Bisgrove D and Verdin E. (2003) HIV reproducibly establishes a latent

infection after acute infection of T cells in vitro. Embo J, 22, 1868-1877.

135







Kao SY, Calman AF, Luciw PA and Peterlin BM. (1987) Anti-termination of
transcription within the long terminal repeat of HIV-1 by tat gene product.
Nature, 330, 489-493.

Kiernan RE, Vanhulle C, Schiltz L, Adam E, Xiao H, Maudoux F, Calomme C, Burny A,
Nakatani Y, Jeang KT, Benkirane M and Van Lint C. (1999) HIV-1 tat
transcriptional activity is regulated by acetylation. Embo J, 18, 6106-6118.

Lehrman G, Hogue IB, Palmer S, Jennings C, Spina CA, Wiegand A, Landay AL,
Coombs RW, Richman DD, Mellors JW, Coffin JM, Bosch RJ and Margolis DM.
(2005) Depletion of latent HIV-1 infection in vivo: a proof-of-concept study.
Lancet, 366, 549-555.

Marzio G, Tyagi M, Gutierrez MI and Giacca M. (1998) HIV-1 tat transactivator recruits
p300 and CREB-binding protein histone acetyltransferases to the viral promoter.
Proc Natl Acad Sci U S A, 95, 13519-13524,

Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, Li J, Young DB, Barbosa
M, Mann M, Manning A and Rao A. (1997) IKK-1 and IKK-2: cytokine-
activated IkappaB kinases essential for NF-kappaB activation. Science, 278, 860-
866.

Nabel G and Baltimore D. (1987) An inducible transcription factor activates expression
of human immunodeficiency virus in T cells. Nature, 326, 711-713.

Nelson DE, Ihekwaba AE, Elliott M, Johnson JR, Gibney CA, Foreman BE, Nelson G,
See V, Horton CA, Spiller DG, Edwards SW, McDowell HP, Unitt JF, Sullivan E,

Grimley R, Benson N, Broomhead D, Kell DB and White MR. (2004)

136







Oscillations in NF-kappaB signaling control the dynamics of gene expression.
Science, 306, 704-708.

Parada CA and Roeder RG. (1996) Enhanced processivity of RNA polymerase II
triggered by Tat-induced phosphorylation of its carboxy-terminal domain.
Nature, 384, 375-378.

Perkins ND, Edwards NL, Duckett CS, Agranoff AB, Schmid RM and Nabel GJ. (1993)
A cooperative interaction between NF-kappa B and Spl is required for HIV-1
enhancer activation. Embo J, 12, 3551-3558.

Pomerantz RJ. (2003) Reservoirs, sanctuaries, and residual disease: the hiding spots of
HIV-1. HIV Clin Trials, 4, 137-143.

Rohr O, Marban C, Aunis D and Schaeffer E. (2003) Regulation of HIV-1 gene
transcription: from lymphocytes to microglial cells. J Leukoc Biol, 74, 736-749.

Sheppard KA, Rose DW, Haque ZK, Kurokawa R, McInemney E, Westin S, Thanos D,
Rosenfeld MG, Glass CK and Collins T. (1999) Transcriptional activation by
NF-kappaB requires multiple coactivators. Mol Cell Biol, 19, 6367-6378.

Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, Kovacs C, Gange
SJ and Siliciano RF. (2003) Long-term follow-up studies confirm the stability of
the latent reservoir for HIV-1 in resting CD4+ T cells. Nat Med, 9, 727-728.

Sun SC, Ganchi PA, Ballard DW and Greene WC. (1993) NF-kappa B controls
expression of inhibitor I kappa B alpha: evidence for an inducible autoregulatory

pathway. Science, 259, 1912-1915.

137




Weinberger LS, Bumnett JC, Toettcher JE, Arkin AP and Schaffer DV. (2005) Stochastic
gene expression in a lentiviral positive-feedback loop: HIV-1 Tat fluctuations
drive phenotypic diversity. Cell, 122, 169-182.

Werner SL, Barken D and Hoffmann A. (2005) Stimulus specificity of gene expression
programs determined by temporal control of IKK activity. Science, 309, 1857-
1861.

West MJ, Lowe AD and Karn J. (2001) Activation of human immunodeficiency virus
transcription in T cells revisited: NF-kappaB p65 stimulates transcriptional
elongation. J Virol, 75, 8524-8537.

Williams SA, Chen LF, Kwon H, Fenard D, Bisgrove D, Verdin E and Greene WC.
(2004) Prostratin antagonizes HIV latency by activating NF-kappaB. J Biol
Chem, 279, 42008-42017.

Williams SA, Chen LF, Kwon H, Ruiz-Jarabo CM, Verdin E and Greene WC. (2005)
NF-kappaB p50 promotes HIV latency through HDAC recruitment and repression
of transcriptional initiation. Embo J.

Zabel U, Henkel T, Silva MS and Bacuerle PA. (1993) Nuclear uptake control of NF-
kappa B by MAD-3, an I kappa B protein present in the nucleus. Embo J, 12,
201-211.

Zandi E, Rothwarf DM, Delhase M, Hayakawa M and Karin M. (1997) The IkappaB
kinase complex (IKK) contains two kinase subunits, IKKalpha and IKKbeta,
necessary for IkappaB phosphorylation and NF-kappaB activation. Cell, 91, 243-

252.

138







Zhu Y, Pe'ery T, Peng J, Ramanathan Y, Marshall N, Marshall T, Amendt B, Mathews
MB and Price DH. (1997) Transcription elongation factor P-TEFb is required for

HIV-1 tat transactivation in vitro. Genes Dev, 11, 2622-2632.

139

11

cnlu. -~

L ey, S



Figure 1. TNF-a stimulation induces bimodal association of RNA polymerase II with
the latent HIV-1 LTR. (A) TNF-a stimulation drives bimodal, synchronous recruitment
of RNA Pol II and RelA to the latent HIV-1 LTR. Fixed chromatin extracts from J-Lat
6.3 cells treated with 20 ng/ml TNF-a for various times or left untreated were
immunoprecipitated with antibodies specific for RelA, RNA Pol I, or without antibody
as a non-specific control. Immunoprecipitates were assessed for enrichment in HIV LTR
DNA by UV visualization of PCR products in an ethidium bromide-stained gel. Data are
representative of three separate experiments. Note the synchronicity of RNA Pol II and
RelA recruitment to the HIV-1 LTR, as well as the nadir in binding 1 hour after TNF-a
treatment. (B) TNF-a-induced recruitment of RelA and RNA Pol II to the latent HIV-1
LTR coincides with IkBa degradation. Cytoplasmic extracts of samples treated as in (A)
were prepared, and IkBa levels were assessed by immunoblot analysis. Cytoplasmic
RelA levels were assessed to confirm equivalent loading of samples. (C) TNF-a induces
bimodal nuclear enrichment of RelA. Nuclear extracts of samples treated as in (A) were
prepared and analyzed for kB-DNA binding activity (upper panel) or for RelA
enrichment by immunoblot. Nuclear HDACI levels were assessed to confirm equivalent
loading. Note the largely overlapping patterns of RelA nuclear enrichment and its

recruitment to the latent HIV-1 LTR.

Figure 2. Transient induction of NF-kB induces unimodal recruitment of RNA
polymerase II to the latent HIV-1 LTR. (A) Pulsed administration of TNF-a induces
IkBa degradation. J-Lat 6.3 cells were stimulated with 20 ng/ml TNF-a or left untreated

for 15 min, washed twice in medium, and returned to culture for various times.
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Cytoplasmic extracts were prepared, and IkBa levels were assessed by immunoblot.
Cytoplasmic RelA levels were assessed to confirm equivalent loading of samples. Note
the similarity in depletion of IkBa in transiently and continuously TNF-a treated samples
(1B). (B) Pulsed administration of TNF-a induces transient activation of NF-xB.
Nuclear extracts of samples treated as in (A) were analyzed for kB-DNA binding activity
(upper panel) or for RelA enrichment by immunoblot. Nuclear HDAC1 levels were
assessed to confirm equivalent loading. (C) Pulsed TNF-a administration induces a
unimodal pattern of RelA and RNA polymerase II recruitment to the latent HIV-1 LTR.
Fixed chromatin extracts of samples treated as in (A) were subjected to
immunoprecipitation with antibodies specific to RelA, RNA Pol II, or without antibody
as a non-specific control. Immunoprecipitates were assessed for enrichment in HIV LTR
DNA by UV visualization of PCR products in an ethidium bromide stained gel. Data are
representative of three separate experiments. Note the absence of a second wave of RNA

Pol IT recruitment to the latent HIV-1 LTR.

Figure 3. Transient induction of NF-kB is sufficient to induce robust general xB-
dependant, but not latent HIV-1 gene expression. (A) Transient TNF-o administration
induces poor expression of latent HIV-1. J-Lat 6.3 cells were left untreated or stimulated
with 20 ng/ml TNF-a continuously or for 15 minutes followed by washing and continued
culture. HIV-LTR dependent expression of GFP was assessed by flow cytometry. Note
the overall lack of GFP expression in samples transiently treated with TNF-a.. (B)
Transient induction of NF-xB is sufficient to drive general xB-dependent gene

expression. JkRed cells were treated as in (A), and kB-dependent expression of DsRed2
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was assessed by flow cytometry. Note the strong induction of xB-dependent gene
expression by transient TNF-a stimulation. (C) Transient NF-kB induction induces
robust expression of kB-dependent genes, but not latent HIV in J-Lat 6.3 cells. J6.3xRed
cells were treated as in (A), and HIV-1 LTR-dependent expression of GFP, and kB-
dependent expression of DsRed2 were assessed by flow cytometry. Note the strong
induction of xB-dependant gene expression and relative absence of HIV gene expression

induced by transient TNF-a stimulation.

Figure 4. TNF-a induces delayed efficient elongation of HIV mRNA transcripts in J-Lat
cells. (A) TNF-a treatment of J-Lat cells induces rapid accumulation of initiated, but not
elongated HIV-1 mRNA transcripts. J-Lat 6.3 cells were treated with 20 ng/ml TNF-a
for the times indicated, and total RNA was extracted. Initiated and elongated HIV
mRNA transcripts were quantitated by real-time RT-PCR. Note the delayed emergence
of elongated HIV transcripts relative to the rapid increase in initiated transcripts. (B)
Transient induction of NF-kB does not induce accumulation of elongated HIV mRNA
transcripts. J-Lat 6.3 cells were treated with 20 ng/ml TNF-a for 15 min, washed twice,
and returned to culture for various times. Initiated and elongated HITV mRNA transcript
abundance were assessed as in (A). Note the absence of delayed elongated HIV mRNA
transcript accumulation relative to (A). (C) The kinetics of initiated and elongated HIV
transcript formation in TNF-a induced J-Lat cells are dynamic. Rate of transcript
formation in continuously TNF-a stimulated J-Lat 6.3 cells was determined from (A).
Note that rate of initiated HIV mRNA transcript formation is relatively constant across

time, in contrast to the accelerating rate of elongated transcript formation.
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Figure 5. TNF-a induced robust expression of HIV is dependent on de novo synthesis of
Tat. (A) TNF-a induced accumulation of initiated HIV mRNA transcripts is not
dependent on de novo protein synthesis. J-Lat 6.3 cells were preincubated with 10 pg/ml
cycloheximide for 30 min or left in complete culture medium prior to 15-min pulse or
continuous stimulation with TNF-a for 1 or 6 h. Total RNA was extracted and initiated
HIV mRNA transcripts were quantitated by real-time RT-PCR. Note the continued
accumulation of initiated HIV transcripts in cycloheximide-treated samples at both 1 and
6 h after TNF-a stimulation. Data are representative of three separate experiments. (B)
Late TNF-a induced accumulation of elongated HIV mRNA transcript is dependent on
de novo protein synthesis. Elongated HIV-1 mRNA transcripts were quantitated from
samples treated as in (A). Note the sensitivity of elongated HIV-1 mRNA transcript
accumulation in cells continuously stimulated with TNF-a to cycloheximide treatment.
Data are representative of three separate experiments. (C) Ectopic expression of HIV-1
Tat rescues HIV gene expression in response to transient TNF-a stimulus. J-Lat 6.3 cells
were cotransfected with control empty CMV, Tat, or RelA expression vectors and a
plasmid expressing the cell-surface H-2K* marker to identify transfected cells.
Transfected cells were stimulated with TNF-a for 15 minutes or continuously, and GFP
expression was assessed in the H-2K*-expressing cells. (D) Continuous TNF-a
stimulation of A72 cells drives weak expression of HIV. Tat-deficient A72 cells were
left untreated, or pulsed or continuously treated with TNF-a, and GFP expression was

analyzed by flow cytometry.
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Figure 6. NF-xB-mediated induction of latent HIV-1 gene expression is DRB-sensitive.
(A) TNF-a induced initiation of HIV transcription is DRB insensitive. J-Lat 6.3 cells
were left untreated or pretreated with DRB for 30 min, then left unstimulated or
stimulated with 20 ng/ml TNF-a for 1 or 6 h. Total RNA was extracted, and initiated
HIV mRNA transcripts were quantitated by real-time RT-PCR. (B) Early and late TNF-
a induced HIV mRNA transcript elongation is DRB sensitive. Elongated HIV mRNA
transcripts were quantitated from samples treated as in (A). Note the strong sensitivity of
elongated transcript formation at both 1 and 6 h after TNF-a stimulation. (C) TNF-a
stimulation induces rapid recruitment of phosphorylated RNA Pol II to the HIV-1 LTR.
Fixed chromatin extracts were prepared from J-Lat 6.3 cells stimulated with 20 ng/ml
TNF-a continuously or transiently for 15 minutes and cultured for various times.
Extracts were immunoprecipitated with antibodies specific for serine-2 phosphorylated
RNA polymerase II and assessed for enrichment in HIV LTR DNA by UV visualization
of PCR products in an ethidium bromide-stained gel. Data are representative of three
separate experiments. Note the presence of phosphorylated RNA Pol II on the HIV LTR

in samples stimulated for 15 min.
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A broad understanding of the mechanisms that maintain and promote resolution
of HIV-1 latency will be key to developing therapies designed to eradicate this resistant
reservoir of infection. In my thesis research, I identified different members of the NF-xB
family of transcription factors as key regulators of both activation and maintenance of
HIV-1 latency and developed insights into the basic transcriptional events surrounding
the persistence of latent HIV proviruses and their subsequent activation. Insights gleaned
from these studies suggest new approaches aimed at purging HIV from its latent
reservoir. These planned studies take the form of small clinical trials that will be
performed in both infected patients and in rhesus macaques where a model of SIV latency

has been developed with our collaborators at the University of California, Davis.

L. Prostratin induction of NF-xB activates expression of latent HIV-1

The recognition of a pool of latent HIV-1 in infected patients as an important
reservoir of HAART-insensitive virus prompted investigation into potential therapeutic
remedics. Early efforts with broadly immunoactivating therapies, including general T-
cell activation with OKT3 antibodies or IL-2 cytokine stimulation, were clinically
unsuccessful [1, 2]. These efforts failed in part due to the severe side effects associated
with the use of such broadly activating therapies. Consequently, new efforts were
undertaken to identify more tolerable antagonists of HIV-1 latency.

Prostratin, the active component of a traditional Samoan herbal remedy
administered for a range of different diseases including yellow fever, was identified as a
potent activator of HIV gene expression [3]. In view of its apparent tolerability in

ethnobiological settings, interest in this compound as an anti-HIV latency compound
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began to accrue. Prostratin is a non-tumorigenic phorbol ester, a class of molecules with
strong HIV-inducing activity. Investigation in a SCID-HU derived model of HIV latency
revealed that prostratin could induce expression of latent HIV-1 [4], a finding further
supported by the analysis of prostratin effects on HIV-1 expression in blood cells from
infected patients [S]. These studies, while suggestive of an effect in latently infected
cells, did not exclude the possibility that prostratin amplified expression of HIV-1 in
actively infected cells. To address this question directly, we examined the effects of
prostratin in the J-Lat T-cell model of HIV-1 latency, in which true HIV-1 latency is
confirmed in individual cells by the absence of HIV-1-directed expression of GFP. Our
studies confirmed that prostratin is a potent antagonist of HIV-1 latency, inducing
efficient expression of latent HIV-1 in a subset of latently infected cells. Induction of
latent HIV-1 gcne expression by prostratin was observed in multiple J-Lat clones,
indicating that the activity of prostratin occurs independent of the locus of HIV
integration.

We identified the PKC family of signal-transducing protein kinases as key
partners in prostratin induction of HIV-1 gene expression. In this manner, prostratin is
functions in a highly analogous manner to the tumorigenic phorbol ester PMA, which
similarly induces activation of AP-1 and NF-xB [6, 7]. Analysis of upstream PKC
signaling events revealed similarity in the range of kinases induced by these phorbol
esters; however, PMA induced membrane translocation of PKC-a and PKC-{ much
faster and more strongly than prostratin. This distinction may provide clues to the
sharply different tumor-inducing profiles of these two compounds. Our analyses

concluded that prostratin action requires the novel family of PKC kinases. A subsequent
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study confirmed our observations and identified sequential action of the novel PKCs
PKC-a and PKC-0 as the individual kinase mediators of prostratin’s action on the latent
HIV-1 provirus [8]. This later study made use of siRNA-mediated targeted knockdown
of host gene expression, a technology that was not yet refined at the time of our own
study. Further study of targeted PKC-a-specific inducers may yield potent and
systemically tolerable anti-latency agents. Additionally, knockdown of individual PKC
subunits may identify those members responsible for PMA-induced carcinogenesis.

We further evaluated the AP-1 and NF-«xB signaling pathways downstream of the
novel PKCs as intermediaries of prostratin antagonism of HIV-1 latency. These families
of transcription factors had been implicated in prior studies as positive regulators of
activated HIV-1 gene expression, but not in the setting of latency [9, 10]. Our studies of
HIV-1 LTR reporters with targeted mutations in various enhancer sites demonstrated that
the NF-xB binding sites are essential for prostratin induction of HIV-1 gene expression.
In contrast, the AP-1 sites appear dispensable for prostratin action on the HIV-1 LTR.
These findings are consistent with earlier studies that identified substantial replicative
defects in viruses with mutated kB enhancer binding sites [11]. A series of investigations
with chemical and genetic inhibitors of NF-kB further confirmed the requirement for NF-
kB activation in prostratin antagonism of HIV-1 latency.

We further identified the key role played by NF-xB by demonstrating that RelA
directly binds to the latent HIV-1 LTR in chromatin immunoprecipitation assays. Before
these studies, binding of this transcription factor to the HIV-1 LTR had been predicted by
in vitro electrophoretic mobility shift assays; however, direct binding in vivo had not

been demonstrated. Our analyses conclusively established inducible binding of RelA to
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the HIV-1 promoter, as well as constitutive binding of Spl at an adjacent enhancer site.
These studies identified conditions for ChIP analysis of transcription factor binding to the
latent HIV-1 LTR in J-Lat cells, and laid the groundwork for the subsequent study of p50
homodimer-mediated repression of latent HIV transcriptional initiation (Chapter 4).
These findings regarding NF-kB were subsequently confirmed by another laboratory

[12).

II. NF-xB1 p50 Homodimers Bind to, and Transcriptionally Repress Latent HIV-1
In our initial analysis of factors binding to the latent HIV-1 LTR, the constitutive
binding of p50 subunit of NF-kB was a striking feature. Earlier analyses of chromatin-
integrated HIV-1 indicated that the kB loci of the HIV-1 LTR are protected against
micrococcal nuclease digestion, suggesting binding of an unknown factor [13, 14]. NF-
kBl p50 homodimers represent the predominant NF-xB species in the nuclei of
uninduced cells [15, 16], and the primary candidate to bind the kB enhancer of the HIV
LTR in uninduced cells. We directly demonstrated that this factor is associated with the
transcriptionally silent HIV-1 LTR in J-Lat cells. Strikingly, the quantity of p50
associated with the HIV-1 LTR is similar in uninduced and TNF-a-induced cells. This
observation is explained by a model in which the p50-p50 homodimer is replaced by a
pS0-RclA heterodimer upon induction of NF-kB. Since p50 is contained in either LTR-
binding NF-xB complex, the ChIP assay does not identify a change in p50 binding.
Alternatively, the amount of p50 associated with the HIV-1 LTR may change, but not

enough to be detected by the ChIP assay.
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The prevailing model of HIV-1 transcriptional regulation states that RNA
polymerase II binds the LTR constitutively and initiates transcription that is abortive in
the absence of Tat or other T-cell activating stimuli [17]. In contrast to this model, we
failed to detect binding of RNA Pol II to the latent HIV-1 LTR in the absence of NF-xB
activating stimulus. This observation suggested that the failure of gene expression in J-
Lat cells is not a consequence of abortive elongation, but is rather a failure of the earlier
step of transcriptional initiation. Restriction of transcriptional initiation is a common
mechanism for regulating gene expression. Therefore, the processes involved in the
restriction of HIV-1 initiation in latently infected cells may be common to processes
utilized to restrict expression of endogenous host genes. NF-kB1/p50 has been
demonstrated to repress expression of the host genes IL-8 and Cox-2, in the absence of
NF-kB activating stimulus [18]. Our studies revealed p50-complexes as transcriptional
repressors of latent HIV, and highlighted the yin and yang functions of different Rel
proteins in the maintenance (pS0 homodimers) and loss (pS0/RelA heterodimers) of HIV
latency.

Histone acetylation is a common indicator of transcriptional activity [19]. Our
studies revealed that histones surrounding the latent HIV-1 LTR are hypoacetylated, a
process directed by the localized recruitment of various histone deacetylases (HDACS).
Induction of latent HIV-1 gene expression is associated with an increase in localized
histone acetylation. As such, we reasoned that this histone modification might underlie
the transcriptional processes restricting RNA polymerase II association with the latent
HIV-1 LTR. Studies by other groups had confirmed an increase in histone acetylation

after NF-xB induction of HIV gene expression [12]. We next demonstrated a functional
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role for histone acetylation in the context of HIV-1 latency. Induction of generalized
histone hyperacetylation with the use of HDAC inhibitor TSA triggered the association of
RNA polymerase II with the latent LTR in the J-Lat system, but failed to induce gene
expression. We showed this to be a consequence of a failure of TSA to induce C-
terminal domain phosphorylation of RNA polymerase II, a necessary modification for
elongation by this bound polymerase complex.

We conclude that transcriptional regulation of latent HIV-1 can be governed both
at the level of transcriptional initiation through HDAC-mediated exclusion of the RNA
polymerase complex and at the level of mRNA elongation as predicted by the canonical
model of HIV transcriptional regulation. Thus, our observations do not contradict the
established model. Rather, they indicate that HIV latency in some contexts involves an
additional level regulation involving blockade of RNA polymerase II binding. Other
systems examining TSA action have observed that inhibition of HDAC activity alone is
sometimes sufficient to induce expression of HIV [13, 20]. It is not clear whether the
action of TSA in these systems is due solely to a reversal of repression of transcriptional
initiation, or rather to the enhancement of activity NF-xB complexes which are positively
regulated by acetylation [21, 22].

Several transcription factors, including p53 and NF-kB, are modulated by post-
translational acetylation [21, 23]. Acetylation of RelA drives prolonged nuclear duration
of the complex and enhances its transcriptional activity. Studies with the J-Lat system
identified a strong synergy between NF-kB-inducing agents and TSA in the induction of
HIV-1 gene expression. The synergy observed with these combined treatments may be a

consequence of enhanced NF-xB activity, relaxed chromatin structure, or a combination
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of both factors. Altematively, unrecognized partners may be induced by simultaneous
treatment that enhance transcriptional activation of latent HIV through alternate
mechanisms.

Overall activation of HIV gene expression by NF-kB-inducing stimuli was
modestly reduced in pS0-knockdown cells, suggesting that the pSO/RelA heterodimer is a
more potent activator of transcription than RelA/RelA homodimers. Prior studies of NF-
kB transactivation indicate that the p50/RelA heterodimer binds DNA with greater
affinity than RelA/Rel homodimers, providing a potential explanation for this
observation.

The development of tools to specifically target downregulation of p50 will allow a
broader assessment of this mechanism in the regulation of host genes. A study of the
basal expression of host kB-responsive genes may identify subsets that are repressed by
this complex and others that are not. Examination of these subsets might identify DNA
sequences and neighboring transcription factors that contribute to the effect. Additionally,
the extent of NF-xB2/p52’s involvement in the regulation of latent HIV-1 gene
expression remains unexplored. Additional derepression might be achieved in the context
of synchronous knockdown of p50 and p52.

Our observations in the J-Lat system suggest that inhibition of HDAC action will
strongly prime latently infected cells for transcriptional activation in the context of either
NF-xB inducers or exogenously supplied Tat. In a recent clinical study in HIV-1-
infected patients, the HDAC inhibitor valproic acid transiently reduced the latent pool

[24]. Our studies predict that this effect would be strongly enhanced by simultaneous

159



administration of NF-kB inducing stimuli or soluble transducing Tat. Future studies

examining combined therapeutic approaches will be of great interest.

IIL. Sustained Activation of NF-xB Is Required for NF-xB Induction of Latent HIV-
1 Gene Expression

To expand on the observed activation of latent HIV-1 gene expression by NF-«kB-
inducing stimuli, we conducted an analysis of the kinetics of transcriptional events after
NF-kB induction. We observed a surprisingly complex pattern of RNA polymerase II
binding to the HIV-1 LTR after induction of NF-kB, with distinguishable waves of
recruitment of RNA polymerase II to the HIV LTR. These waves of polymerase
recruitment were largely synchronous with a similar pattern of RelA recruitment to the
latent HIV-1 LTR. This damped oscillatory pattern is governed by the negative feedback
loop inherent to NF-kB, directed through the xB-driven expression of NF-xB inhibitors
IxBa and A20 [25, 26].

While transient activation of NF-kB can induce a broad range of kB-responsive
genes, several host genes, including MCP-1 and SOD-2, require prolonged induction for
efficient expression [27]. Analysis of NF-kB induction of HIV-1 gene expression
revealed a striking requirement for prolonged NF-kB induction. Transient induction of
NF-kB was capable of inducing transcriptional initiation; however, elongation before 4
hours of NF-kB induction was inefficient. The delayed enhanced elongation is not a
consequence of NF-kB directly, but rather a result of de novo synthesis of Tat, which

synergizes with continued NF-xB induction to promote efficient elongation.
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Interestingly, although transient stimulation of NF-kB induces Tat synthesis, this Tat is
not capable of transactivating the HIV LTR in the absence of continued NF-xB activity.
This is likely the consequence of rapid re-repression of the HIV LTR after resolution of
the NF-kB response. This re-repression is unlikely to be mediated by p50, as pSO0-
knockdown cells are no more sensitive to transient NF-kB induction than control cells
(data not shown). The nature of this repression is not yet clear; however preliminary data
suggest that histone acetylation is involved. YY1, a transcription factor that bind the
LTR, can recruit HDACI to the HIV LTR. This complex may recruit deacetylase activity
to the LTR in the absence of p50. Additional investigation into this possibility is
warranted.

In view of recent reports demonstrating RelA-directed recruitment of p-TEFb, the
failure of NF-xB to direct efficient elongation was unexpected [28]. Given this
functional homology to Tat and the well-established role of p-TEFb in directing HIV
elongation, one might predict that RelA drives strong elongation of the HIV-1 LTR. The
observed serine-2 phosphorylation of RNA polymerase II immediately after NF-xB
induction in J-Lat cells (i.e. Tat-independent) suggests that P-TEFb kinase activity is
recruited to the LTR. The similar intensity of phospho-RNA polymerase II at later time
points (i.e. Tat-dependent), indicates that the P-TEFb kinase is similarly active in both
conditions. Based on these observations, factors other than P-TEFb may be key to the
differential elongating effects observed with NF-kB- and Tat-dependent elongation of
HIV-1 RNA transcripts. In a prior in vitro study of NF-kB-induced elongation of HIV

transcripts, CDK9 was largely dispensable for RelA transactivation [29]. Thus, the
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CDK7 and CDK8 kinases may be more important in this context or, alternatively,
functional redundancy may exist within these various assay systems.

A number of possibilities underlying this differential effect remain to be excluded.
The chromatin immunoprecipitation assay used to assess serine-2 phosphorylation may
not be sensitive enough to detect the degree of phosphorylation of a single RNA
polymerase II complex. The C-terminal domain of RNA Pol II, which is the substrate for
serine-2 phosphorylation, is comprised of 26 repeats. Hence, NF-kB driven P-TEFb may
phosphorylate eight residues, and Tat-driven P-TEFb might phosphorylate all 26. Such a
difference might not be distinguished in ChIP assays performed with phospho-serine-2
antibodies. Alternatively, Tat transits with the RNA Pol II complex as it elongates and
may be able to promote renewed RNA Pol II phosphorylation as the RNA chain extends,
continuously reinforcing its elongating capacity. Tat might also induce more efficient
phosphorylation of the negative transcription factors associated with paused RNA
polymerase II complexes, NELF, and DSIF. It is also possible that Tat may recruit
factors in addition to P-TEFb that synergize to promote highly efficient elongation.
These and other events may underlie the dramatic differences observed with NF-kB- and
Tat-driven elongation of the RNA polymerase II complex engaged on the HIV LTR.

Although NF-kB appears to induce elongation of HIV-1 mRNA poorly, it directs
expression of general xB-responsive genes with great efficiency. Our studies with
integrated xB-DsRed2 reporters indicated that transient induction of NF-kB is sufficient
for strong expression of this reporter construct. Additionally, expression of kB-
responsive host genes IkBa, A20, COX-2, IL-6, and GRO-1 are all strongly and rapidly

induced by transient NF-xB induction [27]. The features common to the promoters that
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allow effective NF-xB driven expression or those that restrict it in the context of HIV are
unclear.  Further investigation into promoter and RNA elements that regulate
transcriptional events will enhance our understanding of these basic events surrounding

the transactivation of gene expression by NF-kB.

IV. Future Directions

This body of work has elucidated the role of the NF-kB family of transcription
factors in the regulation of latent HIV-1 gene expression. The primary focus of these
studies was the constituents of the prototypical NF-kxB complex, RelA and p50.
However, the roles of RelB, c-Rel, and pS52 are not yet firmly established. Initial
exploration of these factors suggests that each can bind the HIV-1 promoter, but the
effect of their binding is not clear (data not shown). Overexpression of RelB and c-Rel
failed to induce appreciable expression of latent HIV-1 in the J-Lat system (data not
shown), suggesting that these factors cannot direct the mechanisms employed by RelA to
promote HIV-1 gene expression. Further studies to examine the ability of these factors to
induce initiation and elongation of HIV-1 mRNA may be of interest. Additionally,
analyses of chimeras formed with the DNA binding regions and transactivation domains
of RelA, RelB, and c-Rel may identify previously unknown interacting partners that
mediate the strong transactivating potential of RelA.

In our initial analysis of prostratin antagonism of HIV-1 latency, a potential role
for NFAT emerged in experiments where PMA and ionomycin were used as agonists and
cyclosporine A as an NFAT antagonist. The results suggest several basic questions. Can

NFAT drive transcription of latent HIV-1 in the absence of NF-kB? If not, does NFAT
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enhance initiation or elongation associated with NF-kB activation of latent HIV-1
transcription? Which NFAT family members mediate this effect? Is the effect direct?
Can binding of NFAT family members be demonstrated at the latent HIV-1 LTR? What
is the consequence of targeted knockdown of these factors? Our preliminary analyses of
transcription factors bound to the latent HIV-1 LTR identified the constitutive binding of
Spl. In vitro studies of HIV transcription suggest that Spl is important in NF-xB-
induced activation of HIV transcription. The contribution of Spl to HIV transcriptional
regulation within the J-Lat system remains unexplored. Sp3 competes with Spl for the
enhancer binding sites. It is unclear if Sp3 is bound to the HIV-1 LTR and, if so, whether
a competitive equilibrium exists between these transcription factors. Additionally, it is
unclear to what extent NF-xB will function in the absence of one or both of these factors.
Further analysis of these basic transcription factors with demonstrated associations with
the LTR should be fertile grounds for continued research.

Histone modification clearly plays an important role in the regulation of HIV-1
gene expression. Our studies demonstrate that histone H3 acetylation at LTR-proximal
loci is associated with enhanced RNA polymerase II binding and increased
transcriptional initiation. It is unclear to what extent other histone modifications are
associated with transcriptional repression or activation. Studies of histone methylation at
the latent LTR have not yet provided clear results; however, given its importance in
general host gene regulation, this modification is likely an important regulator of HIV
transcription. Additionally, the roles of histone phosphorylation, ubiquitylation, and
ADP ribosylation in the context of the latent HIV-1 LTR have not been examined. Tools

to manipulate these classes of histone modification do not yet exist, and consequently
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while these modifications can be associated with transcriptional states, they can not be
defined as causal factors. Future exploration of the role of histone modification will
hinge on the development of new tools and technologies, allowing targeted intervention
of these modifications.

A striking feature of the J-Lat system is the fractional activation of GFP
expression induced by NF-xB agonists. Because the J-Lat model was selected clonally, a
stimulated population would be predicted to respond to a given stimulus in an “all-or-
none” manner. Instead, a reproducible fraction of cells is activated, with individual
clones tending towards higher or lower percent response on a clone-by-clone basis. A
potential explanation for this behavior is that the fraction of the clones not expressing
HIV-1 in response to stimulation have lost the ability to express due to the accrual of
random mutations in viral or host genes during propagation of the culture. However,
when cells that failed to respond to an initial stimulus were sorted and subjected to a
second round of stimulus, the fraction of cells expressing HIV-1 was similar to that
obtained in the first round. Conversely, cells that had initially responded to stimulus only
fractionally responded to a second stimulus. Taken together, these observation suggest
that there is an inherently stochastic event that governs whether stimulus will induce gene
expression or not in any particular latently infected cell. This phenomenon suggests that
serial administration of antagonists of HIV latency will likely be required for effective
purging of the reservoir.

p50-mediated recruitment of HDAC activity to the HIV LTR is a major
contributor to transcriptional repression in the J-Lat system. Prior studies identified the

interaction of the p50-homodimer with HDACI, but these analyses stopped short of
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identifying precise domains of either molecule required for this interaction. Determining
which residues of p50 and HDAC] are necessary to form this transcriptionally repressive
complex would be useful for the design of agents to specifically block this interaction.
Such a compound would likely have fewer side effects than generalized HDAC
inhibition. Alternatively, displacing p50-p50 homodimers from kB enhancers would also
alleviate transcriptional repression induced by this complex. The mechanism governing
the fractional responsiveness of latent HIV-1 gene expression to NF-kB driven activation
is not yet clear. Ectopic Tat expression strongly sensitizes J-Lat cells to NF-xB induced
activation, changing the expression profile from a fractional response to a uniform
response. The predominant model of Tat transactivation posits that Tat binds to initiated
transcripts to enhance transcriptional activity. In this light, uniform expression of HIV-1
in the presence of ectopically expressed Tat in J-Lat cells suggests that activation of NF-
kB induces universal transcriptional initiation. The failure of this universal initiation to
translate into efficient gene expression in the majority of J-Lat cells in the absence of Tat
suggests that a stochastic event lies downstream of transcriptional initiation. For
example, the number of elongated transcripts in non-responding cells may be insufficient
for the synthesis of Tat, precluding efficient elongation. Alternatively, induction of latent
HIV gene expression may induce competing repressive processes that actively shut down
HIV transcription. Further research into this basic question of mechanisms regulating the
fraction responsiveness of J-Lat cells to NF-kB induction will undoubtedly be of interest.
While the J-Lat system replicates many aspects of HIV-1 latency in vivo, several
factors set it apart from the scenario in infected patients. J-Lat cells replicate

continuously and are highly metabolically active, whereas the key population of cells
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within infected patients is largely quiescent. Our studies indicate that NF-xB can be
induced as readily within quiescent cells as in J-Lat cells. Additionally, while the J-Lat
model consists of several clonal populations, they may behave differently than the highly
heterogeneous population in infected patients. Although the generality of a mechanism
can be argued by demonstrating of an effect in several J-Lat clones, it is difficult to
extend these arguments into in vivo systems given the strong selection for NF-kB-
dependent expression inherent in the J-Lat system. Therefore, efforts to generate a model
of heterogeneously integrated latent HIV-1 in primary lymphocytes would be of great
value to future HIV-1 latency research.

Ultimately, advancement of our understanding of HIV-1 latency will require
major improvements in our ability to analyze the latently infected population as it exists
in the infected patient. Our studies of primary tissue were largely unsuccessful. We
could only culture virus from a single patient (data not shown), and then could not
propagate virus from this patient in subsequent studies. Our assay system depended upon
viral propagation and identification of viral outgrowth by p24 ELISA. These assays
might be improved with the use of more sensitive RT-PCR-based approaches for the
quantitation of viral RNA. With sufficient assay sensitivity, viral gene expression could
be assessed at both the initiation and elongation phases, allowing analysis of a broad
range of potential antagonists of latency. Recently, a significant improvement in
detection of latent virus from patient blood was made with leukophoresis, a process that
increases the number of cells that can be isolated from patient blood [24]. The increased
scale of lymphocyte recovery allowed consistent isolation of latent virus in infected

patients and was sufficient for gross quantitation of the size of the latent pool.
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Analyses of latent HIV-1 should not be restricted to peripheral blood lymphocytes
(PBLs). Existing estimates of latent pool size are based entirely off of studies of PBLs, a
tissue which may not accurately reflect the entire body load of latent HIV-1. Studies of
lymph nodes, gut-associated lymphoid tissue (GALT), spleen, thymus, and other
lymphocyte-rich environments may reveal disparate rates of latent HIV-1 infection. The
concept of HIV-1 latency should be further broadened to encompass not only
lymphocytes, but the entire range of HIV-susceptible cells, with particular attention to
macrophages and dendritic cells, subsets of which may be very long-lived. To this end,
the THP-1 macrophage model of latency and should be examined for similarities of

mechanistic control with the J-Lat system [30].

In summary, these studies have opened a new chapter in the regulation of HIV
transcriptional activity by the NF-xB family of transcription factors. Through a series of
investigations, we have demonstrated the central importance of NF-xB in the activation
of latent HIV-1 by the potential therapeutic prostratin. We described an unexpected role
for NF-xB as a transcriptional repressor that reinforces HIV-1 latency through p50
recruitment of HDACs and chromatin-based restriction of RNA polymerase II
accessibility. Finally, we uncovered a surprisingly complex kinetic profile of NF-xB
induction of HIV transcription. These studies have opened the door for further
investigation into the mechanistic control of transcriptional elongation by RelA. By

elucidating mechanisms of transcriptional regulation of latent HIV-1, these studies
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predict that in combination, NF-xB agonists, HDAC inhibitors and HIV-1 Tat should

serve as a powerful activator of HIV-1 latency in HIV-1 infected patients.
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