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Abstract

The human immunodeficiency virus (HIV-1) i1s a retrovirus that integrates into host
cell’s chromatin for gene expression and replication. As mtegrated provirus HIV-1 1s
able to persist for long periods of time during antiretroviral therapy in quiescent
memory T cells reservoirs. Understanding how these reservoirs are established,
maintained, and reactivated 1s essential for developing methods to target and eventually

eradicate HIV-1 infection.

Latency 1s likely established and maintained by numerous blocks at multiple steps in
the HIV-1 gene expression pathway, which potentially complicates eradication strategies
that aim at the purging of HIV-1 reservoirs from the infected patient. Recently, it has
been proposed that the spatial distribution of genes within the nucleus contributes to
transcriptional control allowing optimal gene expression as well as constitutive or
regulated gene repression. Hence, the position of the provirus within the nucleus and
its long-range interaction with other genomic regions could be another unexplored level

of HIV-1 transcription control.

In order to gain insight in the conformation of chromatin at the site of HIV-1
mtegration we exploited seven different cell lines carrying a single latent provirus, which
represent well-characterized models of HIV-1 latency. In the silenced state, the provirus
was consistently found at the nuclear periphery. After induction of transcription the
location of the transcribing provirus remained peripheral. Furthermore, i the J-lat Al
cell ine, chromatin conformation studies revealed that the proviral vector 1s associated

to a pericentromeric region of chromosome 12 (Ch12q12) located at the periphery of



the nucleus. Even though the location of the provirus did not change n transcriptionally
active cells, the association between these two loct was lost. These results reveal a new
mechanism of transcriptional silencing involved i HIV-1 post-transcriptional latency

and reinforce the notion that gene transcription can occur also at the nuclear periphery.
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Introduction

HIV-1: genome and structure

The acquired immunodeficiency syndrome (AIDS) 1s a life threatening disease caused
by the human immunodeficiency virus type 1 (HIV-1). Following 25 years since its
discovery the virus has killed more than 25 million people worldwide and it remains a
major threat to public health and a challenge for drug development (Ho and Bieniasz,
2008). HIV-1 became the most studied virus in history and many years of research only
partially unraveled the complexity of its life cycle. Studies on HIV-1 led to critical
discoveries n antiviral drug development but also gave rise to new concepts n viral and
cellular biology. However, the plasticity of viral sequences, the establishment of a latent
state, and uncovered function of some auxiliary genes still remain a challenge in finding

a cure for HIV-1 infection (Richman et al., 2009).

Genome organization

HIV-1 1s a retrovirus, possessing an RNA genome that 1s replicated via a DNA
intermediate. The full HIV-1 genome is encoded on one long strand of RNA and
contains approximately nine thousand nucleotides. HIV-1 has several major genes
encoding for structural proteins that are found in all retroviruses and several
nonstructural (accessory) genes that are unique for HIV-1. The gag gene provides
structural elements of the virus and the pol provides the replication enzymes. The Env

gene codes for glycoproteins which are exposed on the surface of the viral envelope.



Accessory proteins (Tat, Rev, Vif, Vpr and Vpu) act at various stages of the various life

cycle.

gag (Group-specific Antigen): codes for MA (pl7), a matrix protein; CA (p24), the
capsid protein; p6 and NC (p7) which build the nucleocapsid, and two spacer proteins

(SP1,SP2).

pol (Polimerases): codes for viral enzymes such as reverse transcriptase (RT), intergrase

(IN) and protease (PR).

env (Envelope): codes for gp160, the precursor to gpl120 and gp41, proteins embedded

i the viral envelope which enables the virus to attach to and fuse with the target cell.

tat (Trans-Activator of Transcription), rev (Regulator of Virion), nef (Negative
Regulatory Factor), vif (Viral infectivity factor), vpr (Viral Protein R), vpu (Viral Protein

U). The Figure 1 shows the structure of the HIV-1 genome.
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Figure 1. Structure of the HIV-1 genome.
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Virion structure

HIV-1 is composed of two copies of a single-stranded RNA enclosed by a proteic core
(capsid), which 1s surrounded by the plasma membrane (envelope) of host-cell origin in
which the viral glycoproteins are inserted. All structural proteins, which are components
of the HIV-1 virion, are derived from the Gag polyprotemn. Gag is co-translationally

myristoylated, which allows anchoring of this polyprotein to the membrane.

Traditionally two forms of HIV-1 particles, the immature form and the mature form,
have been observed. The immature virion 1s a roughly spherical shell of radically
extended uncleaved and multimerized Gag molecules (Figure 2B). During particle
maturation, viral protease (PR) 1s activated and cleaves Gag generating a set of new
proteins termed matrix protein (MA), capsid protein (CA), nucleo capsid (NC), spacer
proteins 1 and 2 (SP1 and SP2, respectively) and p6 (Figure 2A). These newly
processed proteins then reassemble to form the distinct layers of the mature virion: MA
remains assoclated with the mner viral membrane (the ‘matrix’ layer), NC coats the viral
RNA genome (the ‘nucleocapsid’ layer), and CA assembles into the conical capsid that

surrounds the nucleocapsid and its associated enzymes: reverse transcriptase (RT) and

mtegrase (IN) (Figure 2C).

SP1 SP2
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Figure 2. HIV-1 virion and structure of Gag polyprotein.
A) Domain structure showing the localization of MA, CAxw (N-terminal domain of the capsid protein)
CAcrn (C-terminal domain of the capsid protein) SP1, NC, SP2 and p6. Schematic models of the

immature (B) and mature (C) HIV-1 virions (Ganser-Pornillos et al., 2008).

HIV-1 Iife cycle

Human immunodeficiency virus (HIV-1) infectious cycle begins with the interaction of
viral envelope glycoproteins gp120/gp41 with CCR4 or CXCRY co-receptors, which are
found in cells of the immune system such as CD4+ T cells and cells of the monocyte -
macrophage lineage (Berger et al., 1999). CCR5 and CXCR4 co-receptors provide a
critical function for virus entry. Macrophage-tropic viruses (R5 viruses) binds CCR5 and
T cell tropic viruses (X4 viruses) binds CXCR4. After virus adsorption, the viral and
cell membranes fuse together, and the viral 'core' is released nto the cytoplasm, where
the virlon-associated reverse transcriptase 1s activated and begins synthesizing viral
cDNA. The trigger for the beginning of DNA synthesis i1s unknown. However, it
appears that mitiation of reverse transcription is strictly linked to the uncoating process
and 1t 1s possible that the exposure of the retrotranscription complex to the significant
concentration of deoxiribonucleotides in the cytoplasmic environment is what allows
reverse transcriptase to begin to act. Disassembly of the lentiviral core 1s characterized
by dissociation of the Gag encoded capsid protemn, CA (Bukrinsky et al., 1998).
Finishing of reverse transcription originates the HIV-1 preintegration complex (PIC).
The PIC form by integrase (IN), MA, reverse transcriptase (RT), NC, Vpr and viral
retrotranscribed ¢cDNA is delivered in to the nucleus (Farnet and Haseltine, 1991). In

contrast to most retroviruses, HIV-1 is able to infect nondividing cells such as
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differentiated macrophages, thus PIC needs to be translocated into the nucleus, where,
the HIV-1 integrase, catalyses the integration of the viral cDNA into the host-cell
genome. Integrated provirus is transcribed by the host - cell RNA polymerase 11
(RNAPII) producing a copy of the viral RNA genome that can be used to infect other
cells (Haseltine, 1991). Transcription of the integrated viral ¢cDNA leads to the
production of genomic and messanger RNA (mRNA) molecules that are transported to
the cell cytoplasm. Translation of HIV-1 mRNAs leads to the production of different
proteins. Assembly and budding creates new virions through the infected cell
membrane. Virus infectivity 1s acquired after particle maturation due to the actions of

protease (Figure 3) (Monini et al., 2004).

To reach the nuclear membrane, the particles must travel through the cytoplasm. HIV-
1 transport has been shown to exploit the cellular cytoskeleton. In particular, initial
movements at the cell periphery occur in association with actin (Bukrinskaya et al.,
1998), while subsequent translocation to the nucleus takes place along the microtubule
network, likely by interaction of PIC with the dynein-dependent motor complex
(McDonald et al., 2002). After reaching the nuclear envelope PIC i1s translocated
through the nuclear pore, most likely by relying on the cellular nuclear import

machinery.
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Figure 3. HIV-1 Life cycle.

After infection of a cell, a nucleoprotein reverse transcription complex containing genomic viral RNA
associated with virion proteins is deposited in the cytoplasm. Among the virion proteins are enzymes that
catalyse the synthesis of complementary DNA (reverse transcriptase; RT) and that catalyse the integration
of the viral cDNA into genomic cellular DNA (integrase). Following reverse transcription, the viral
c¢DNA in the complex is transported to the nucleus to form the integrated provirus. The virus-encoded
protein Tat and its associated cellular partner, cyclin T, promote the expression of genomic and
subgenomic viral transcripts, which are exported from the nucleus by the action of the virus protein Rev
and its cellular co-factor, CRM1. Genomic viral RNAs are transported to sites of virus assembly for
incorporation into progeny virions. Subgenomic RNAs act as templates for structural virion proteins and
regulatory/accessory proteins that perpetuate the infection and have various roles in virus-host interplay

(Stevenson, 2003).

14



Like all retroviruses, HIV-1 integrates into the host chromatin. The process of
mtegration of the linear viral DNA 1s carried out by the viral integrase protein (IN) and
cellular factors like for example LEDGF/p75 (Llano et al., 2004). It has been shown
that LEDGF/p75 acts as a chromatin docking factor for IN. LEDGF/p75 tethers HIV-
1 integrase to chromatin, protects it from degradation, and strongly influences the
genome-wide pattern of HIV-1 integration. Depleting the protein from cells and/or
over-expressing its integrase-binding domain blocks viral replication (reviewed in
(Poeschla, 2008)). Other proteins have been proposed as positive regulators of HIV-1
mtegration. HMG I (Y) dramatically stimulates integration reactions in vitro, probably
by inducing changes in DNA structure (Farnet and Haseltine, 1991). Similarly, the
mtegrase nteractor 1 (Inil), a subunit of the SWI/SNF chromatin remodelling
complex, has been proposed to stimulate the in vitro DNA-joining ability of integrase

(Kalpana et al., 1994).

For a long time integration of HIV-1 and more in general of all retroviruses was
believed to occur randomly into the host chromatin. Recent reports have challenged
this notion showing a bias for HIV-1 integration mto transcriptionally active genes (Han
et al.,, 2004). In addition, contrary to other retroviruses that integrate ito promoters,
HIV-1 viral genomes have been shown to reside within the introns of active host genes
(Lassen et al., 2004). Once integrated mto host genome, HIV-1 can undergo active

transcription allowing continuous rounds of infection.

In an infectious state, the integrated provirus 1s actively transcribed from its promoter
located in the U3 region of the HIV-1 L'TR. Once the HIV-1 pre-mRNA transcript 1s

produced, 1t can be spliced mn alternative ways to yield three classes of mRNA 1n the



nucleus: unspliced mRNA (9 kb), singly spliced mRNA (4 kb) and fully spliced mRNA
(2 kb). All three classes of mRNAs must be exported to the cytoplasm and translated
mto viral proteins for the viral life cycle to proceed. The fully spliced mRNAs, which
are the first viral transcripts that appear after infection, are exported to the cytoplasm.
They follow the same pathway of cellular RNA (Cullen, 1998) leading to expression of
the regulatory proteins Nef, Tat and Rev. The negative factor (Nef) 1s a modulator of
cellular signaling pathways that optimizes the cellular environment for virus replication.
The transcriptional activator (Tat) up-regulates the synthesis of full length viral mRNA
by elongation of RNAPII. The regulator of viral gene expression (Rev) acts at post-
transcriptional level and plays a main role in Rev-dependent export of unspliced and
mcompletely spliced HIV-1 transcripts from the nucleus to the cytoplasm leading to the

export of genomic RNA (Dorman and Lever, 2000).

After two months, in patients on Highly Active Anti-Retroviral Treatment (HAAR'T)
the plasma levels of genomic RNA falls below the limit of detection. Therefore, it was
mitially assumed that prolonged treatment might lead to eradication of the virus in these
patients (Ho, 1998). Unfortunately, it 1s now clear that long-live reservoirs of HIV-1 can
persist for years in the presence of HAART. This reservoir 1s thought to consist mainly
of latently infected resting memory CD4+ T cells (Chun and Fauci, 1999) (Pierson et
al., 2000). Both host transcription factors and the viral Tat trans-activator have been
proposed as limiting factors for transcriptional reactivation of latent HIV-1. However,
since HIV-1 is found integrated into the genome of resting memory T cells, it has been
proposed that the chromatin environment at the viral integration site may play a role in
the transcriptional silencing of the HIV-1 genome (Jordan et al., 2003) (Jordan et al.,

2001). Indeed, integrated HIV-1 has nucleosomes positioned in its 5° L'TR that are
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remodeled by deacetylase mhibitors, cytokines and Tat (Van Lint et al., 1996) (Lusic et
al., 2003) (Marcello et al., 2004). Histones play an important role in regulating HIV-1
transcription since they integrate signals for repression, like the heterochromatin
marker H3K9 trimethylation, Suv89H1 and HPIly, and reactivation, like histone
acetylation (Lusic et al., 2003). It is not clear for mnstance if also the three-dimensional
(3D) nuclear architecture of the nucleus could be mmplicated m HIV-1 provirus

regulation, as it has been proposed for cellular genes (Misteli, 2007).

Packaging of the genome RNA (gRNA) mto a particle 1s a highly specific process that
achieves selection of a single RNA species from the total capped polyadenylated
mRNA 1 the infected cell (Kaye and Lever, 1999). Two copies of genomic RNA are
encapsidated, usually inked at their 5’ end through the dimer linkage site (Darlix et al.,
1990). Dimerization 1is associated with encapsidation (Greatorex and Lever, 1998), but
dimer stabilization occurs post-capture by the Gag protein mvolving the NC. Viral
RNAs to be specifically packaged are 1dentified by the presence of an RNA sequence
named the packaging signal (y) placed within the 5’leader (Berkowitz et al., 1995;
McBride and Panganiban, 1996). However, the major determinants of packaging of
HIV-1 reside in a short RNA segment placed between the 3’ splice donor and the Gag
mitiation codon (Lever et al., 1989). Deletion of the 5’leader sequence reduces the
mcorporation of gRNA nto budding virions with little effect on other viral functions.
The site of the packaging signal allows for the specificity of encapsidation that 1s limited

to the unspliced HIV-1 mRNA.

The level of Gag may play a major role in determining the fate of the translated gRNA.

Newly formed Gag molecules bind the gRNA via NC resulting in the inhibition of

17



translation and exposing the structural elements required to chaperone gRNA
dimerization and the packaging process (DIS/SL3). Selective recognition of the gRNA
1s probably achieved b1 Gag-NC molecules binding to SLL1, SL.2 and SI3 of the W signal

(Brasey et al., 2003; Clever et al., 1995).

To a first approximation, all the information necessary for retroviral particle assembly
resides 1n the Gag polypeptide. For example, Gag alone can form extracellular virus-
like particles in the absence of other viral proteins (Gheysen et al., 1989), and Gag
molecules can spontaneously assemble into spherical, immature virus-like particles in
vitro (Campbell and Rein, 1999). All the viral proteins necessary for virion assembly
and RNA genomes are transported to the plasma membranes close to lipid raft
membrane domains, where the building of new virions begins. The Gag-Pol precursor
binds to plasma membrane through the myristol group of the MA domain. The
resulting virions bud from the plasma membrane but they are still incomplete. Their
maturation 1s finished by viral protease (PR) that cleaves Gag and Gag-Pol. Further; Gag
and Pol precursors are processed to originate the single core proteins, marix and the
viral enzymes. The proteolytic activity ends when the virion 1s already detached from

plasma membrane and results in the formation of mature infectious viruses.

HIV-1 promoter: L'TR

The U3 region of the HIV-1 LTR functions as the viral promoter. The viral LTR
promoter has a structure typical of promoters activated by cellular RNA polymerase I1.
It contains several binding sites for general transcription factors. The HIV-1 promoter

contains the core promoter sequence (I'ATA box) and enhancer elements placed
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upstream and downstream of TATA box. Immediately upstream of the TATA box are
two tandem NF-kB binding sites and three tandem SP-1 binding sites. Immediately
downstream of the start of transcription is the transactivation response element (T'AR)
(Figure 4). Three tandem-binding sites for the constitutively expressed Sp1 transcription
factor are necessary for basal levels of L'TR-directed RNA synthesis. Mutation of
mdividual or pairs of Sp1 sites has little, if any, effect on the basal or Tat-transactivated
levels of expression (Harrich et al., 1990). However, the mutation of all three Spl sites
markedly reduces the response to Tat (Berkhout and Jeang, 1992). Two tandemly
arranged binding sites (kB sites) are recognized by the dimeric transcription factors
composed of several combinations of members of the Rel/NF«xB family of
polypeptides (Baeuerle and Baltimore, 1996). The predominant complex that binds to
the L'TR «B sites in activated cells 1s NF-kB (p50/p65 heterodimer). Moreover, the
arrangement of the transcription factor binding sites in the L'TR may vary in different
HIV-1 subtypes but the specific contribution of these changes has not yet been

thoroughly investigated.

TATA I TAR
NF-kB Sp1
sites sites

HIV promoter

TAR

Figure 4. Structure of the HIV-1 viral promoter.
The HIV-1 promoter is comprised of a series of transcription control elements including NF-kB, Spl,
TATA box, RNA initiation site and the downstream TAR RNA enhancer element. In the presence of

Tat, a complex interaction between activators which include NF-kB and/or Spl bind to the upstream
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control region and interact with transcription factors which include, but may not be limited to, TBP,
TFIIH, P-TEFb and RNA Pol II. Tat and P-TEFDb facilitate the binding of TBP to the complex, setting
the stage for binding of other basal transcription factors and assembly of the preinitiation complex. In the
mitiation complex, although both TFIIH and P-TEFDb are present, the Pol II CTD is phosphorylated

primarily by TFIIH at Ser5 (black) (Brady and Kashanchi, 2005).

Regulation of the viral gene expression

The regulation of human immunodeficiency virus type 1 (HIV-1) gene expression
mvolves a complex event of pathological significance, which recapitulates general
concepts of cellular transcription with some peculiarities. After the integration of HIV-1
i the host genome viral transcription depends of many cellular factors and viral Tat

trans-activator.

Transcription Factors

HIV-1 transcription in T lymphocytes 1s regulated by DNA-binding proteins which
recognize sites in the regulatory region of the viral long terminal repeat (LTR).
Stimulation of T cells results in increased expression of HIV-1, mediated by the
inducible transcription factors (Bielinska et al., 1989). Two of the key transcription

factors (T'Fs), upon which successful transcription depends, are NF-kB and NFA'T.

Nuclear factor-kappa B: NF-xB

NF-xB 1s a members of the Rel family of transcriptional activator proteins. This

transcription factor i1s ubiquitously expressed and highly inducible. It plays an important
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role in the mnate/adaptive immunity, and cellular survival through the induction of

genetic networks (Barnes and Karin, 1997) (Karin, 1999).

The Rel protein family has been divided into two groups based on differences in their
structures, functions, and modes of synthesis (Baeuerle and Henkel, 1994). The first
group consists of p50 (NF-KB1) and p52 (NF-KB2), which are synthesized as precursor
proteins of 105 (p105) and 100 (p100) kDa, respectively. Imitially quiescent, this first
class of proteins contains a long chain of repeats that inhibits their function. p105, 1s the
precursor to one of NF-kB's monomers. Upon activation, the repeat chain 1s cleaved
and P105 becomes p50. The second group generated by proteolytic processing, has a
so-called Rel homology region (RHR) that contains one or more transcriptional
activator region on the C-terminus side, dimerization domains and a nuclear
localization signal. This group, which includes p65 (RelA), Rel (c-Rel), RelB, and the

Drosophila Rel proteins dorsal and Dif, are not synthesized as precursors.

Members of both groups of Rel proteins can form homo or heterodimers; such as, p50-
p65 heterodimer (termed also NF-kB), which 1s the most abudant and biologically
active (Huxford et al.,, 1998). NF«kB 1s a cytoplasmic complex whose nuclear
translocation 1s controlled by its association with a family of inhibitory proteins, termed
I-kBs (Baeuerle and Baltimore, 1996). Together, p50 and p65 dimerize around a 10
base pair region known as a -kB site, forming the NF-xB transcription factor. In
unstimulated cells, the p65 subunit of NF-kB 1s retained in the cytoplasm through its
mteraction with mhibitor proteins. An inducing signal leads to the phosphorylation of I-
kB and p105 (Henkel et al., 1993). This phosphorylation 1s thought to be the signal for

I-kB degradation and p105 processing (to become p50), both of which generate active



NF-xB dimeric complexes that translocate to the nucleus and activate genes containing
Rel protein-binding sites (KB sites) (Figure 5). In other words, activation of NF-xB
results in the targeted proteolysis of I-kB, releasing NF-kB to enter the nucleus and
bind to specific sequences in target promoters. The genomic actions of NF-kB are

mnfluenced by the stimulus applied and the promoter context/chromatin structure in

which it binds (Tian and Brasier, 2003).

The subunit composition of the Rel complex influences its subcellular localization,
transactivation potential, and mode of regulation. In addition to the heterodimer,
pS0/p65, homodimers of the Rel proteins exist also. The p50 homodimers do not
induce transcription. They are thought to be used as postinduction repressors,
competing with NF-kB following transcription activation subsequent to a viral mvasion

(Verma et al., 1995) (Bacuerle and Baltimore, 1996).

In the case of HIV-1, the enhancer region spanning -104 to -80 contains two consensus
NF-xB binding sites that are identical with the kB site found on the promoter of the
immunoglubulin (Ig) ¥ hght-chain, also know as Ig kB site. The upstream and
downstream kB sites on the HIV-1 L'TR are referred to as Core II and Core I
respectively (Figure 4) (Cron et al., 2000). The sequences of the kB sites and the four

nucleotides spacer are highly conserved on most 1solated of HIV-1 (Jeeninga et al.,

2000) (Rodriguez et al., 2007).

The reactivation of silent HIV-1 provirus through NF-kB occur by the induction of

multiples changes at the promotor of latent proviruses, including the recruiment of

TFIIH and RNAPII (Kim et al., 2006) and changes in the local chromatin structure at
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the HIV-1 LTR (Gerritsen et al., 1997) by recruiting histone acetyltransferases, such as

Figure 5. NF-xB pathway

CBP and p300 and chromatin remodeling factors (Lusic et al., 2003).
Two pathways lead to NF-xB activation. In the classical NF-kB
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NIF-kB activators:

TPA (12-O-tetradecanoyl phorbol acetate)

Phorbol 1s a natural, plant-derived organic compound. It 1s a member of the tighane
family of diterpenes. The most common phorbol ester 1s 12-O-tetradecanoylphorbol-
13-acetate (TPA), also called phorbol-12-myristate-13-acetate (PMA), which 1s a potent
tumor promoter able to activate the signal transduction of enzyme protein kinase C

(PKC). The effects of TPA on PKC result from its similarity to one of the natural
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activators of classic PKC isoforms, diacylglycerol. Therefore, TPA mimic T-cell

mitogen activation and activate the NF-kB pathway.

Dinter and collaborators demonstrated that the HIV-1 enhancer 1s activated specifically
by TPA 1n several non-lymphoid cell types, and that this transcriptional regulation can
be reproduced n a cell-free system. In vitro transcription experiments revealed a 6-fold
activation of the HIV-1 promoter in nuclear extracts prepared from TPA induced
Hela tk- cells (Dinter et al., 1987). Other studies done by Verdin, et al. have been
shown that the 5' region of integrated HIV-1 DNA contains an array of precisely
positioned nucleosomes. These nucleosomes define two large nucleosome-free regions
corresponding to the promoter region (nt 200-452) and to the primer binding site
region (nt 610-720). A nucleosome located i the R-U) region in basal conditions was
specifically disrupted following TPA or TNF-a treatment independent of transcription
and independent of DNA replication (Verdin et al., 1993). Thus, TPA 1s used as a

strong activator of HIV-1 transcription contributing to our understanding of HIV-1

regulation and ultimately AIDS pathogenesis.

Tumor Necrosis Factor: TNF

NF-«xB activation is stimulated by a wide variety of both intra- and extracellular stimuli,
including inflammatory cytokines, viral and bacterial products, growth factors, and
prooncogenic signals (Baldwin, 2001). Among the promnflammatory cytokines, tumor
necrosis factor alpha (TNFa) 1s one of the most potent activators of NF-kB in cell types
possessing TNFo receptors (Baud and Karin, 2001). TNFo 1s a potent
proinflammatory cytokine that plays an important role in immunity and mflammation,

and i the control of cell proliferation, differentiation and apoptosis. TNFa 1s
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produced primarily from macrophages and functions in the early phases of infection by
activating and recruiting other immune cells through the production of chemokines and
other promflammatory cytokines (Tracey and Cerami, 1994). Overproduction of
TNFa 1s also thought to contribute to the pathophysiology of several diseases including

septic shock, cancer, AIDS, diabetes, and rheumatoid arthritis (Tracey and Cerami,

1994).

HIV-1 Tat protein amplifies the activity of tumor necrosis factor TNFa, stimulating
HIV-1 replication through activation of NF-kB. In Hel.a cells stably transfected with
the HIV-1 tat gene (HeLa-tat cells), expression of the Tat protein enhanced TNFao-
induced activation of NF-kappa. As we mentioned before, in an uninduced state,
cellular I-kB proteins interact with NF-kB dimers to mask their nuclear location
sequence, retaining the complex of NF-kB and I-kB in the cytoplasm. TNFa, like a
variety of other inducers, can stimulate proteolytic degradation of I-kB by the
proteasome, allowing the translocation of NF-kB into the nucleus and subsequent

binding to its DNA motifs (Baeuerle and Baltimore, 1988) (Blank et al., 1992).

For TNFa-induced IKK and NF-«xB activation, two TNF effector molecules are
essential, the death domain kinase receptor interacting protein (RIP) and TRAF2. In

response to TNFa treatment, IKK 1s recruited to the TNFa receptor complex through

TRAF2, and its activation requires RIP (Liu, 2005).

Tat trans-activator

The trans-activator protein (Tat) 1s an unusual transcription factor because it interacts

with a cs-acing RNA enhancer element, TAR, present at the 5 end of all viral



transcripts. The function of Tat has been described for the first time by Sodroski et al
who noted that synthesis of reporter genes placed under the control of the LTR
increased 200- to 300-fold i the cells which have been previously infected by HIV-1
(Sodroski et al., 1985). They reasoned that the induction, or “transactivation” of
transcription was due to the presence of a novel trans - activating factor, which they

named Tat.

Transcription of the HIV-1 provirus is characterized by an early, Tat-independent and
a late, Tat-dependent phase. Transcription from the HIV-1 L'TR 1s increased several
hundred-fold in the presence of Tat and the ability of Tat to activate transcription 1s an

essential step in the HIV-1 life cycle.

The Tat - TAR RNA interaction

Tat function 1s mediated by the TAR RNA target element encoded within the L'TR.
TAR 1s located downstream of the mitiation site for transcription (nucleotides +1 and
+59). TAR RNA sequence forms a highly stable, nuclease - resistant, stem - loop
structure. The stem - loop structure 1s located between +19 and +43 nucleotides which
1s the minimal sequence for transactivation. Because of its location in the R domain of
the L'TR, TAR i1s present in both viral RNA and DNA. Important structural features in

the HIV-1 TAR are the stem, the pyrimidine - rich bulge, and the loop.

Tat binds TAR. Mutations that destabilize the TAR stem - loop by disturbing base -
pairing abolish Tat - stimulated transcription. Tat forms a complex with TAR and
recognizes the pyrimidine - rich bulge (+23 to +25) below the apex of the stem - loop.

Tat interacts with the first nucleotide (U23) in the bulge and with two nucleotide pairs
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on either side of bulge (G26 to C39 and A27 to U38 above the bulge, and A22 to U40

and G21 to C41 below the bulge).

Tat-mediated transcriptional activation

The interaction of Tat with TAR permits activation of HIV-1 transcription by
promoting the assembly of transcriptionally active complexes at the LTR by multiple
protein-protein interactions. Over the last few years, a number of cellular proteins have
been reported to interact with Tat and to mediate or modulate its activity. These
include general transcription factors, among which are TBP, TAFII250, TFIIB, TFIIH
(Kashanchi et al., 1994) (Parada and Roeder, 1996), RNA polymerase II (Wu-Baer et
al., 1995); transcription factor Spl; the cyclin subunit of the positive transcription
elongation factor complex (P-TEFDb), cyclin T1, and different transcriptional co-
activators that possess histone acetyltransferase activity (Figure 4). These interactions
with P-TEFb and HATs appear to be of particular importance in the transcriptional

activation of the viral promoter.

P-TEFb

Transcription elongation 1s up regulated by the positive transcription elongation factor b
(P-TEFD), which consists of one component of the cyclin T family and of the cychn-
dependent kinase Cdk9. P-TEFb enables transition from abortive to productive
transcription elongation by phosphorylating CTD in RNAPII and negative transcription

elongation factors.

Although the HIV-1 L'TR contains DNA binding sites for several transcription factors,

in the absence of Tat, there 1s no expression of viral genes. However, there is



production of short, non-polyadenylated RNAs that include TAR RNA. The instability
of synthesizing full-length viral transcripts is caused by the low processivity of RNAPII,
which 1s overcome by P-TEFb. Thus, P-TEFb 1s crucial for efficient transcriptional

elongation of HIV-1.

During the pre-initiation of HIV-1 transcription the CTD of RNA polymerase 11
(RNAPII) 1s phosphorylated by CDK-7, a component of TFIIH initiation factor (Figure
6A). CTD phosphorylation 1s an early step associated with the clearance of the
promoter. Following clearance of the promoter, the phosphorylated RNAPII 1s able to
transcribe through the TAR region. When the TAR RNA stem-loop structure 1is
synthesized, the Tat protein binds to it and by interacting with cyclin T'1, activates P-
TEFb (Figure 6A). Then, CDK9 is recruited in close proximity to RNAPII and N-
TEF, which become hyperphosphorylated allowing productive elongation (Figure 6B)
and, as recently reported, also stimulating subsequent rounds of transcription complex
assembly at the HIV-1 promoter and re-initiation (Raha et al., 2005). This molecular
event 1s associated with increased transcriptional processivity (Figure 6B). The
formation of the P-TEFb-TAR-Tat tripartite complex 1s an essential step towards the
assembly of the processive RNAPII machinery at the L'TR promoter (Bieniasz et al.,

1998)

Recently have been indentified “hot-spot” genes that are frequently targeted i latent
but not productively HIV-1 infected cells. One of these genes is the gene encoding
bromodomain containing protein 4 (BDR4), which binds to the P-TEFb complex
(Bisgrove et al., 2007). In many cell types P-TEFDb exists in two complexes: large and

small. P-TEFb 1s sequestered in an inactive ribonucleoprotein large complex which



additionally contains HEXIM1, heterogeneous nuclear ribonucleoproteins (hnRNPs)
and the 7SK small nuclear RNA (snRNA) (Figure 6C). In response to stimuli such as
stress, UV light or actinomycin D 7SK RNA, as well as HEXIM proteins and hnRNPs
are released and P-TEFDb 1s activated forming the small complex (Figure 6D)
(Barrandon et al., 2007) (Nguyen et al., 2001). A fraction of this free P-TEFb 1s bound
to BDR4, which may tether P-TEFb to actively transcribe genes. In vitro experiments
have shown that the partitoning of P-TEFb between the active and mactive complexes
changes rapidly in response to stress signals, which disrupt the 7SK ribonucleoprotein

complex and promote the formation of BRD4/P-TEFb complexes (Figure 6D).

In vitro experiments demonstrated that HIV-1 Tat protein competes with Hexim1 for
binding to the cyclin T and that Tat expression releases P-TEFb from sequestration by
Heximl1 and 7SK. Thus, Tat can access the active P-TEFb complex by competing with
Hexim1 and can substitute for Hexim1 in the absence of stress signals. The carboxyl
terminus of BRD4 mediates its interaction with P-TEFb and targets the site within P-
TEFb bound by Hexim1 and Tat. The HIV-1 transactivator Tat and BRD4 competed
for binding to P-TEFD, and the carboxyl-terminal BRD4 peptide suppressed HIV-1

transcriptional activation by Tat at low concentrations (Bisgrove et al., 2007).
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Figure 6. P-TEFD activity.

(A) P-TEFD is recruited near paused RNAPII via specific transcription factors and/or activators (TF),
such as myc or NF-kappaB. P-TEFDb then phosphorylates negative elongation factors, NELF and DSIF,
as well as the C-terminal domain of RNAPII (red P), which allows for productive elongation (yellow P
represent phosphorylation by TFIIH). Both DSIF and NELF remain bound to RNAPII and may play
other roles during elongation. (B) Tat recruits P-TEFb to the TAR RNA structure that forms at the 5'

end of the nascent HIV RNA. Then, CDK9 phosphorylates RNAPII as well as NELF and DSIF to allow
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for productive elongation (C) 7sk/HEXIM binds and sequesters P-TEFb in an inactive form in the
nucleus. Stress signals, induce release of P-TEFb from it's inhibitory complex. Release of active P-TEFb
allows for its association with Brd4 and perhaps other transcription factors which target P-TEFb to
specific gene targets. (D) Brd4 recruits active P-TEFD to acetylated DNA during transcription initiation.
The Mediator may also facilitate recruitment of P-TEFb via its association with Brd4 (Marshall and

Grana, 2006).

Histone Acetyltransferase: HA'T's

HA'Ts are enzymes that acetylate histone proteins by transferring an acetyl coenzyme A
(acetyl-CoA) onto the e-amino group of specific lysine residues present in the amino-
terminal tails of each of the core histones, resulting in the neutralization of a single
positive charge (Allfrey et al., 1964). Acetylation has long been linked with events both
in chromatin synthesis and assembly, as well as the establishment of transcriptionally
active chromatin. Acetylation 1s an energy-intensive, dynamic phenomenon, the steady-
state balance of which 1s mediated by the opposing activities of HATs and deacetylase
enzymes. Each of these enzymes generally belongs to one of two categories (Brownell
and Allis, 1996) (Garcea and Alberts, 1980). Type A are located in nucleus, this kind of
HA'Ts are mvolved in the acetylation of all four nucleosomal histones and have long
been thought to promote transcription related acetylation. In contrast B type HA'Ts,
located at the cytoplasm, are believed to have an housekeeping role in the cell,
acetylating newly synthesized free histones i the cytoplasm for transport into the

nucleus, where they may be deacetylated and incorporated in to chromatin (Allis et al.,

1985) (Guo et al., 199)).

The L'TR acts as a very strong promoter when analyzed as naked DNA 1n vitro, but

when it is integrated into the cellular genome is almost silent. Therefore, chromatin
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conformation 1mposes inhibitton onto the integrated promoter. Experiments
performed both in vivo (Verdin et al., 1993) (El Kharroubi et al., 1998) and in vitro
using the HIV-1 promoter reconstituted into chromatin (Sheridan et al., 1997) have
shown that, independent from the integration site, nucleosomes at the 5 L'TR are
precisely positioned with respect to the cissacting regulatory elements. In the
transcriptionally silent provirus, these nucleosomes define two large nucleosome-free
areas, one associated with the promoter/enhancer in the U3 region and the other
spanning the primer-binding site immediately downstream of the 5 LLTR. These two
open regions are separated by a single nucleosome called nuc-1 that 1s specifically and
rapidly destabilized during transcriptional activation. Complexes containing HAT
activity facilitate transcriptional activation by modulating nucleosomal repression of
specific promoters. This event destabilizes the histone-DNA interaction. The role of
acetylation i the processing and deposition of displaced histones, could be related with
not only the formation of nucleosomes from newly synthesized histones but also
reconstitution of nucleosome core particles, including the reassembly of the higher

order structure of chromatin (Csordas, 1990).

The HA'T proteins responsible for the TAR-dependent Tat transactivation include the
transcriptional co-activators p300, the highly homologous c¢cAMP-response element
binding protein (CREB) binding protein (CBP), the p300/CBP-associated factor
(P/CAF), the general control non-derepressible-5 (GCNJ)) factor, the TIP60 protein,
and the general transcription factor TAFII250. Lusic et al. has observed acetylation of
histones H3 and H4 at distinct nucleosomal regions and the recruitment of the above
mentioned HA'TSs to the viral TR promoter upon HIV-1 activation either with Tat or

phorbol esters (Lusic et al., 2003).
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The Tat-TAR-P-TEFb interaction increases the processivity of RNAPol II giving
support that Tat plays role in transcription elongation. The mitiation model quickly lost
support when Kao et al. reported that in the absence of Tat the majority of RNA
polymerases initiating transcription stall near the promoter (Kao et al., 1987). On the
other hand it is also clear that optimal Tat transactivation of HIV-1 gene expression
requires upstream transcription co-factors. Along these lines it has been reported that
Tat physically interacts with the pre-imitiation complex including transcription factors
such as Spl (Jeang et al., 1993), TATA binding protein (TBP) (Majello et al., 1998),
cylink/cdk2 (Deng et al., 2002), TFIIH, Tip60 (Kamine et al., 1996) and RNAPII
(Cujec et al., 1997). The evidence of Tat interaction with histone acetyltransferases
supports the role of Tat in chromatin remodeling before the onset of viral transcription.
It 1s possible therefore that Tat facilitates chromatin remodeling, pre-initiation complex
assembly and transcription elongation in a sequential manner that leads to high levels of
HIV-1 transcription. All of these activities of Tat are probably exerted by the transient
formation of large subnuclear complexes at the site of HIV-1 transcription and must
therefore be spatially and temporally regulated (Molle et al.,, 2007). It has been
demonstrated (Marcello et al., 2003) that cyclin T1 and p300 interact with the
promyleocytic leukemia (PML) protein within specific subnuclear compartments that
are coincident with PML nuclear bodies. This observation suggests that PML bodies
could regulate Tat activity by modulating the availability of essential factors to the

transcriptional machinery.
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Latency

The major problem in curing AIDS is a reservoir of memory CD4+T cells, in which
HIV-1 resides i a latent form, allowing the virus avoid host immune responses and
antiretroviral drugs. Because latency represents a barrier to curing HIV-1 infection, it 1s
crucial to understand the molecular mechanisms which are mvolved. It 1s becoming
clear that HIV-1 latency 1s a complex multifactorial phenomenon that ultimately results
from the profound differences between resting and activated CD4+T cells (Lassen et

al., 2004) (Marcello, 20006).

There are two forms of HIV-1 latency, in the first one, full length viral DNA molecules;
the final product of reverse transcription, remain unintegrated in resting CD4*T" cells.
In this case, when the infected cells are activated by signals from the microenvironment
of the lymphoid tissues this extrachromosomal viral DNA integrates mto the host
genome and produces viral progeny (Bukrinsky et al., 1991) (Zack et al., 1990). Even
though preintegration latency 1s quantitatively dominant in untreated individuals, this
labile form of latency decays rapidly when the new infection of resting CD4*'T" cells 1s
halted with HAART (Pierson et al., 2002) (Zack et al., 1990), making it less of a clinical
concern comparing to the stable post integration form. The post integration latency,
which represent the second kind, occur when infected CD4*'T cells lymphoblast revert

to a resting memory state after the integration of the viral genome into the host genome.

Activation of gene expression relies on the combined activity of a series of cellular
factors that respond to different external stimuli, and on the function of the viral
regulatory protein Tat. In consequence transcriptional activation 1s a result of both

chromatin remodeling and the recruitment of elongation competent RNA polymerase

34



IT complexes onto the integrated promoter, two events that require the coordinate, but
transient assembly of different protein complexes. Today many mechanisms playing
roles in the regulation of viral expression are well described and they involve interplay

between host cell and HIV-1 proteins. Between the most important are:

Latency 1s achieved and maintained by several mechanisms that predominantly operate

at transcription level (Lassen et al., 2004) (Contreras et al., 2006) such as:

Heterochromatin formation at the site of provirus integration, which can allow or not
the accessibility of the itegrated provirus to the transcriptional machinery (Jordan et

al., 2001) (Jordan et al., 2003) (du Chene et al., 2007).

The absence in resting CD4+T cells of the active forms of the host transcription factors
(TFs), that are necessary for HIV-1 gene expression (Nabel and Baltimore, 1987)

(Marcello et al., 2003) (Karn, 1999).

Transcription interference (TI) from the endogenous gene harboring the provirus (Han

et al., 2008) (Lenasi et al., 2008).

The presence of transcriptional repressors (He and Margolis, 2002)

The premature termination of HIV-1 transcripts due to the absence of the viral protein

Tat and tat associated host factors (Kao et al., 1987).

All these mechanisms show a general picture of the potential transcriptional blocks in

HIV-1 latency (Figure 7).
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Figure 7. Potential transcriptional blocks in HIV-1 latency.

A) Proviral latency is maintained in part, by the action of several transcriptions factor that recruit HDCAs
and other complexes to the HIV-1 long terminal repeat (LRT) promoter, which results in histones
modifications within chromatin at the HIV-1 promoter that limit the ability of RNA polymerase to initiate
transcription. B) Key cellular factors that are required for robust HIV-1 transcription, such as NF-xB or
the P-TEFb-cyclin complex, are sequester in resting CD4+Tcells by cellular regulatory complexes (e.g.
inhibitor of nuclear factor kB (IkB)). Release and mobilization of these factors is required for proviral
expression. C) When histones acetyltransferases (HAT's) substitute the effects of HDACs, coactivators
such as NF-kB cab recruit RNA polymerases complexes. Production of Tat allows the recruiment of P-
TEFb, mediating and explosive increase in transcription and the escape of provirus from latency

(Richman et al., 2009).
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In addition, there are also mechanisms that block post-transcriptional activity such RNA
mterference that possibly binds as miRNA to HIV-1 RNA which is in turn not

translated mto viral proteins (Figure 8) (Lassen et al., 2006) (Huang et al., 2007).
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Figure 8. Post-transcriptional blocks of HIV-1 latency

In the left panel (nucleus), the initial wave of Tat production may be further restricted by inefficient
export of multiple spliced HIV-1 mRNAs, relieved upon cellular activation by enhanced ecpression of
PTB. In the right panel (cytoplasm) cellular miRNAs that bind HIV-1 mRNAs may also restrict

translation of early expressed HIV-1 mRNAs and so reduce tat production (Richman et al., 2009).

Transcription Interference

Integration of HIV-1 in the host genome could lead to occurrences of a phenomenon
called transcriptional mterference (TI), where an ongoing transcription from a host
promoter would prevent pre-initiation complex assembly on the 5’LTR, thus interfering

with the viral transcription or viceversa. (Lenasi et al., 2008) (Han et al., 2004).

TTI 1s a direct consequence of the nature of HIV-1 integration sites in vivo. There are

several potential molecular mechanisms for TI. Transcriptional activation of the
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upstream promoter reduces transcription from the downstream promoter. Typically,
this occurs when upstream transcription fails to terminate, so that the polymerase ‘reads
through’ into the downstream gene, thereby interfering with mitiation at the
downstream promoter (Lassen et al., 2004). Footprinting studies showed that upstream
read-through transcription complexes impaired the binding of Spl to the downstream
HIV-1 promoter. This promoter occlusion mechanism has been directly demonstrated
in pol I transcription systems (Henderson et al., 1989) and the effect could be blocked
by the insertion of a strong transcriptional terminator between the two promoters. In
addition, TT affects the gene expression from the HIV-1 long terminal repeat (I'TR) in
a system n which tandem HIV-1 promoters were integrated mto the genome of Hel.a
cells (Greger et al., 1998), altered levels of transcription can result from changes in
supercoiling caused by the transcription of linked genes (Dunaway and Ostrander,
1993), also in the case of two adjacent genes, competition for trans-acting factors might
lead to TI. The spreading of epigenetic changes, such as methylation or histone
modification, might also be involved (Eszterhas et al., 2002). For HIV-1, promoter
occlusion remains a probable mechanism for TI, given that the observed distance
between the HIV-1 L'TR and the relevant host gene promoter 1s, on average, 30 kb (2-

429 kb) (Han et al., 2004).

Because HIV-1 genomes are found predominantly in the mtrons of active host genes
both in activated and resting CD4+T cells, it is likely that the virus has evolved to
function 1n this environment. The orientation of the HIV-1 genomes with respect to the
host genes 1s not biased (Han et al., 2004). However, strong T can occur between two
adjacent transcription units, oriented in convergent, divergent or in tandem order

(Eszterhas et al., 2002).
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There are no known transcriptional terminators that would protect the HIV-1 L'TR,
and HIV-1 sequences can be found i the primary transcripts of host genes (Han et al.,
2004). Therefore, TT 1s a virtually mevitable consequence of the nature of HIV-1
mtegration sites and might contribute to HIV-1 latency. In activated CD4+T cells, HIV-
1 gene expression might be efficient because the concentration of crucial host
transcription factors 1s high enough to overcome T1. In consequence, TT might become
more mportant as the cell reverts to a resting state and crucial transcription factors
become limiting. However, it has been also observed coo expression of the endogenous

genes and HIV-1 at the same loci.

Chromatin environment

The levels of viral expression are influenced by the chromatin environment of cellular
DNA at the integration site of the provirus. Recently the first in vivo analysis of
mtegration sites (Han et al., 2004) demonstrate that i purified resting CD4+T cells
from patients on HAART, the cell population mn which latent HIV-1 has been most
extensively characterized in vivo, viral integration into transcriptional units was strongly
favored (93%) (Han et al., 2004). In contrast, data presented by Lewinski, using latent
cells generated in vitro, suggest that three chromosomal features correlated with
inducible expression: centromeric heterochromatin, gene deserts, and highly active host

transcription units, all these situations may contribute to the latent population (Lewinski

et al., 2005).

Even in the case that actively transcribed genes could favor HIV-1 itegration, there are
several factors that could form repressive chromatin structure on the HIV-1 L'TR which

encompasses the viral HIV-1 promoter. In the transcriptionally silent state, two
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nucleosomes are found i the HIV-1 LTR. Nuc-(0) spans the region from positions
=415 to =255 and Nuc-(+1) from positions +1 to +155 with respect to the transcription
start site of HIV-1 genome. The region covered by and between these two nucleosomes
contains recognition elements for the sequence-specific host TFs (Steger and
Workman, 1997). The most important ones, for transcription of the HIV-1 genome
are: NF-«xB, nuclear factor of activated T cell (NFAT), upstream stimulating factor
(USF), Etsl (a protemn that binds ETS - a winged helix-turn-helix domain), lymphoid
enhancer binding factor-1 (LEF-1), stmulatory protein 1 (Spl) and leader binding
protein-1 (LBP-1) (Figure 9). The availability of certain cellular protemns directs the
binding of chromatin remodeling complexes and consequently the formation of the

preinitiation complex.
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Figure 9. Binding sites for the critical TFs within the HIV-1 LTR

LTR is composed of three regions: 3’ untranslated region (U3) (green), transcription regulatory region
(R) (grey) and 5" untranslated region (U5) (blue). The following host TFs which bind to the HIV-1 LTR
are designated: NFAT (brown), USF (orange), Etsl (purple), LEF-1 (blue), NF-kB (green), Spl (yellow)
and LBP-1 (yellow-green). TATA box and initiator element are marked in grey and red, respectively.

Nucleosome 1 location is from +1 to +155 (Nuc-(+1)). Arrow marks the transcription start site (Contreras

et al. 2009).

NF-xB plays a crucial role in the repression/de-repression of local chromatin structure

surrounding the HIV-1 LTR. When the levels of free NF-xB in the cell are too low, the
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same binding sites are occupied by p50:p50 homodimer which binds the histone
deacetylase 1 (HDACI1). HDACI promotes deacetylation of surrounding histones,
compaction of chromatin and consequently suppression of gene expression (Zhong et
al., 2002). Williams et al. demonstrated that the recruitment of NF-«xB to the HIV-1
LTR relieves this repressive chromatin environment by removing HDAC1 (Williams et
al.,, 2006b). In this situation, HATs bind to the L'TR and cause histone acetylation
inducing the relaxation of chromatin structure and activation of gene transcription

(Kurdistani and Grunstein, 2003).

Chromatin remodeling

The mmportance of chromatin structure in the regulation of eukaryotic gene
transcription has become much more widely accepted over the past few years. It has
been clear for a decade that histones contribute to the regulation of transcription both
n vitro and 1n vivo (Clark-Adams et al., 1988) (Han and Grunstein, 1988). More recent
studies have led to the striking observation that several proteins complexes involved in
transcription regulation, can function, at least in part by modifying histones or altering
chromatin structure (Armstrong and Emerson, 1998) (Kingston and Narlikar, 1999).
While it 1s clear that many of these proteins complexes have functions in addition to
chromatin modification, they illustrate the importance of chromatin structure as a part

of transcription regulation mechanism.

The most widely characterized chromatin-modifying complexes studied to date can be
classified 1n two major groups, based on their modes of action as follows: (1) histones

acetyltransferase (HAT) and histone deacetylase (HDCA) complexes, which regulate
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the transcriptional activity of genes by determining the level of acetylation of the amino
terminal domais of nucleosomal histones associated with them, and (1) ATP dependent
complexes, which use the energy of ATP hydrolysis to locally disrupt or alter the

association of histones with DNA.

Histone moditications

The flexible N-terminal tails of the four histones (H2A, H2B, H3 and H4) undergo a
range of post-translational modifications, ncluding acetylaton, methylation,
phosphorylation and ubiquitination. Histone modifications are indicators of active or
repressed chromatin, and the proposed “histone code” hypothesis suggest that
combination of specific histone modifications create a complex, functional hierarchy for
chromatin regulation. Specific histone modifications are responsible for the
compartmentalization of the genome nto distinct domains, such as transcriptionally
silent heterochromatin and transcriptionally active euchromatin (Martin and Zhang,
2005). The ability of the histone code to dictate the chromatin environment allows it to
regulate nuclear processes, such as replication, transcription, DNA repair, and

chromosome condensation (Kouzarides, 2007).

Next to DNA methylation, histone acetylation and histone methylation are the most
well-characterized epigenetic marks. Euchromatin is characterized by a high level of
histone acetylation, which 1s mediated by histone acetyl transferases (HATS).
Conversely, histone deacetylases (HDACs) have the ability to remove this epigenetic
mark, which leads to transcriptional repression (Bartova et al., 2008). At least two
general and distinct roles have been proposed for the acetylation of the amino-terminal

histone tails. The first 1s based on circumstantial evidence that has for some time linked
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acetylation with events that apparently require the attenuation of DNA-histone contacts
within chromatin. The second proposed role suggests that acetylation affects the
mteraction of the amino-terminal tails with non-histone chromatin proteins that in turn
modulate chromatin structure. A natural presumption of the first proposal is that
acetylation weakens histone-DNA interactions within nucleosomes and thus affects
directly the higher-order chromatin structure and ultimately leads to chromatin de-
repression (Csordas, 1990). Indeed, hyperacetylation has long been considered a
'hallmark" of transcriptionally active chromatin (Turner and O'Neill, 1995) (Wollte,
1994) and a wealth of mostly correlative evidence strongly supports the notion that
acetylation potentiates transcriptional activity in chromatin (Hebbes et al., 1988).
Numerous 1 vivo and in vitro experiments have indicated that transcription of some
genes 1s influenced by the acetylation of particular lysine residues in specific histones
(Thompson et al., 1994) (Durrin et al., 1991) and, conversely, that the transcriptional

silencing of specific loci 1s associated with reduced nucleosomal acetylation.

Moreover, the number of methyl groups added to a single lysine or arginine residue can
vary. Lysine residues can be mono-, di-, or trimethylated, and arginine residues can be
monomethylated and symmetrically or asymmetrically dimethylated. Importantly, the
precise methylation status (mono-, di-, or trimethylation) can influence the
transcriptional status of genes (Schneider et al., 2004). These modifications could
directly affect the structure of chromatin; e.g., by neutralizing the positive charge of
histones. Notably different methylated states of the same amino acid residue provide
additional hierarchical levels of regulation to epigenetic inheritance of chromatin
domains. For example, acetylation of histones H3 an H4, and H3 methylation at Lys4

(H3 Lys4-Me), have been predominantly correlated with euchromatin and gene activity,
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whereas methylation at Lys9 (H3 Lys9-Me) correlates with transcriptional silent
chromatin (Litt et al., 2001). H3 Lys4 dimethylation (H3 Lys4-diMe) is associated with
permissive chromatin that 1s either active or potentially active, and H3 Lys4
trimethylation (H3 Lys4-triMe) 1s inked with transcriptional activity. Conversely, H3
Lys9 di- and trimethylation (H3/K9-diMe and H3/K9-triMe) mark facultative and
constitutive heterochromatin, respectively in mammals. Methylated H3/K9 can be
“read out” by the Heterochromatin Protemn 1 (HPI1), a structural component of
condensed chromatin that specifically recognizes and binds to the methylated form of
H3/K9 (Bannister et al., 2001) (Lachner et al., 2001). Lack of K9 methylation in
heterochromatin can affect the heterochromatin organization. Lanchner suggest that;
HP1 itself interacts with the enzyme that methylates H3/K9, forming a positive
feedback loop that would allow heterochromatin to spread over large chromosomal
regions until further spreading 1s prevented by a boundary element. Furthermore, active
promoters and enhancers are found to be associated with H3/K4 methylation and
H3/K9 monomethylation. Moreover, active promoters can be identified by the
presence of further activating marks that are linked with transcriptional elongation
downstream in the transcribed region of the gene (Barski et al., 2007), in addition, at
genes that are not regulated at the level of transcription initiation (polymerase II can be
found at these genes) but rather elongation, H3/K4 methylation is enriched at the
promoter. Thus, some activating marks are not only found on genes that are
transcribed, but also on genes that are poised for transcription. Additionally,
modifications considered to be repressing, such as H3/K9 dimethylation, can be found
not only in heterochromatin but also on certain active genes and repressive and

activated marks as H3/K27 trimethylation and H3/K4 trimethylation, respectively, can
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coexist (Azuara et al., 2006) (Bernstein et al., 2006). All these findings suggest that the
histone “code” 1s more complex than imtially expected and that not single
modifications, but rather the combination of modifications 1s an indicator for the

transcriptional state.

Changes in chromatin structure that include modifications of histones may also have a
role 1n the positioning of chromosomes. In experiments done in yeast, by Tadde1 and
collaborators, the treatment of cells with trichostatin A, an inhibitor of histone
deacetylases that increases the acetylation level of histones, results mn large-scale
movement of centromeric and pericentromeric chromatin to the nuclear periphery.

After drug removal, these changes in localization are rapidly reversed (Taddei et al.,

2001).



X9 Acetylation
Methylation Ty

/P\\ Phosphorylation

Nle N:—i2
¢ €
A D
[l —@-) | Il
” _CH 0% C N/CH
| |
H H
Chromosome DNA methylation

i— Transcription possible —l
Gene “switched on”
\ \) \ \

« Active (open) chromatin

« Unmethylated cytosines
(white circles)

« Acetylated histones

Gene “switched off”
« Silent (condensed) chromatin
« Methylated cytosines
(red circles)
« Deacetylated histones

Transcription impeded T

Figure 10. Epigenetic modifications.

Strands of DNA are wrapped around histone octamers, forming nucleosomes, which to be organized
into chromatin, the building block of a chromosome. Reversible and site-specific histone modifications
occur at multiple sites through acetylation, methylation and phosphorylation. DNA methylation occurs at
S-position of cytosine residues in a reaction catalyzed by DNA methyltransferases (DNMTs). Together,
these modifications provide a unique epigenetic signature that regulates chromatin organization and gene
expression. (B) Schematic of the reversible changes in chromatin organization that influence gene
expression: genes are expressed (switched on) when the chromatin is open (active), and they are
inactivated (switched off) when the chromatin is condensed (silent). White circles = unmethylated

cytosines; red circles = methylated cytosines (http://cnx.org/content/m26565/latest/).
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Chromatin remodeling complex

The second mayor class of chromatin regulators are the protein complexes that utilizes
ATP hydrolysis to alter the histone-DNA contacts; because of this, they are generally
referred to as chromatin remodeling complexes (Flaus and Owen-Hughes, 2004) (Saha
et al., 2006). The consequences of remodeling include transient unwrapping of the end
DNA from histone octamers, forming the DNA loop, or moving nucleosomes to
different translational positions (shiding), all of which change the accessibility of
nucleosomal DNA to transcription factors. Chromatin remodeling complex comprise
an ATPase subunit along with other polypeptides that are responsible for the
regulation, efficiency, and functional specificity of each complex. The ATPase subunit
belongs to the Snf2 super family of proteins, which includes the SWI1/Snf group and the
mitation SWI  (ISWI) group. The SWI2/Snf2 group includes yeast SWI/Snf
(yYSW1/Snf), yeast RSC, the Drosophila Brm (Brahma) complex, and the hBrm (human
Brm) and BRG1 (Brm/SWI2 Related Gene-1, hBRG1 in humans) complexes (Vignali
et al.,, 2000). Moreover, there are many other proteins that are closely related to the
ATPase subunits of chromatin remodeling complexes. To remodel chromatin,
remodeling complexes recognize and bind to their substrate. The SWI/Snf, NURF,
and RSC complexes act as ATP-dependent motors that track along the DNA strands
and pull them away from the histone octamer cores. During this shift of histone-DNA
contact points, the DNA presumably becomes accessible to the transcriptional
machinery (Figure 11). These complexes serve to maintain chromatin in a repressive
configuration by dissociating other chromatin-associated proteins from the DNA, such

as the TATA-binding protein (Redner et al., 1999).
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The exact consequence of remodeling i1s dependent on the exact context of
nucleosomes at a given promoter and can lead to either (1) activation of transcription or
(1) repression (Vignali et al., 2000). In addition to catalyzing nucleosome mobility,
chromatin-remodeling factors can enhance the access of DNA-binding factors and
nucleases to DNA packaged mto chromatin. These activities are also consistent with the

ability of remodeling factors to disrupt histone-DNA interactions in the nucleosome

(Redner et al., 1999).
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Figure 11. Chromatin remodeling complexes.

The binding of the remodeling complex to chromatin is ATP independent (A). Upon ATP addition, the
conformation of nucleosomes changes as a consequence of the alteration of histone-DNA interactions
(B). This disruption results in remodeling of the chromatin (C), which might occur while the complex is
still bound or might persist after it is released from the chromatin (indicated by the question mark).
Remodeling that occurs may result in transfer of histone octamers to different DNA segments in trans or
in sliding of the octamers in cis (i.e., to a different position in the same DNA molecule) (Vignali et al.,

2000).
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Nuclear architecture

The nucleus 1s a complex organelle with an mternal structure and component
organization that i1s not fully characterized. Understanding the molecular details of
nuclel organization including: how the nuclear compartments are formed and
maintained, how the synthesis, processing, assembly and transport of molecules are
coordinated and regulated and how the chromosomes are arranged remains one key
question to be address in understanding the contribution of spatial positioning to
genome function. Within the nucleus, protein and RNA-protein complexes can move
to and from chromatin through the interchromatic nucleoplasmic space by a diffusion
mechanism until they encounter an appropriate binding site. In addition, many nuclear
factors are able to form or interact with different types of subnuclear domains, which

are either attached to chromatin or located n the interchromatic space.

Chromatin

Chromatin 1s the name for genomic DNA packaged mto highly ordered structures and
1s composed of structural subunits called nucleosomes. Nucleosomes consist of 146
base pair of DNA, wrapped around an octamer of histones represented by two copies
each of histone (H) 2A, H2B, H3 and H4. All the four core histones consist of a
predominantly o-helical, evolutionary conserved globular domain, necessary for
octamer assembly and DNA binding, and unstructured flexible amino terminal tail rich
mn lysine residues dispensable for nucleosome assembly but heavily post-translationally

modified (Marzio and Giacca, 1999).
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Although histones are proteins very conserved between them, the nuclesome 1s a very
dynamic structure. The histone amino termini extend from the nucleosome, where they
serve as targets for characteristic covalent posttranslational modifications, including
acetylation, phosphorylation, methylation and ubiquitination. The enormous
combinatorial potential of these modifications can be read out by proteins that bind to
specific modifications. This has provided the basis for the so-called histone “code”
hypothesis (Strahl and Allis, 2000) (Rice and Allis, 2001). Although it 1s still unproven
whether these modifications form a true “code,” it 1s now well established that they are

mvolved i the regulation of gene expression (Turner 2007).

FEuchromatin

Cytogenetic analysis of chromatin identified the major chromatin domains defined as
euchromatin and heterochromatin. Euchromatin consist in a lightly packed form of
chromatin, rich in gene concentration, and often under active transcription. The
unfolded structure of euchromatin allows gene regulatory proteins and RNA
polymerase complexes to bind to the DNA sequence, which can then mitate the
transcription process (Misteli, 2005). Many ‘euchromatic’ regions of the genome
probably contain a mixture of transcribed or potentially active loci interspersed within
transiently silenced genes and areas of established facultative heterochromatin. Actively
transcribed regions are often described as having an ‘open’ chromatin structure,
comprising nucleosomes that are loosely or irregularly packed compared with the
tightly packed (Arney and Fisher, 2004). The link between open chromatin
conformation and gene activity was described as long ago as 1976 (Weintraub and

Groudine, 1976). We now know that chromatin-remodelling factors, which can slide or



reposition nucleosomes on DNA templates, have an important role in establishing and
maintaining euchromatic domains (Havas et al., 2001). There is also evidence for non-
genic transcription playing a role in opening up chromatin for gene expression,
presumably with the aid of transcription-linked remodelling complexes (reviewed by

Cook, 2003) (Cook, 2003).

Heterochromatin

In contrast with euchromatin, heterochromatin 1s often enriched in inactive and
silenced genome regions, which remains deeply stained and highly condensed during
cell division. Heterochromatin plays several functions, from gene regulation to the
protection of the integrity of chromosomes; all of these roles can be attributed to the
dense packing of DNA, which makes it less accessible to factors binding DNA or their
associated co-factors. However, the extend of heterochromatin of specific regions may
differ in different individuals or tissue types and may be determined by a complex
process mvolving factors responsible for chromatin remodeling (Thiagalingam et al.,
2003). Heterochromatin can be divided in two kinds, constitutive and facultative
heterochromatin. The first one includes regions which often comprise repetitive DNA
(such as satellite sequences surrounding centromeres) and are generally thought to be
‘gene poor’. Such areas can exert a strong repressive effect on gene transcription, such
as positioning of a gene within or close to satellite repeats (Schotta et al., 2003). The
hallmarks of constitutive heterochromatin (Lachner et al., 2001) include trimethylation
at Lys9 of histone H3, a small number of methylation at H3 Lys4 and trimethylation of
H4 Lys20 (Kourmouli et al., 2004) (Schotta et al., 2004). Heterochromatin-associated

proteins such as HPla and HP1f, in human cells HPla 1s significantly enriched at



centromeres (Gilbert et al., 2003). HP1 interactions are generally thought to contribute
to the stable formation of condensed chromatin structures. The termed facultative
heterochromatin describes a previously permissive chromatin environment that 1s
subject to transcriptional silencing. Such an environment is often confused with
constitutive heterochromatin, but the two are distinct. The precise nature of the
chromatin structures found within facultative heterochromatin has not been fully
defined, and different genes might employ a variety of silencing mechanisms. DNA
methylation and characteristic histone modifications typify the repressive environment
of facultative heterochromatin. DNA methylation 1s associated with silenced genes,
particularly at promoters and some other regulatory elements (Attwood et al., 2002).
Histone modifications that occur within regions of facultative heterochromatin include
dimethylation at H3 Lys9 and hypoacetylation of lysine residues within H3 and H4,
commonly around promoter regions. Methylation of H3 Lys27 has also been proposed
to be a feature of facultative heterochromatin and 1s primarily associated with
transcriptional silencing by Polycomb group proteins (PcG) as well as with X

mactivation (Arney and Fisher, 2004).

While the two types of chromatin can easily be defined based on their morphology, it 1s
becoming increasingly clear that the correlation of large-scale chromatin morphology
and function 1s an oversimplification. An example was demonstrated by Bickmore and
colleagues (Gilbert et al., 2004), which found that, open chromatin fibers correlate with
regions of highest gene density, but not with gene expression since mactive genes can be
in domains of open chromatin, and active genes in regions of low gene density can be

embedded in compact chromatin fibers.



Chromosome territories

The largest unit of organization of the eukaryotic genome is the chromosome. Today is
well accepted that organization of chromatin 1s not random and whole chromosomes
reside mn specific locations within the nucleus called chromosome territories (CT)
(Cremer and Cremer, 2006), which have preferred positions with respect to the centre

or periphery of the nucleus and with respect to the other (Figure 13).

Ewvidence for the existence of CT's in nuclel was first originated in mammalhan cells by
Cremer’s brothers (Cremer et al., 1982) whose microirradiated Chinese Hamster nuclel
with a UV laser, and visualized the sites of damage at the following metaphase. Instead
of obtaining a scattered signal across several chromosomes, Cremer’s and collaborators
observed discrete labelling in parts of only a few chromosomes, readily indicating that
chromatin must be highly compartmentalized within the nucleus (Figure 12). This idea
was later confirmed by fluorescence in situ hybridization (FISH) using whole
chromosome paint probes (Cremer et al., 1988) (Lichter et al., 1988). This has since

become a standard tool that has enabled extensive study of chromosome organization.
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Figure 12. Chromosome territories

Thomas and Christoph Cremer used a microlaser to induce local genome damage, and predicted that
inflicting DNA damage within a small volume of the nucleus would yield different results depending on
how chromosomes were arranged. If chromosomes occupied distinct territories (a, left panel), localized
damage would affect only a small subset of chromosomes, whereas if the chromatin fibres of each

chromosome were randomly distributed throughout the nucleus (a, right panel), many chromosomes

would be damaged (Meaburn and Misteli, 2007).

A correlation has been observed between CT location and human chromosome size
(Bolzer et al., 2005), in which smaller chromosomes are generally situated towards the
mterior and larger chromosomes towards the periphery of the nucleus (Sun et al.,
2000). In addition, there 1s strong evidence that CTs with similar DNA content, but
with very different gene densities, occupy distinct nuclear positions. A striking example
comes from the distribution of human chromosome 18 and 19. Although both
chromosomes have a similar DNA content (85 and 67 Mb, respectively), the gene-poor
chromosome 18 territories were typically found at the nuclear periphery, whereas the
gene-rich chromosome 19 territories were located in the nuclear mterior (Croft et al.,

1999). However gene density or chromosome size alone clearly cannot explain the
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position of a chromosome given that the position differs between cell types and tissues

where these properties are unchanged (Parada et al., 2004).

Genome organization

Radial positioning 1s not limited to entire chromosomes, but has also been reported for
single genes, with some genes localizing preferentially towards the center and other
localizing towards the periphery of the nucleus (Roix et al., 2003). A simple way to
assess the position of a genome region within the nucleus is by determining its distances
from the nuclear periphery. A general correlation between transcriptional silencing and
localization toward the nuclear edge has long been suggested based on the observation
that early-replicating and presumably transcriptional active R bands are generally found
toward the centre of the nucleus, whereas late replicating, mactive G bands are often
located toward the periphery (Gilbert et al., 2004) (Ferreira et al., 1997) (Sadom et al.,
1999). In some cases, position seems to ensure maximal expression of a gene. In
others, 1t ensures a heritable state of repression or correlates with a developmentally
determined program of tissue-specific gene expression. However, recent studies have
been shown that active genes can reside and be transcribed within “heterochromatin”
regions. A more detalled analysis of nuclear organization reveals specialized
subcompartments for gene expression and silencing both at the nuclear periphery and
in the interior (Sexton et al., 2007). Furthermore, some recent studies have been shown
that radial position within the nucleus can influence the expression of some, but not all

genes (Finlan et al., 2008).

Genes can move away from the CT (Figure 13). The first study to describe movements

of individual loci in human cells was done by Jonathan R. Chubb and collaborators in
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2002 (Chubb et al., 2002). They showed that different loci display different levels of
motion. Thus, genomic regions associated with the nucleolus and nuclear periphery
display significantly more constrained movements than other. The results obtained in
this studies, strongly support the hypothesis previously suggested by Abney mn 1977
(Abney et al.,, 1997), that regulating the density of attachments sites, chromatin
dynamics can be strongly controlled, in consequence, nuclear periphery and nucleolus
are probable nuclear substrates for the attachment of chromatin, suggesting a role for
these compartments in maintaining the three dimensional organization of chromatin in

the nucleus.

The gene relocation occurs either in domains of constitutively high gene expression
(Mahy et al., 2002) or, in some situation, when gene expression 1s induced (Volpi et al.,
2000). For example, the IgH locus is preferentially associated with the nuclear
periphery in B cell progenitors where it 1s silent, but it moves toward the interior when
it becomes active in B cell precursors (Ragoczy et al., 2006) (Kosak et al., 2002).
Similarly, the CD4 locus repositions from the periphery to the nuclear terior during
T cell differentiation, and Hoxlb and Hox9 become internalized roughly
concomitantly with their transcription activation (Chambeyron and Bickmore, 2004;
Kim et al., 2004). In addition, in many cases, no repositioning occurs upon a change of
gene activity (Dieudonne et al., 2009) (Zink et al., 2004). A consequence of this
relocation 1s that the ‘looping out’ of a given locus allow the interaction with other
chromosomes. This finding, together with the observation of extensive intermingling of
DNA from different chromosomes at the boundary of, or just outside of, chromosome
territories suggests that chromosome territories might be more dynamic than previously

thought. On the other hand, the radial position of a gene 1s generally not directly related



to 1its activity as indicated by the fact that in most cells the two alleles are positioned

differently yet their functional properties appear to be similar (Roix et al., 2003).

In addition to the ordered organization of chromosomes, protein components of the
cell nucleus are able to form or interact with different types of subnuclear domains,
which are either attached to chromatin or located in the interchromatic space, often

forming subnuclear compartments including nucleoli, splicing factor compartments, or

PML bodies.

These nonrandom organization patterns of the genetic material and many of the
components involved n gene expressing point towards a role for spatial organization in
control of gene expression. Some evidence shows that the major aspects of nuclear
organization change as the physiological state of cells changes, for example, during stem
cell differentiation and in development (Wade and Kikyo, 2002); this fact make a link
between spatial genome organization and genome expression. Despite this evident link,
it 1s not still clear whether changes in nuclear architecture lead to changes in gene
expression patterns or vice versa. Instead, 1s clear that describing the patterns of spatial
genome organization and understanding the constraints and rules that lead to these
organization patterns are a critical step in understanding fundamental biological

processes such as, differentiation, genome reprogramming and gene regulation.

Transcription factories

Our understanding of gene regulation has moved from an initial notion of a one-
dimensional array of regulatory elements to an appreciation that contiguous sequences

can have a deep effect in gene expression, introducing in this way a second dimension



onto the scene. The picture that is emerging 1s that nuclear processes may rely of a
constant flow of molecules between dynamics compartments created by relatively
immobile binding or assembly sites. Transcriptional active genes have been proposed
to associate with discrete nuclear sites of nascent RNA production and concentrated
transcriptional components such as RNA polymerase, these compartments are termed
transcription factories. As the number of pol II transcription sites (estimated to be from
500-10,000/cell) has always been estimated to be less than the number of active
polymerases (approximately 20,000 to 100,000 per Hel.a nucleus), one would expect
that each site might be associated with more than one transcription unit, estimated at
~30 such units per site in HeLa cells (Iborra et al., 1996) (Jackson et al., 1998).
Therefore, transcription factories are believed to be dynamic structures containing
spatially contiguous DNA templates, RNA polymerase II, newly synthesized mRNA

and associated factors that would probably transcribe multiple genes at the same time.

Analogously, ribosomal RNA genes, which are transcribed by RNA polymerase I within
the nucleolus represent large  specialized transcription  centers.  The
compartmentalization of transcription has the obvious advantage of concentrating the
needed factors to ensure efficient interactions among the components of the
transcription machinery (Cook, 1999). One possibility 1s that different transcription
factories contain distinct sets of transcription components and thus create distinct

transcription environments.

Transcriptionally active genes have been proposed to loop out from their chromosome
territory and associate with transcription factories. Work of Osborne et al. showed that

widely separated genes are recruited to shared RNAP II sites 1f transcriptionally active



or reposition away when inactive (Osborne et al., 2004). They have postulated that
genes with transcriptional potential often move out to existing transcription factories
when activated rather than assemble their own transcription site de novo. Transcription
units might be associated through promoters and/or enhancers, with loops forming a
‘cloud’ around the factory. Transcription factories are highly dynamic structures and
mvolved transient mteraction of factors with chromatin. Many transcription factors
undergo rapid exchange between chromatin and nucleoplasm and for instance the
glucocorticoid- and estrogen-receptor transcriptional co-activators bind to their specific
response elements i the promoter with residence times of only a few seconds
(McNally et al., 2000). Figure 13 shows a general picture of the nuclear organization at

the chromatin level.

Figure 13. Nuclear Organization.
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New Techniques: Imaging and Chromosome Conformation Capture

Analysis of chromosome conformation 1s complicated by technical lmitations. In the
last years methodological advances have provided new opportunities to explore the
overall spatial organization of chromosomes and to mvestigate the physical properties at
high resolution. There are two different ways, which are complementary, to study
spatial conformation of chromosomes: by characterization of the surroundings of a
gives locus, using Chromosome conformation capture (3C) or by microscope
techniques. Advances i the specific fluorescent labeling of chromatin in fixed and
living human cells in combination with three-dimensional (3D) and 4D (space plus
time) fluorescence microscopy and image analysis have opened the way for detailed
studies of the dynamic, higher-order architecture of chromatin in the human cell
nucleus and its potential role in gene regulation. Several features of this architecture are
now well established: 1. Chromosomes occupy distinct territories in the cell nucleus
with preferred nuclear locations, although there 1s no evidence of a rigd
suprachromosomal order. 2. Chromosome territories In turn contain distinct
chromosome arm domains and smaller chromatin foci or domains with diameters of
some 300 to 800 nm and a DNA content in the order of 1 Mbp. 3. Gene-dense, early
replicating and gene-poor, middle-to-late-replicating chromatin  domains exhibit
different higher-order nuclear patterns that persist through all stages of mterphase
(Cremer et al., 2000). Additionally, the develop of a high-throughput methodology as
3C and 4C (Circular Chromosome Conformation Capture) has allowed the analysis of
genome-wide Interaction frequencies providing information about general nuclear

organization as well as physical properties and conformation of chromosomes.
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Fluorescence imaging techniques

Microscopic observation allowed the discovery of the cell as a structural unit of tissues
and organisms and provided a tool to uncover the subcellular structure and
organization. Additionally, the use of fluorophore tags revolutionized the way
microscopy 18 used in biology. It 1s now possible to visualize the dynamics of proteins
and organelles in single living cells and give kinetic measures to cellular processes. The
most popular fluorescent label used 1s the green fluorescense protein (GFP) from the
jellyfish Aequorea victoria. GFP and its variants allow the monitoring in time and space
of processes 1n living cells and organisms like gene expression, protein localization and
dynamics, protein-protein interactions, cell division, chromosome replication and
organization, intracellular transport pathways, organelle inheritance and biogenesis.
There 1s now an entire toolbox of fluorescent proteins with different chromatic and
structural properties (Figure 14). The technical revolution coming from the use of GFP
resulted that Martin Chalfie, Osamu Shimomura and Roger Y. Tsien were awarded the
2008 Nobel Prize m Chemistry 'for the discovery and development of the green

fluorescent protein, GFP".
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Figure 14. Spectral properties of variants of the GFP family (Matz et al., 2002).
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Combinations of GFP variants can be visualized in the same cell and specific pairs can
be measured in vivo. This can be achieved by fluorescence resonance energy transfer
(FRET) (reviewed in (Phair and Misteli, 2001)). By this technique the mnteraction
between two proteins or DNA and protein can be studied. FRET uses two
fluorophores which label two molecules under study, a donor and an acceptor.
Excitation of the donor by an energy source triggers an energy transfer to the acceptor if
they are within a 1-10nm proximity to each other. The acceptor in turn emits hght at its
given wavelength. On the other hand, imaging techniques, such as fluorescence
recovery after photobleaching (FRAP), fluorescence loss in photobleaching (FLIP),
mverse-FRAP (-FRAP) and photoactivation can provide isights into the kinetics and
trafficking of subsets of the studied proteins and their accessibility to different cellular

compartments.

MS2-based tagging of RNA

Labeling either by fusion with a fluorescent protemn or with a fluorescent-dye moiety
allows the dynamic study of a protein of interest inside the cell in vivo. In the case of
nucleic acids, intra-molecular tagging approaches are required because the target DNA

or RNA are typically not accessible for tagging in vivo.

Labeling of chromosomes m vivo can be achieved by fluorescent tagging of
chromosome binding factors. Bacterial operator-repressor systems, such as lac operator
(lacO) (Robinett et al., 1996) (Janicki et al., 2004) and the bacterial tetracycline
operator/repressor (tetO/TetR) (Tsukamoto et al., 2000) (Matzke et al., 2005)

combined with fluorescent proteins offer a unique opportunity to visualize
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fluorescence-tagged loci in nucler of hving, unfixed cells. The operator repeats are
mtegrated into the genome as a transgene array, which then specifically binds the
respective nuclear-localized repressor protein that is fused with a fluorescent protein
such as GFP. The tagged loci appear as bright fluorescent dots when viewed with
appropriate filters under a fluorescence microscope. Using a fluorescence microscope
equipped with a motorized z axis and 1mage-processing software, it 1s possible to make
optical sections through nuclel and reconstruct them in three dimensions to determine

spatial relationships among fluorescence tagged loci.

The mRNA can be conjugated to fluorescent dyes and directly microinjected to the
cells, but this 1s a rather invasive procedure (Ainger et al., 1993). Several other
techniques have been developed which include the use of fluorescently labeled probes
for in vivo hybridization, the use of molecular “beacons” which are active only when
bound to target RNA or the use of fluorescently tagged RNA-binding proteins (Politz et
al., 1998). However, none of those approaches provide information about the behavior
of a single RNA molecule in real-ime in living cells. An innovative approach was
developed inserting a series of RNA aptamers- stem-loops into the transcript of interest
by Singer and collaborators (Bertrand et al., 1998). This RNA 1s then detected by high
affimity  specific interaction between RNA stem-loops and fluorescently labeled
bacteriophage coat protein MS2. Therefore, the RNA detection system 1s comprised of
two elements, a tag protein/peptide fused to the MS2 and a reporter RNA containing
MS2- binding sites repeated in tandem. MS2 binds specifically to an RNA stem-loop

structure consisting of 19 nucleotides (Figure 1J5).
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Figure 15. RNA detection MS2-based system.

RNA molecules are detected using a fusion protein that comprises a fluorescent tag, such as green
fluorescent protein (GFP) and the MS2 bacteriophage coat protein. MS2 has an extremely high affinity

for a 19 nt RNA-recognition motif that is derived from the phage genome (Shav-Tal et al., 2004).

This method allows the detecting of specific RNA in order to study RNA dynamics (1.e.
biogenesis, processing, export) in vivo. This technique can be used in broad range of
applications such as visualization and kinetics of RNA 1in single cells by tagging MS2
with a fluorescent mark; or affimty purification and further proteomic studies of
endogenously assembled RNA-protein complexes in order to identify new factors
mvolved in RNA regulation. The MS2-based system has been effectively used to
tracking specific cytoplasmic and nuclear mRNA in yeast, Dictyostellum, plants, flies
and mammalian cells. Using the MS2-system 1n living mammalian cells, it was possible
to demonstrate that cytoplasmic mRNAs exhibit directed, corralled, diffusive and static
movements (Fusco et al., 2003). Furthermore, this approach has also been used for the
detection and kinetic studies of nuclear events such as transcription sites (Janicki et al.,
2004). Visualization and trafficking of single mRNP in the nucleus revealed that
diffusion 1s the primary mechanism by which these molecules translocate from
transcription site to nuclear periphery (Shav-Tal et al., 2004). MS2-based approaches

allowed the study of the dynamics of RNAPII in vivo (Darzacq et al., 2007).
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Photobleaching and photoactivation of fluorescent MS2 proteins used to label nascent
messenger RNAs provided sensitive elongation measurements. It was shown that
RNAPII elongated at 4.3 kb/min on a synthetic gene. These data were consistent with

elongation rates measured on integrated HIV-1 genes (Boireau et al., 2007).

In conclusion, RNA detection by the MS2 system coupled with live cell imaging
technologies 1s a powerful approach which allows the analysis of mRNA biogenesis in
single cell in real time. Alternatively, MS2 system coupled with high affinity
chromatography and mass spectrometry-based techniques permits analysis of proteome

with the identification of new components of RNA-protein complexes n vivo.

3D FISH

Fluorescence in situ hybridization (FISH) with specific DNA probes has become a
widely used technique for chromosome analysis and for studies of the chromosomal
location of specific DNA segments in metaphase preparations as well as in mterphase
nuclei. FISH of DNA probes to three-dimensionally preserved cells, 1s termed 3D-
FISH. This technique allows three-dimensional visualization of specific DNA and RNA
targets within the nucleus at all stages of the cell cycle. It provides information about the
arrangement of chromosome territories and the organization of subchromosomal
domains, about the pattern of chromatin density within a chromosome territory, about
positions of individual genes and RNA transcripts read from them. Accumulation of
such data 1s necessary for understanding relationships between the spatial organization

of the genome and its functioning in the iterphase nucleus.



3D-FISH in combination with 3D-microscopy and image reconstruction has become a
major tool for studying the higher order chromatin organization in the cell nucleus
(Solover et al., 2002). Comparing with FISH on metaphase chromosomes and
conventional interphase cytogenetics, 3D -FISH requires special demands with regard
to probe quality, fixation conditions and pretreatment steps of cells in order to optimize
the preservation of nuclear architecture and at the same time an efficient probe
accessibility. As a result, differently labeled nuclear targets can be delineated
simultaneously and their spatial interrelationships can be analyzed on the level of

mdividual nuclel.

Chromosome Conformation Capture: 3C

Important chromosomal activities have been linked with spatial conformation of
chromosomes and their structural properties. Local properties of the chromatin fiber
mnfluence mmportant process as: gene expression, origin firing, and DNA repair
(Woodcock and Dimitrov, 2001). Higher order structural features—such as formation
of the 30-nm fiber, chromatin loops, and interchromosomal connections—are important
for chromosome morphogenesis and also have roles In gene expression and
recombination. Transcription and timing of replication have been related to overall
spatial nuclear disposition of different regions and their relationships to the nuclear
envelope (Andrulis et al., 1998) (Cimbora and Groudine, 2001). At each of these levels,
chromosome organization 1s highly dynamic, varying both during the cell cycle and

among different cell types.
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Since few years our understanding of genomic organization in the nuclear space was
based mostly on microscope studies that often used FISH to visualize selected parts of
the genome. However FISH can analyze only a limited number of DNA loci
simultaneously. High-resolution techniques have allowed new insights into the nuclear
architecture and 1its relationship to gene expression. One of the most used approaches
1s Chromosome Conformation Capture (3C). 3C technique provides a powerful tool to
study interchromosomal interactions with high accuracy in molecular terms (Dekker et
al., 2002). In 2002 Dekker and collaborators, described this innovative assay that allows
the analysis of the overall spatial organization of chromosomes and to investigate their
physical properties at high resolution. The technique consist on isolating intact nuclel
that are then subjected to formaldehyde fixation, which cross-links proteins to other
proteins and to DNA. The overall result 1s cross-linking of physically touching segments
throughout the genome via contacts between their DNA-bound proteins. Cross-linked
chromatin 1s then solubilized and digested with an appropriate restriction enzyme. This
1s followed by intramolecular ligation of cross-linked fragments (Figure 16). The
resulting “3C templates” thus contains a large collection of ligation products. Each
ligation products reflects an iteraction between two genomic loci and can be detected
by quantitative PCR using specific primers: the abundance of each ligation product is a
measurement of the frequency with which the two loci interact. Thus, the 3C method
can be used to capture and quantify physical interactions between genes and distant

elements, both 1s cis and 1n frans.
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Circular Chromosome Conformation Capture: 4C

Even if the 3C method provides the opportunity to study chromosomal folding in the
nucleus, this method has a limitation, the prior knowledge of the bait and interacting
sequence, rendering it less useful for genome wide studies. This mitation has been
overcome by exploiting a circular intermediate i a variant of the 3C method, termed
4C (Lomvardas et al., 2006) (Zhao et al., 2006). 4C approach mvolves a circularization
step that enables high-throughput screening of physical interactions between
chromosomes without a preconceived 1dea of one of the interacting partners. An
outline of the 4C procedure 1s given in Figure 26. In short, 4C procedure follows the
same steps as i 3C, except additional processing 1s needed before quantification of the
fragments of interest. Therefore, after reversal cross-linked of DNA, the restriction
fragments are subjected to another round of restriction digest, this time with a frequent
cutter that will result in smaller fragments with restriction ends that differ from the
central restriction site (ligation junction). Self-circularization of the DNA fragments is
more favored now that they are not bound to other proteins or fragments.
Intramolecular ligation occurs to induce the formation of the circular fragments. The
pool of circular fragments becomes the 4C library. Primers are designed against the
outer restriction sites of the “bait” sequence, which result in the amplification of the
small unknown captured fragment. Large-scale sequencing can be used to sequence the
4C library. Custom microarrays can also be made using probes designed against the
adjacent upstream and downstream regions of all genomic sites of the restriction

enzyme used (Simonis et al., 2006).
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8C-carbon copy (5C) and 4C on ChIP

In addition, some other variants of 3C have emerged: 3C-carbon copy (5C) 1s used to
measure networks of millions of chromatin interactions in parallel. As in 3C, cells are
treated with formaldehyde to cross-link chromatin interactions. The chromatin is
solubilized, digested with a restriction enzyme and ligated at low DNA concentration to
promote intra-molecular ligation of cross-inked DNA fragments. Ligation products are
subsequently purified to generate a 3C library. The 5C technology then employs highly
multiplexed ligation-mediated amplification (LMA) to detect and amplify 3C lgation
junctions. The resulting 5C library of ligated primers 1s analyzed using either microarray
detection or ultra-high-throughput DNA sequencing (Dostie and Dekker, 2007). In the
same manner, ChIP-loop assays (Simonis et al., 2007), 1s another techique generated
from 3C analysis, the difference 1s this case from the previous techniques in that the
mteraction formed between two chromosomal regions 1s mediated by a bound protein.
Like in the 5C methodology, a single DNA site is often considered to interact with
multiple other sites. After the cross-linking and digestion, ChIP is performed to pull
down the protein bound to the site of interest. Normal 3C procedures are conducted

after this step (Simonis et al., 2007).
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Figure 16. Schematic diagram of 3C assay.

Chromatin is cross-linked, digested with a restriction enzyme and then ligated to obtain a 3C and 4C
templates, which contain a collection of ligation products, each of which reflects a physical interaction
between two restriction fragments. The blue and red lines represent the bait (known sequence) and the
unknown sequence respectively (in the case of 4C). In 4C assays the strategic positioning of the primers
allow the amplification of a circular molecule. In 3C approach both sequences are known (red an blue

line), the PCR occur with primer positioning toward the interior as a normal PCR reaction.
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Results

Sub-nuclear positioning of HIV-1 provirus in latent cells

The position of a specific gene within the nucleus 1s correlated with its transcriptional
status and specialized sub-compartments for gene expression or repression have been
described (Sexton et al., 2007). Silent gene loci are often found in close proximity to
centromeric heterochromatin, and centromeres are known to be preferentially
associated with the nuclear periphery (Brown et al., 1997) (Brown et al., 1999) (Brown
et al., 1999) (Kim et al., 2004) (Merkenschlager et al., 2004). The nuclear periphery has
been functionally associated with transcriptional silencing in yeast (Andrulis et al., 1998)
and Drosophila melanogaster (Marshall et al., 1996) (Pickersgill et al., 2006), although
this view has been challenged by the demonstration of regions of active transcription
associated with nuclear pores (Casolari et al., 2004) (Taddei et al., 2006). In addition, in
mammals, the nuclear periphery has been associated with transcription repression,
particularly through associations with the nuclear lamina (Guelen et al., 2008).
Tethering of transgenes to the periphery of the nucleus causes transcriptional silencing
that can be reverted by repositioning towards the iterior of the nucleus (Dietzel et al.,
2004) (Finlan et al., 2008) (Reddy et al., 2008). Several endogenous genes have also
been shown to behave similarly (Kosak et al., 2002) (Zink et al., 2004) (Chuang et al.,
2006; Williams et al., 2006a), although the picture might be more complex with genes
being unaffected by their proximity to the periphery (Nielsen et al., 2002) (Zhou et al.,
2002) (Hewtt et al., 2004) (Finlan et al., 2008) (Kumaran and Spector, 2008) (Reddy et

al., 2008). Changes in gene expression after cellular differentiation, or after various
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external stimuli, are often associated with changes in the subnuclear positioning of
genes and regulatory sequences that may establish long-range interactions (Spihanakis et
al., 2005) (Lomvardas et al., 2006). Following these facts, we decided to exploit a
peculiarity of retroviruses that are able to mntegrate into the host’s chromatin. In this
respect a retroviral construct carrying a reporter gene can be seen as an ectopic
transcription unit that transcribes from its itegration site. Thus, by 3D FISH method (a
method previously shown to preserve the three-dimensional structure of the nucleus
(Solover et al., 2009)), we mvestigated the localization of HIV-1 with respect to the
nuclear periphery in seven different cell ines which are well-characterized models of

HIV-1 latency. The cell lines used in this study are described below.

Jurkat clonal cell lines

Jurkat clonal cell llines generated by Jordan et al. are a convenient model to study HIV-
1 post-integrative latency (Jordan et al., 2003). These cell clones were obtained by
transduction of the human lymphocytic T cell line Jurkat with an HIV-1 vector
containing the viral protein Tat and the green fluorescent protein (GFP) open reading
frames under the control of the viral 5 LTR (Jordan et al., 2003). The vector used was
derived from the prototype pHR’ series where flag-tagged Tat101 (corresponding to the
two-exon form of the HIV-1 Tat gene with a C-terminal flag tag) and GFP were under
the control of the HIV-1 5’-L'TR by using an internal ribosome entry site (LTR-Tat-

IRES-EGFP) (Figure 17) (Jordan et al., 2003).
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Figure 17. J-lat A1 cellular model

Diagram of the HIV-1 construct integrated in position ChXp21.1 of J-Lat A1l. The 5’ LTR is followed by,
the major splice donor site (SD) and a portion of the gag gene fused to the Rev responsive element
(RRE). The Tat acceptor site SA7 precedes a cassette containing the Tatl01 gene fused to a flag tag (-
Tatl101), an internal ribosome entry site (IRES) and the GFP reporter. Below the pre mRNA and spliced
RNA are shown together with the dimensions of the fragment amplified by RT PCR with the indicated

primers.

Cells were selected m order to obtain resting lymphocytic cells inducible under
different stimuli. Infected Jurkat cells were sorted using differential fluorescence-activity
based on GFP expression. Cells that were negative for GFP were 1solated and then
stimulated with phorbol esters (TPA) to isolate GFP positive cells, which subsequently,
were cloned and further characterized (Jordan et al., 2003). In this work, we used four
different Jurkat cell line clones derived as described above: J-lat Al, J-lat A2, J-lat H2

and J-lat 8.4. Table 1 shows the main characteristics of all cell lines under study.

HOS clonal cell lines

HOS clonal cell lines are an excellent model to study RNA dynamics in vivo, allowing

the visualization of RNA in single living cells (De Marco et al., 2008).
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The HIV-Intro MS2-ECFPskI-IRES-TK lentiviral vector (for simplicity: HIV-Intro),
carried by HOS cell clones, has been specifically engineered to contain all the elements
required for RNA production and, at the same time, to allow the visualization of viral
RNA 1n single living cells. The construct contains: the 5' L'TR, the major splice donor
(SD1), the packaging signal ¥, the RRE, the splice acceptor A7 and the 3' LTR that
drives 3-end formation, a reporter of gene expression (KCFP) fused to the peroxisome
localization signal Ser-Lys-Leu (skl) and the selectable marker thymidine kinase (T'K) of

herpes simplex type 1 (Figure 18, Table 1) (De Marco et al., 2008).

The construct carries also an array of 24 binding sites for the MS2 phage coat protein
within the intron, necessary for the tracking of viral RNA in vivo upon transfection of

Tat and fluorescent tagged-MS2nls.

RNAPII
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cell chromatin  [HURY v @g _ M52 cod mpeatss24 _ RRE ECFPskIIRES-TK LTR

]
SD SA. polyA

Figure 18. HIV24xMS2introECFPskI-IRES-TK lentiviral vector

Diagram of the HIV24xMS2 construct. The 5’ LTR is followed by the major splice donor site (SD) and a
portion of the gag gene fused to an array of 24 repeats of the MS2 phage coat protein and the Rev
responsive element (RRE). The Tat acceptor site SA7 precedes a cassette containing an internal
ribosome entry site (IRES) and a reporter of gene expression (ECFP) fused to the peroxisome
localization signal Ser-Lys-Leu (skl) of herpes simplex type 1. The various factors that are recruited at the

site of RNA biogenesis are also indicated (De Marco et al., 2008).
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HOS_A4 and HOS_B3, used in this study, were generated by transduction of
Osteosarcoma HOS_1438b cells (which are negative for thymidine kinase activity (TK-)
with the HIV-Intro vector pseudotyped with the vesicular stomatitis virus G envelope
protein (VSV-G). To select for clones that carry an inducible integrated provirus, cells
that constitutively expressed high levels of HSV-TK were selected against by treatment
with 50ug/ml ganciclovir. Surviving cells, that were either non-transduced, or transduced
but with a low level of TK expression, were treated with GST-Tat and briefly selected
for inducible HSV-TK expression in hypoxanthine, aminopterin and thymidine (HA'T)
medium. Clonal populations were obtained by hmiting dilutions and colonies were
visually scored for low basal level of ECFP expression in the cytoplasm and to be highly
inducible by GST-Tat by fluorescence microscopy. The HOS_A4 cell clone showed a
robust and homogenous induction of ECFPskl in the cytoplasm upon treatment with

GST-Tat (De Marco et al., 2008).

Ul cellular model

The last model used m this study to address HIV-1 positioning was the Ul cell clone
generated from promonocytic U937 cell line (Folks et al., 1987). Ul cells contain two
copies of integrated HIV-1 provirus, one on the short arm of chromosome X and the
other on a rearranged chromosome 6 (Deichmann et al., 1997). Ul cells produce very
low levels of HIV-1 mRNA under basal conditions, due to defective viral trans-activator
Tat mRNAs (Emiliani et al., 1998). Ul latent proviral transcription can be markedly
induced by exogenous Tat expression (Emiliani et al., 1998) or exposure to the phorbol

ester TPA, which induces NF-xB heterodimers to bind within the LTR U3 region.



Both stimuli cause substantial modification of chromatin structure over the viral 5’L’TR

promoter (Lusic et al., 2003).

3D FISH analysis was performed in order to establish the sub-nuclear position of HIV-
1 during latent state of transcription in seven different clonal cell lines described above.
The minimal distance between provirus and the nuclear periphery was measured and
box plot analyses are shown in Figures 19A and B. Distances obtained for all clonal cell
lines are showed as normalized data, with respect to the diameter of the cells, and as
non normalized data (absolutes values), respectively. In Figure 19A the median of radial
distribution for all cell lines under study varied between 0.05 and 0.15
(Distance/Diameter). Considering that 0.5 1s the nucleus centre, these data strongly
suggest that HIV-1 was mostly located at the nuclear periphery. The same situation was
observed without the normalization of data. In this case 0 wm 1s the periphery and the
median of absolute values varied between 1 and 1.5 wm. The only exception was the
HOS_ B3 clone, in which the provirus appeared more distant from the periphery, with
the median around 2 wm and a considerably higher standard deviation. These results
indicated that most latent proviruses localize close to the periphery. Statistical analysis
confirmed that there were not significant differences among the different cell lines, with
the exception of HOS_ B3 clone, as mentioned earlier. This clone harbours two
mtegrated proviruses, one of which appears to be more distant from the periphery in
comparison with J-lat Al cell line, which represent the cell line studied more deeply in

this work (K-S test, P = 0,001).
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Box plot analysis of the distribution of distances from the periphery of the integrated provirus in different
cell clones. When two integrations are present, as for Ul and HOS_B3, each of them is shown.

Figure 19. Localization of HIV-1 at the nuclear periphery in different cell clones

Distances are presented as normalized (A) and absolutes values (B).



Table 1. Cell lines used in this study

Cell line Integrations Provirus/Vector ISH probe NOTES
J-Lat Al 1 (ChX) Vector EV731 pEV731 (Jordan et al., 2003)
J-Lat A2 1 (Helicase V) Vector EV731 pEV731 (Jordan et al., 2003)
J-Lat H2 1 (Ch7) Vector EV731 pEV731 (Jordan et al., 2003)
J-Lat 8.4 HIV-R7/E-/GFP (Jordan et al., 2003)
Ul 2 (ChX active, Ch6 HIV NL4-3 pHIV NL4-3 (Perkins et al., 2008)

rearranged inactive) (Folks et al., 1987)
HOS A4 1 (Ch8 HMBOX1) HIV24xMS2introlECFPs pHIV24xMS2introlECFP (De Marco et al., 2008)
kI-IRES-TK skI-IRES-TK
HOS B3 2 (Chl SIPA1LZ & HIV24xMS2introECFPs | pHIV24xMS2introECFP Our laboratory
Ch 3 DOC1) kI-IRES-TK skI-IRES-TK

Sub nuclear positioning of HIV-1 provirus in transcribing cells

By 3D FISH analysis, we 1dentified that in different latent cells lines the positioning of
the HIV-1 provirus was proximal to the nuclear periphery. The next step was to
mvestigate the possible differences in HIV-1 localization between transcribing and silent
provirus. To address this question we took advantage of two well-characterized cell lines

J-lat A1 and HOS_AA4 cells.
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J-lat Al characterization

J-lat A1 cells, generated as described before, carry a single mtegrated HIV-1 vector at
position ChXp21.1. (Figure 20A) (Jordan et al., 2003). In our hands the integration site
was confirmed using PCR analysis with one primer designed on ChX and one primer

within the provirus (Table 2). Figure 20B shows the predicted band obtained.

position/search|chiX.34.000,264-34005.264 size 5,001 bp.

chrx (p21.1) m«:_m]

chrx: 34001000] 34002000] 34003000] 34004000] 34005000]
STS Markers on Genetic (blue) and Radiation Hybrid (black) Maps
STS Markers

]
1] UCSC Gene Predictions Based on RefSeq, UniFrot, GenBank, and Comparative Genomics
= RefSeq Genes

| Mammalian Gene Collection Full ORF mRNAsS

) Human mRNAs from GenBank

Human ESTsS That Have Been Spliced
UniGene Alignments
Vertebrate Multiz Alignment & Conservation (17 Species)

= o
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Figure 20. J-Lat A1 Integration site.

A) Integration site of HIV-1 in ChXp21.1of J-lat Al cell clone (http://genome.ucsc.edu/) B) PCR analysis
of integration site in J-Lat Al, the fragment (Integration Site), represents the amplification between the

provirus and ChXp21.1. 1Kb molecular marker indicates 1000bp size.

Transcription activation

To confirm that J-lat A1 was in fact inducible for transcription, we treated the cells with

TPA and measured the amount of GFP expression. Flow cytometry analysis,
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demonstrated that approximately 86% of cells express GFP after 24 hours, indicating
that our cellular model present a defined silenced state (off state) and an activated state

(on state) (Figure 21).
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Figure 21. Transcription activation in J-Lat A1 cell line.
Cytofluorimetric analysis of cells was conducted in uninduced cells (left) and after induction with TPA
(final concentration 1.6 uM) for 15 hours (right). More than 85% of cells were activated as shown by the

expression of the GFP reporter.

The transcription activation of HIV-1 in J-lat Al cells was also confirmed by the
presence of the viral protein Tat and increased production of viral mRNA upon cell
induction. The expression of Flag-tagged Tat (f-Tatl01) upon TPA mduction was
confirmed by Western blot. Cells were lysed and the extracts were immunoprecipitated
with an anti-flag antibody. Western blot analysis 1s shown i Figure 22. Moreover, we
were able to detected the assembly of Tat:CychinT1 complex upon TPA treatment.
These findings indicate that the treatment with phorbol ester efficiently induces

transcription of HIV-1 in J-lat A1 cells.
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Figure 22. Assembly of Cyclin T'1 with Tat on induction of J-lat A1 cells.
Top panel, western blot analysis probing with an anti-flag antibody: Igl. immunoglobulin light chains.

Bottom panel, western blot probing with an antibody against Cyclin T'1.

A time course of nascent viral RNA 1s shown in Figure 23. Induction of viral mRNA
was already detected at 4 hours post induction and accumulates further on with a peak
at 8 hours. In non-induced cells the viral mRNA 1s maintained on time with a very low
level of amplification, indicating that there 1s a basal level of transcription. Furthermore,
we used primers for the intronic region, and in this case, the precursor RNA was also
produced within 4 h and peaked 8 h after induction. - Actin mRNA amplification

idicated that the amount of RNA was equal in all the samples.
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Figure 23. Time course of provirus expression in J-Lat Al cells.
RT PCR analysis was conducted for the spliced RNA (exon, top panels), the pre-mRNA (intron, middle
panels) and the B-actin control (bottom) before (left) and after induction with TPA (right). Samples were

analyzed at the indicated time points (Dieudonne et al., 2009).

Localization of HIV-1 provirus in transcribing J-lat A1l

Once confirmed that our cellular model presented two well-differentiated states of
transcription (off/on), the next step was to 1dentify whether the localization of HIV-1
provirus changes between these two states. T'o reach this goal we employed a 3D FISH
method in cells with and without treatment with TPA and we observed that HIV-1 1s
frequently localized at the nuclear periphery also in induced cells. In both cases, the
greater density of proviruses 1s found between 0.05 and 0.1 distance/diameter.
However, after induction, the position of the provirus seems to move shightly toward the
nuclear mterior. However, the shift was from a median absolute distance of 1.3 um n
not mduced cells to a distance of 1.7 um in induced cells, and this change was not

statistically significant (K-S test) (Figure 24 A and B).
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Figure 24. Localization of HIV-1 in transcribing J-lat A1.
A) Localization of HIV-1 provirus in silenced J-lat A1 cells. The abscissa represents the radius of the cell

were 0 1s the periphery and 0.5 is the centre. Values are normalized for the nuclear diameter. The
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density is intended as the frequency of distances between the two loci that fall between a discrete interval

divided for the interval amplitude. B) Localization of HIV-1 provirus in transcribing J-lat A1 cells.

RNA In situ Hybridization

So far we showed that the majority of the provirus is found at the nuclear periphery
(Figure 24A and B), but since we could establish only indirectly in J-lat Al that
transcriptional activation does not result in changes of sub-nuclear positioning of the
gene, we decided to visualize HIV-1 RNA at the site of transcription. We took
advantage of HOS_A4 cell line, which allows the visualization of viral RNA in single
living cells by the MS2 tagging method. HOS_A4 clone carry a single copy of the
lentiviral vector HIV-Intro within the second giant intron of HMBOXI1 (De Marco et

al., 2008).

By RNA in situ hybridization we first confirmed that nascent HIV-1 RNA remains at
the nuclear periphery upon transcriptional activation (Figure 25A). Interestingly, the
distribution of distances from the periphery measured for the provirus in HOS_A4 in
the silenced state (median of the absolute values = 1.5 um) did not differ significantly
from those of nascent RNA n the activated state (median of the absolute values = 1.2
um) indicating that the transcribing provirus did not move from its position (Figure
25B). Furthermore, the major density of proviruses was localized between 0.05 and 0.1
distance/diameter from the nuclear periphery confirming the results obtained for

genome positioning shown in the Figurel9.

To further confirm that HIV-1 RNA 1s transcribed at the nuclear periphery, a time

course of RNA biogenesis i living cells expressing both Tat and EYFP-MS2nls was
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measured (Figure 25C). Once more, our results clearly demonstrated, that active
transcription from an integrated provirus was continuously associated to the nuclear

periphery also in living cells.
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Figure 25. HIV-1 nascent RNA and its positioning at the nucleus in living cells.

A) HOS_A4 cells were analyzed for the localization of the HIV-1 nascent RNA with respect to the
nuclear periphery in Tat-activated cells (n = 62). Analysis of distances was conducted as in (Figure 24)
Inset: example of the RNA in situ hybridization with an intronic probe that shows localization of nascent

HIV-1 RNA at the site of transcription. B) Box plot analysis of the distribution of absolute distances from
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the periphery of the provirus in latent HOS_A4 cells (left) compared to the distribution of absolute
distances from the periphery of the nascent HIV-1 RNA in induced cells (right). The status of induction
1s indicated below. The differences in the distribution of the distances to the periphery in the inactive or
active state were not statistically significant (K-S test, p > 0.01). C) Localization of transcription in single
living cells. HOS_A4 cells expressing Tat and EYFP_MS2nls were monitored in time for the localization
of nascent RNA. Distances from periphery for 13 cells (£ s.d.) are plotted at 5 minutes interval for half an
hour. A picture of single nucleus is show at the various time points to illustrate the position of the

transcribing locus (white arrowhead).

Identification of genomic sequences interacting with HIV-1 provirus

To establish the possible mechanisms mvolved i the silencing of HIV-1 in latent
clones, we decided to use the Circular Chromosome Conformation Capture (4C)
approach employing J-Lat Al cellular model. Based on the Chromosome
Conformation Capture (3C) method (Dekker et al., 2002), 4C approach exploits a
circular intermediate to allow the identification of inter-chromosomal mteractions
without previous knowledge about the interacting sequences (Figure 26) (see

mtroduction).
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Figure 26. Circular Chromosome Conformation Capture (4C) assays.

A) Diagram of the 4C protocol. The bait (blue line) derived from the HIV-1 provirus, is cross-linked to
an unknown genomic locus (violet Iine). After digestion with Hind III, the reaction is diluted and ligated
to generate both intra- and inter-molecular ligations. Intra-molecular ligations could be reduced by Not I
treatment. After reversal of cross-linking a nested PCR is performed with primers within the bait pointing

outwards.

Therefore, J-Lat Al cells were either left untreated or incubated with TPA for 8 hours
and then cross-linked with formaldehyde. In mitial experiments the genome of J-lat Al
was digested with AflII, as shown Figure 27. This enzyme cut twice in HIV-1 provirus
(EV731), within the 5 and 3’ L'TR sequences (positions 518 and 4409 respectively,
according to the sequence of the provirus). After digestion the genomic material was
diluted, hgated and de-cross linked. In order to amplify the possible sequences
mteracting with HIV-1 provirus, we designed primers pointing outwards from an AflII
fragment, within the V731 provirus (Figure 26). Due to our lack of knowledge about

the size of the fragment to be obtain, we used different programs of PCR amplifications,
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different amounts of DNA, and diverse tag polymerases, in order to set up the proper
protocol that allows the 1dentification of the possible sequences interacting with the bait
in the cellular nucleus. A smear of several bands was evident in agarose gels after PCR
reaction, in most of the conditions. Finally the bands were either excised from the gel
or cloned as a bulk. However, all clone sequences showed a religated bait. This
probably was related to the length of the bait that allowed a high frequency of relegated
products. In order to generate smaller bait, we decided to use HindIII restriction

enzyme which cut more frequently inside of EV731 (Figure 27).

&
>
bait (584bp)
N 1 AH
N H H
ChXp2l.1 | | ChXp2l.1
Gag |RR1| [ 141101 IRES-GFP |
A'D 413

A+B = 372 bp (intron)

Figure 27. Diagram of the HIV-1 construct integrated in J-Lat A1.
Sites of cleavage by HindIII (H), AflIT (A) and Not I (N) are indicated. The position of the primers used
in the 4C protocol is indicated by black arrows above the bait indicated by a blue arrow. Below the

position of the primers (A+B) for the amplification used as control in 3C and 4C experiments.

Following the same approach, primers pointing outwards from a HindIII fragment
(position 1088-1672 according to the sequence of the provirus) within the HIV-1
provirus were used as a bait to amplify the possible DNA sequences interacting with it
(Figure 26). As shown in Figure 28, we were able to distinguish a smear of several bands

in agarose gels after nested PCR for active and silent cells. The major difference
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between these two states consisted in the appearance of bands at approximately 600 bps
and 1200 bps only in the induced cells. The 1dentity of the bands was confirmed to be
the bait (584 bps) and multimers of this sequence. We hypothesized that this could be
due to multiple runs of PCR over the junction on religated templates (Figure 26). To
confirm this hypothesis we mtroduced an additional step in the 4C procedure by cutting
with Not I (position 1145 of the provirus), a unique restriction site within the bait
fragment (Figure 26 and 27), before the nested PCR reaction. As shown in the second
panel in Figure 28 treatment with Not I reduces the products of the religated template.
However, despite this modification of the protocol, we were unable to detect host
chromatin sequences associated with the provirus in activated cells. Cloning of the PCR
products showed only religated templates, primer multimers or boundary sequences of
the provirus due to incomplete HindIII digestion. This could be explained by a
technical failure to 1dentify all the fragments involved and may be solved by more in
depth sequencing or by using microarrays (Simonis et al., 2006). Alternatively, the
observation that the intra-molecular ligation by-products of the 4C reaction increase
upon induction may indicate that the chromatin loops out from a more compact
conformation and therefore 1s more accessible to enzymatic digestion. Looping of HIV-
1 chromatin upon transcriptional activation coupled to high levels of Tat-mediated
transcription and local enrichment of nascent RNA, although not formally proven, may
well account for a single transcription factory exclusive for HIV-1 transcription (Boireau

et al., 2007) (Perkins et al., 2008).
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Figure 28. 4C amplified fragments from J-lat A1 cells.

Products of the nested PCR amplification of cells either not induced or induced with TPA were resolved
on agarose gels. Molecular weight marker (1kb, M) and position of the major product of intra-ligation
(asterisk) are shown. In the second panel 4C amplified fragments from J-lat A1 cells after Not I digestion.
To reduce intra-molecular ligation in the TPA-activated cells the cross-linked material was treated with
Not I prior to performing the nested PCR. Molecular weight marker (1kb, M) and position of the major

product of intra-ligation (asterisk) are shown.

In contrast, m silenced cells after bulk cloning of all the nested PCR products we
identified a specific fragment from host chromatin that corresponded to the positions
37.017.830 - 37.017.941 of chromosome 12q12 (Figure 29). To further verify these
results we moved to 3C analysis, which in contrast with 4C assays allows studying
chromosomal folding in the nucleus only if previous knowledge of the bait and the
mteracting sequence exists. With a primer (Table 2) mapping within the i1dentified
fragment in Ch12, and a primer in the bait, as shown in Figure 30A, a hemi-nested PCR
was perform on 3C latent J-Lat Al samples, confirming the mteraction of the provirus

with Ch12q12 (Figure 30A, top panels).
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Figure 29. Region of Chromosome 12 found to interact with the provirus by 3C and 4C techniques.

Table 2. Primers used for PCR amplification.

Technique Primers
First Amplification Second Amplification
4C 5’ out A Hind III 5’ out B Hind III
PCR 5 TGTGCGGTGGTCTTACTTTTG 3 5 GTTTTGCTCTTCCTCTATCTTGTC 8
38’ out Hind IIT 8’ out B Hind III
5 AGATTTGGAATCACACGACC 8 5 GGAGTGGGACAGAGAAATTAAC 3
5’ Chromo 12B 5’ Chromo 12B
3C 5 GCTTTTCATGACGTTGCTCTCCTC 8 5 GCTTTTCATGACGTTGCTCTCCTC 3
5’out A Hind III 5’ out B Hind III
PCR
5 TGTGCGGTGGTCTTACTTTTG 3 5 GTTTTGCTCTTCCTCTATCTTGTC 8
Splice Exo: 5 CGAGATCCGTTCACTAATCGAATG &
RT PCR A (nuc1B177): 5 CGTCTGTTGTGTGACTCTGGTAACT &
B (Splice Intro): 5 GGATTAACTGCGAATCGTTCTAGC &
pEV731 ChX
PCR IS ChrX R Splice Intro (B)
Inteég‘r ation 5 GTGCCTTGATGGGAATTAAG 3 5 GGATTAACTGCGAATCGTTCTAGC 8
1te
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As control of template amplification we used a set of primers that detect the HIV-1
provirus (A+B, bottom panels of Figure 30A). As negative controls we omitted the
ligation step and the cross-linked step m 3C assays, and as we were expecting no

amplification was observed in both cases.

Having shown that in the off state the provirus interacts physically with a
pericentromeric region of Chl12ql2, we sought to know whether this interaction exist
also m transcriptionally active cells. Therefore, we examined J-lat Al cells by 3C after
the mnduction with TPA. As shown in Figure 30B, the amount of template that could be
amplified by hemi-nested PCR was reduced upon activation of HIV-1 transcription.
Serial 2-fold dilutions of the template demonstrated that the 3C product was abundant

n latent versus activated cells.

We conclude that in J-lat Al quiescent cells the provirus integrated i ChXp21.1
mteracts physically with Ch12q12. Upon activation of proviral transcription with TPA,

this interaction 1s lost.

A N + - PFA
M + R + Ligase
L 3C
| e \ HIV intro
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Figure 30. 3C analysis at the site of HIV integration in J-lat A1 cells.

A) 3C analysis of the interaction of the provirus and Ch12ql2. To confirm 4C data a 3C analysis was
performed by hemi-nested amplification using a primer within the Chl12ql2 region (see diagram).
Control amplification was performed with primers mapping within the provirus (Table 2., Figurel7). B)
Loss of the interaction between the provirus and Ch12q12 upon induction of transcription. 3C analysis of
the Ch12ql12/provirus interaction was performed both in induced (left) and non-induced (right) cells.
Two-fold serial dilutions of the template show that in non-induced cells there is more cross-linked

material for the interaction.

Mapping of the genomic regions by 3D-FISH

In order to explore i depth the interaction between Chl2ql2 and the integrated
provirus into ChXp21.1, we performed 3D FISH on J-lat Al cells (following the
protocol explained in detail in Material and Methods). To mark ChXp21.1 we used the
BAC RPI11-77013 and to mark Ch12ql12 we used the BAC RP11-379CZA4. These
probes were selected to cover the region where the provirus is integrated (ChX) and the
region in Chl2 that we demonstrated by 3C to be physically associated with it. As
shown n Figure 31A, single-cell disposition of the two marked regions varied. First, we
measured the miimal distance between ChXp21.1 and Ch12q12 (Figure 31B), to look

for the interaction detected in 4C, and between Ch12q12 and Ch12ql12 as a control
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(Figure 31C). More than one hundred cells were analyzed and the results are shown in
Figure 31B and C. Both samples show a Gaussian distribution around a 3-wm mean of
the minimal distances of interaction. However, for the Chl12/ChX analysis, the data
could be fitted with two Gaussians, with the smaller representing a subset of close
associations, centered around 0.6 um (Figure 31B) and the other centered around 2.8
um. We proposed that all the interactions found to be under or equal to 0.6 um could
be considered adjacent. Within the population of cells tested m the silenced state,
2.920.7% showed co-localization of the two regions and 11£49 showed proximity at a
distance of <0.6 wm (Figure 31LE). Clearly, this could be the fraction of interaction that
we could detect by 3C. Therefore, we wanted to explore what happens when HIV-1
transcription 1s induced by TPA. As shown in Figure 31D, treatment of cells with TPA
induces the disappearance of the cluster of close associations of Chl12ql2 with
ChXp2l1.1. We found that the Gaussian distribution of the distances between these two
chromosomes n activated cells presented a very similar behavior to the Gaussian
generated m control samples (Chl2 and Chl2), confirming once more that this
mteraction 1s disrupted upon transcription activation. Fraction of cells presenting
colocalization and adjacency were significantly reduced to 0.8+£0.8% (colocalizing) and

3x2% (adjacent) (Figure 31L).
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Figure 31. Analysis of the interaction between Chr12q12 and ChXp21.1

A) J-lat Al cells were analyzed in FISH with a probe for Ch12q12 (BAC RP11 379CZ4 green) and a
probe for ChXp21.1 (BAC RP11-77013 red). The position of the two loci varied from co-localizing (left
panel), to adjacent at < 0.6 wm (central panel), to distal at > 0.6 um (right panel). B) Quantitative analysis
of the distribution of the distances between Ch12q12 and ChXp2l1.1 in non-induced J-lat Al cells (n
=135). The density is intended as the frequency of distances between the two loci that fall within a
discrete interval divided for the interval amplitude. The data were fitted and showed a bi-Gaussian
distribution (solid line with the two Gaussian shown as dotted lines) with a subset of nuclei where the two
genomic loci were closely associated. The mean values of the two Gaussian are also indicated by vertical
lines (0.6 um and 2.8 um, respectively). C) As a control, the same analysis as in B was conducted for the
distances between Chromosome 12. This analysis showed a Gaussian distribution (dotted line). D) The
distribution of minimal distances between Chromosome X and 12 is compared between non-induced
(dotted line, n = 135) and induced cells (solid line, n = 114). Histogram shows the distribution of the
induced cells. E) Quantitative analysis of the frequency of nuclei showing co-localization (green),
proximity at = 0.6 um (fuchsia) or distance at > 0.6 wm (blue). Numeric values are indicated below.

Decrease of the co-localization is significant (", p = 0.016).

The region of interaction at posiion Chl2ql2 1is close to the centromer of
chromosome 12, a heterochromatic region that might be involved in the silencing of
HIV-1 in trans. Indeed, pericentromeric satellite alphoid DNA repeats are present and
can be used as a marker for heterochormatin at that location. Therefore we exploited a
DNA probe specific for these a-satellite repeats present in Ch12 (Baldini et al., 1990),
i order to map other possible sequences interacting with the region of ChX where
HIV-1 was mtegrated(Baldini et al., 1990). As expected, the distances between the two
marked regions varied (Figure 32A). A fraction of the non-induced cells showed
colocalization of signals (4+29%), whereas 7+0.7% of cells showed proximity at a distance

of 0.6 um.
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As shows i Figure 32B, when cells were induced the proximity was lost. The
colocalization was reduced to 1+£1% and the fraction showing proximity at a distance of
<0.6 um was also reduced to 0%. We next explored the localization of the provirus
(using a specific probe for it), with respect to Chl2 a-satellites (Figure 32C). In this
case, 4+2% of non-induced cells showed colocalization of the provirus with the
centromer and 4+2% showed proximity at a distance of <0.6 um (Figure 32D). The
same figure shows that, when cells were induced, the colocalzation was reduced to
1£1% and the fraction showing proximity at a distance of <0.6 wm was also reduced to

1x1%.

These results confirm the 3C data since we could demonstrate that a fraction of the
population showed interaction among the provirus and the pericentromeric region of

chromosome 12.

Interestingly, we also observed that upon TPA treatment the interaction between
provirus and Chl2 1s disrupted both in 3C and FISH. How this disruption occurs
remains to be established. We did not observe an increase of the cell volume 1n J-Lat
Al upon TPA stimulation as it occurs for example i resting T cells (Branco et al.,
2008). Furthermore, although the TPA treatment induces cell-cycle arrest, it remains
possible that in the period after TPA stimulation a certain proportion of cells are still
capable of completing mitosis thus justifying the disruption of the interaction observed
m J-lat Al. Alternatively, active rearrangements of chromatin domains during

mterphase may be required (Louvet and Percipalle, 2009).
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Figure 32. Analysis of the interaction of Chr12 a-repeats with either ChXp21.1 or the provirus.

A) J-lat Al cells were analyzed in FISH with a probe for Ch12 a-repeats (red) and BAC RP11-77013

(Green) mapping at ChXp21.1. Similarly to Figure 31A, the position of the two loci varied from co-

localizing (left panel), to adjacent at <0.6 um (middle panel), to distal at > 0.6 wm (right panel). B)

Quantitative analysis, performed like in Figure 31E, is shown in B (non-induced, n = 105; induced, n =

103). Decrease of the co-localization is significant (), p = 0.016). C) J-lat A1 cells were analyzed in FISH

with a probe for Ch12 alpha repeats (red) and the provirus (Green). D) Quantitative analysis for Ch12

alpha repeats and the provirus (non-induced, n = 1045 induced, n = 78). Decrease of the co-localization is

significant (", p = 0.04).
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Localization of HIV-1 provirus independent of its interaction with Ch12

A question that arises from our studies so far was whether the localization of HIV-1
provirus changes when the mteraction with Chl2 1s disrupted (transcriptional
activation). In order to answer this question, we decided to choose a subset of cells were
the signals for Ch12 pericentromeric a-satellites and the provirus were at a distances of
< 0.6 um (the mean value of the Gaussian fitted for minimal distances between Ch12
and ChX mn non-induced cells) and measured their distance from the periphery of the
nucleus. The measurements of this subset of population that presented the interaction,
mterestingly demonstrated that the position of the interaction is consistently associated
with the nuclear periphery (Figure 33A) with the mayor amount of proviruses in the
range of 0.05 and 0.1 (radial distribution). In other terms, in a certain proportion of
cells, the silent provirus is found in close proximity of Ch12 pericentromeric o-satellites
close to the nuclear periphery. Then, we compared the localization of this interaction
with the position of the HIV-1 independent of Ch12 in silent and transcriptional states.
As we showed before, the provirus was associated with the periphery irrespective of its
association with Ch12 (Figure 25). The Figure 33B shows a box plot comparing these
three different situations; the distribution of the distances 1s shown as absolutes values

where the value 0 represents the periphery and 0.5 the centre of the nucleus.
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Figure 33. Localization of the interaction Ch12/HIV-1 in the cell nucleus.

A) The sub-population of J-lat Al non-induced cells carrying the interaction between the provirus and
Chl12 centromeric a-repeats was analyzed for distances of the interaction from the nuclear periphery
(n=25). The analyses were done as in Figure 24. B) Box plot analysis of the distribution of absolute
distances from the periphery of the subset of interactions of provirus and Chl2 and centromeric o-
repeats (median =1 wm). In addition, the distance of the provirus from the periphery, independent of its
association with chromosome 12, is shown both in the inactive (median = 1.3 um) and in active (median
= 1.7 wm) states. Status of induction with TPA is indicated below. The differences in the distribution of
the distances to the periphery of the provirus in the inactive or active state were not statistically significant

(K-S test, P =0.5).

Heterochromatin distribution

Since heterochromatin is related with silencing, we decided to study the distribution of
heterochromatin in J-lat Al. In order to do this we used two different approaches, the
first one was a 3D FISH with a probe for pan-a-satellite repeats probe that hybridizes in

situ exclusively to the centromeric regions of all human chromosomes (Mitchell et al.,
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1985) (Figure 34A), the second one was a Immuno-FISH against a heterochromatin

marker, histone H4 Lys20 (Figure 34B). Several groups have described the

organization of chromatin i lymphocytes. Human resting lymphocytes (G0) show a

predominantly peripheral localization of centromers (Welerich et al., 2003), while

cycling cells show also centromers in the interior at various proportions through the cell

cycle (see: (Solovel et al., 2004) and references therein). In both cases the distribution

of pericentromeric heterochromatin in J-lat Al 1s characteristic of cycling lymphocytes

(Figure 34A and B), with a high, but not exclusive prevalence at the nuclear periphery.
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Figure 34. Heterochromatin Distribution

A) Stained with a pan-satellite-repeats probe that hybridizes in situ exclusively to the centromeric regions
of all human chromosomes (Mitchell et al., 1985). J-lat A1 cells used in our work present a distribution
of centromers characteristic of cycling lymphocytes. B) Distribution of centromeric heterochromatin in J-
lat Al. Optical sectioning of two J-lat Al cells stained with an antibody against tri-methylated H4K20, a

marker of centromeric heterochromatin (Schotta et al., 2004).

Our results indicated that approximately 10% of J-lat A1 were not activable with TPA,
while around 109% of the cells presented an interaction between Ch12 and HIV-1. The
next step was to understand 1if this subpopulation of cells which present the interaction
between Ch12 and the provirus, corresponds to those that were not activated by TPA
(Figure 21). To answer this we proceeded with 3D FISH analysis. Different Jurkat cell
clones carrying an integrated provirus were analyzed with a probe for pan-o-satellite
repeats, and specifics probe for the provirus (Table 1). The analyses of the data are
shown in Figure 35. The graphic shows the percentage of interaction between the
provirus and pan-o-satellite repeats and the percentage of GFP positive cells following
TPA treatment. While different latent cell lines show colocalization of the provirus with
a pan-o-satellite probe at various frequencies, the extent of cells not reactivating with
TPA did not correlate with the extent of colocalization. For example J-lat H2 cells show
42% of colocalization of the provirus with centromeric heterochromatin while more
than 85% of cells could not be reactivated by TPA (nor by TNFa). Hence, a consistent
population remains nactive (>85%) of which only a portion can be considered silenced
by proximity to pericentromeric heterochromatin. Similar findings were obtained n all
Jurkat cell clones under mvestigation. Most likely the timing of transcriptional activation
differs among different cells i the population, possibly reflecting also the chromatin

mteractions of the provirus.
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FISH pan-a-satellite + HIV

100%
95%
90%
85%
809%
75%
70%
65%

609

55%

50%
J Lat Al JLat A2 J Lat H2 J Lat 8.4
M Coloc. <0.6 mm | 12,24% | 16% | 42,22% | 23,529%
W Distal | 87,75% | 84% | 57,77% | 76%
GFP (- TPA) 0,3% 0,449 0,53% 0,18%
GFP (+ TPA) ' 86% | 1,5% ' 129% ' 19%

Figure 35. Relation between heterochromatin interaction and TPA activation.

HIV-1 integration and nuclear periphery

Lamin-associated domains (LADs) represent a chromatin repressive environment
tightly associated with the nuclear periphery. Recently Bas Stenseel’s group (Guelen et
al., 2008) reported a high-resolution map of the interaction sites of the entire human

genome with LADs.

In order to further analyze the position of HIV-1 with respect to the nuclear periphery,
we decided to study whether there was a correlation between integrations sites and
LADs. To do this, we took advantage of two libraries of integrations sites generated by

Frederic Bushman and collaborators (Lewinski et al., 2005). One set of mtegrations
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sites was derived from cells that expressed the provirus constitutively, and the other
from cells that expressed the provirus poorly, but could be reactivated by TNFa. This
cell population represents a relevant particularity, since 1s the population that persists
during antiretroviral therapy (Marcello, 2006). From this analysis done by Somdutta
Dhir from the ICGEB bioinformatics group, we observed that m both cases,
(integrations 1n poor and rich genes regions), integration within LADs was equally
disfavored comparing to random generated integration sites (Figure 36), showing
around 15 % of association with LADs for the two libraries and 409% of association for
random integrations. However this analysis was carried out in two different cells types
that may differ in the nuclear organization, suggesting that a more clear results can be
obtained from the same cell type or better from primary cells from latently infected

patients.
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Figure 36. HIV-1 integration and association with LADs .
HIV-1 integration into the LADs is disfavored. The integration sites of (1) cell carrying a proviral vector
that 1s well-expressing (n = 587) and (i) cells carrying an integrations site that is poorly expressing but

inducible (n = 384) derived from Lewinski et al. are compared to random integrations (100 iterations of n

= 500) for their association to lamin associated domains (LADs) as defined in Guelen et al.



DISCUSSION

HIV-1 preferentially infects CD4+T lymphocytes and macrophages. After entry into the
target cell, the viral RNA 1s reverse transcribed and mtegrated into host genome. Upon
mtegration, the proviral DNA is organized in a chromatin structure and 1s subject to the
same control mechanism governing transcription i the cell nucleus. In such a way
HIV-1 can both be actively transcribed and persist in a latent form n long-lived infected
cells. Viral reservoirs established early during the mfection remain unaffected by anti-
retroviral therapy for a long time and are able to replenish systemic infection upon
mterruption of the treatment. Consequently, the major obstacle to HIV-1 eradication 1s
the establishment of a latent infection. Therefore, a better understanding of the basic
mechanisms underlying the establishment and the long-term maintenance of HIV-1

latency will provide new insights for innovative therapeutics aimed at viral eradication.

Molecular mechanisms underlying long-term transcriptional control of proviral gene
expression are still obscure. Regulation of gene expression 1s profoundly mvolved in
HIV-1 pathogenesis and the chromatin three-dimensional conformation mto the
nucleus 1s one of the main mechanisms controlling gene expression. Therefore the aim
of this study was to investigate the chromatin architecture at the site of HIV-1
mtegration in active and silenced states of transcription. The cellular model chosen for
this study mvolved several clones of a Jurkat lymphoblastoid T cell Iine (J-Lat clones)
carrying an integrated HIV-1 vector with a reporter gene (GFP). These cell lines mimic

the latent state of HIV-1 and can be induced to transcribe the silenced provirus.
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Gene positioning

Silent gene loci are often found in close proximity to centromeric heterochromatin, and
centromeres are known to be preferentially associated with the nuclear periphery
(Brown et al., 2001) (Brown et al., 1999) (Merkenschlager et al., 2004). In order to
determine the positioning in the nuclear space of HIV-1 and its possible relation with
heterochromatin we analyzed different J-Lat cell clones, representing a wide range of

provirus latency.

The nuclear periphery has been described as a repressive compartment for
transcription in eukaryotic cells (see introduction). Definition of this compartment at
the nuclear periphery varies between different reports. Several groups used normalized
radial distances, while others used data without normalization, which represent the
absolutes values. In order to provide a more accurate interpretation of our results and
to compare with other reports in different cell lines, we used both kinds of analysis. The
Figures 19 A and B, show the distances measured between the provirus and the
periphery of the nucleus for all cell lines as normalized data and as data not
normalized, respectively. Our results demonstrated that latent HIV-1 provirus is mostly
associated with the nuclear periphery independently of the integration site. In both
cases statistical analysis demonstrated that there are not significant differences between
the different cell lines and our model system J-Lat Al. The only exception is the HOS-
B3 clone, which harbors two integrated proviruses, both within active genes that are
transcriptionally competent (data not shown). One provirus appears more distal from
the periphery compared with J-lat A1 (K-S test, P1/40.001). However this cell line

requires further mvestigation to explain its internal localization.
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HIV-1 1s a retrovirus that crosses the nuclear pore to mtegrate into cellular chromatin.
The PIC containing retro-transcribed viral DNA and the viral integrase must cross the
nuclear pore and overcome the steep DNA concentration gradient in the nucleus
(Fassati, 2006). Consequently integration is more likely to occur in the proximity of the
nuclear periphery rather than towards the interior of the nucleus, as long as a favorable
mtegration site 1s found. This hypothesis has been recently confirmed by the
observations that the pre-integration complex is found preferentially at the nuclear
periphery in decondensed chromatin (Albanese et al., 2008). In most cells, the virus 1s
transcriptionally active, but in some cells it may be subjected to reversible silencing.
This latter feature, although infrequent, is critical for the establishment of long-term
viral reservoirs in patients undergoing antiviral therapy. From our work, it appears that
certain regions of the periphery provide such an environment required for reversible
silencing, since we have observed that in all cell lines analyzed carrying an integrated
latent provirus the localization was close to the nuclear periphery. It has been shown
that the provirus in latently infected cells 1s found both in gene poor and in gene-rich
regions (reviewed in (Marcello, 2006)) and also within transcribed genes as recently
described (De Marco et al., 2008) (Han et al., 2008) (LLenasi et al., 2008). These cases
are represented m our panel of cells (see Results for a description of the cell lines).
Therefore, it appears that positioning at the nuclear periphery 1s dominant over the site

of mtegration in determining the latent/inducible state.

We conclude that the silent provirus is peripheral in latent cells. But what happens to
the position of the provirus upon transcriptional activation? To answer this question, we

took advantage of the J-lat A1 cells.
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The J-lat Al cellular model

J-lat Al cells carry a transcriptionally silent HIV-1 proviral construct that can be

induced by phorbol esters (TPA).

RT PCR analysis of viral transcripts showed that a basal level of transcription was still
present in non-induced cells and that the signal increased in time after TPA treatment
(Figure 23). These data were confirmed by cytometric analysis, where we were able to
observe a very low level of GFP expression in uninduced cells (0.3%), compared with

the 86% obtained for cells following TPA treatment (Figure 21).

Immunoprecipitation analysis showed that the expression of the Tat protein and of the
associated co-factor Cyclin T'1 was present only i induced cells (Figure 22). This 1s
consistent with the availability of sub-optimal levels of Tat in latent cells from the few
transcripts observed by RT PCR. Since the J-lat Al cell clone can be strongly activated
by phorbol esters treatment, this cell line represents an excellent model to study HIV-1

transcriptional silencing and reactivation.

Gene positioning and transcription activation

Increasing evidence indicates that gene activation and gene silencing are often
associated with repositioning of the locus relative to the nuclear compartments and
other genomic loci. Gene activation has been correlated with movement away from the
periphery during lymphocyte development (Kosak et al., 2002) and during the neuronal
induction of a given locus (Williams et al., 2006a). However, exceptions to this simple

model have been found, in which gene position 1s not necessarily altered by induced
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expression (Hewitt et al., 2004) (Meaburn and Misteli, 2008), suggesting that different

parts of the nuclear periphery have distinct roles in transcriptional regulation.

Since gene position may be nvolved 1n regulation of gene expression we investigated
the localization of HIV-1 i transcribing cells. Our results demonstrated that upon
transcriptional activation the HIV-1 provirus remamned associated with the nuclear
periphery (Figure 19B). Although numerous studies have associated the nuclear
periphery with silent chromatin (reviewed i (Lanctot et al., 2007)), our analysis clearly
demonstrated that the transcribing provirus is localized at the nuclear periphery in most

of the cases (active and silent).

Transcriptional activation has been described as a multistep process mitiated by
sequence-specific proteins binding to regulatory sites of DNA upstream of the
transcribed regions of a gene (Thanos and Maniatis, 1995). Formation of the
enhanceosome results in the cooperative binding of accessory chromatin-remodeling
proteins, nuclear coactivators, kinases, and/or histone acetylases into the nucleoprotein
complex. The presence of chromatin-remodeling factors induces formation of an
activated premnitiation complex that, m turn, controls DNA-dependent RNA
polymerase II activity and subsequent gene expression (Tian and Brasier, 2003). As
expected, also HIV-1 transcription leads to local changes that consistently modify
chromatin at the site of HIV-1 integration, including histone acetylation, the removal of
negative factors, the recruitment of positive factors and the phosphorylation of RNA
polymerase (Lusic et al., 2003) (Marcello et al., 2003). In addition, HIV-1 DNA adopts
a loop conformation associated with transcriptional activation (Perkins et al., 2008). In

our hands all these changes during transcription activation appear to occur at the
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mtegrated provirus without a significant modification of the spatial position of the locus.
Furthermore, we could also show continuous transcription at that location mn single
living cells where nascent RNA could be visualized, providing the first example of
naturally transcribing genetic locus, albeit of viral origin, at the nuclear periphery

(Figure 25C).

So far HIV-1 1s located at the nuclear periphery independently of the transcription
state, but which are the mechanisms governing its transcriptional regulation? To address
this 1ssue we decided to investigate the surroundings of the provirus in transcriptionally

silent and active J-lat A1 cells.

HIV-1 chromatin conformation characterization

Movement of genetic loci has been observed within the nucleus upon transcriptional
activation. Specific interactions have also been observed between loci present on
different chromosomes. The overall picture that 1s emerging is that genes have some
mndependence in the nucleus but do no necessarily function in isolation from each
other. They are taken to, or find themselves in, different nuclear environments, which
are often shared by other genes. In particular multiple active genes and gene cluster are
often located together at places in the nucleus that have high local concentrations of

transcriptional and mRNA processing machinery.

In the original work by Jordan (2003), HIV-1 post-integrative latency correlated with
mtegration in close proximity to alphoid repetitive DNA in cis. However, the integrated
provirus was not associated with these repetitive sequences (Jordan et al., 2003). We

were interested in the characterization of the provirus surroundings at the nuclear level.
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By 4C analysis we found that transcriptionally silent HIV-1 provirus carried i J-lat Al
cells 1s associated with a pericentromeric region of chromosome 12 (Figure 29). Since
heterochromatin and periphery localization have been related with silencing, we were
curious to investigated whether this pericentromeric region of Chrl2 associated with
HIV-1 1n the silent cells was also present in transcribing cells. By 3C we were able to
confirm the association of these two loci 1n latent J-lat A1 cells. However, in the case of
activated cells, the mteraction of the two loci dropped significantly. These results
strongly suggest that the trans association between the pericentromeric region of Chl2
and HIV-1 1s mvolved in the silencing of HIV-1, at least in this cell line. It 1s possible
that by integrating into a region involved n a specific cellular pathway that requires
mter- or intra-chromosomal interaction to regulate transcription, HIV-1 becomes
regulated in the same manner as has been proposed for cellular genes (Fraser and
Bickmore, 2007) (Misteli, 2007). Moreover, heterochromatin is associated with
specialized chromosome structures, such as centromeres and telomeres, which define
transcriptionally inactive nuclear domains. The silencing effect of heterochromatin 1s
not restricted to the region packaged into heterochromatin itself but also to neighboring
DNA sequences providing an environment of condensed chromatin enriched in
specific histone modifications and heterochromatin proteins (Dillon and Festenstein,
2002). Therefore, heterochromatin centered at the chromosome 12 centromere might
extend its repression also in trans mvolving closely associated chromatin loci such as

ChXp21 harboring the integrated provirus.

An 1mportant consideration in the interpretation of the 3C data 1s the understanding
that not all pairs of restriction fragments that provide a positive result (in this case a

novel PCR product) are necessarily engaged in a functional interaction in the nucleus.
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The reason for this 1s that loci along a chromatin fiber will also randomly, and quite
frequently collide as the result of the inherent flexibility of chromatin (Dekker et al.,
2002). Clearly, different fragments can be cross-linked by formaldehyde simply because
they are near each other in the nucleus, and presumably can "bump into" each other
during the fixation process (Osborne et al., 2004). Therefore fixation conditions are
critical in the 3C assay since increased fixation leads to greater cross-linking resulting in
the detection of chromatin fragments that may be in proximity in the nucleus but not
necessarily engaged in a specific intermolecular functional interaction. For this reason
we decided to do two different controls for the interaction between HIV-1 and Ch12
that we detected i latent J-lat A1 by 4C and 3C methods. First, samples without cross-
linking and without ligation were processed for 3C. To check the DNA quality we
performed PCR using internals primer on HIV-1 (Table 2) (Figure 27) (Figure 30A,
bottom panel). In the case of the controls, as we expected, neither of the amplifications
resulted positive, indicating that in fact our interaction is specific for this cell type

(Figure 30A, top panel).

We conclude that in J-lat Al quiescent cells, the provirus integrated in ChXp21.1
mteracts physically with Ch12q12. Upon activation of proviral DNA with TPA, this

mteraction 1s lost, suggesting its possible role in HIV-1 silencing.

3D FISH and heterochromatin associations

Next, we sought to visualize by microscopy techniques how was the disposition of the
loci found to be associated by the 3C assays. Using BACs probes to cover the region

where the provirus is integrated (ChX) and the region in Chl2 that was physically
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associated with it, we were able to observe by 3D FISH that in fact Ch12 and ChX in J-
lat A1 were very close between each other in a significant fraction of cells. An accurate
statistical analysis of the minimal distance between the two loci demonstrated the
presence of two discrete populations, represented by a Gaussian curve fitted for the
distances between the provirus and Ch12 (Figure 31B). Through this approach we were
able to calculate the frequency of interaction, which resulted in approximately 109% of
the associations centered around 0.6 um. In this calculation, we included both loci that
colocalized and loci that were within a distance of 0.6 wm, considering that the mean
radius of confinement of a genomic locus in a mammalian nucleus 1s between 0.5 wm
(Spector, 2003) (Lanctot et al., 2007) and 0.3 um for more constrained peripheral loci
(Chubb et al., 2002). In contrast with this result, 3D FISH experiments for induced
cells shown a different behavior. Indeed, upon transcriptional activation of the provirus

by TPA, the interaction of the two loci decreased significantly, confirming the data

obtained by 3C.

In general, frequency of random collision 1s mversely related to the genomic distances
between loci, consistent with theoretical predictions (Dekker et al., 2002). Thus,
relatively frequent but nonfunctional interactions should always be observed for loci
separated by small distances. For sites separated by larger genomic distances, this
background signal decreases rapidly. Indeed a way to identify unspecific interaction 1s
by mapping in regions increasingly further away along the site of association, for Dekker
and collaborators unspecific interactions remained detectable for sites separated by as
much as 150 Kilobases (Dekker et al., 2002). Detection of an interaction between loci
of different chromosomes 1s generally specific, however we wanted to confirm our

mteraction with other probes. In this way, we could evaluate the specificity of our
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association and at the same time establish the regions mvolved in the HIV-1 silencing.
To this end, we decided to use as a probe a pericentromeric satellite alphoid DNA
repeats specific for Ch12 (Baldim et al., 1990), which were located approximately 2,3
megabase (2300 Kilobase) from our previously found associated region. Also i this
case, we observed that the trans association between ChX and Chrl2 was more
frequent in silent cells, comparing with induced cells. Finally, we evaluated the
localization of the provirus, using a specific probe for it, with respect to the Chl2 a-
satellite. These experiments showed once more that the HIV-1: Chl2 a-satellite
association was found at a high frequency in silent cells. In addition, the association of
these two loci occurs at the nuclear periphery. When cells are activated, HIV-1 remains
at this position (Figure 33B) (independent of the transcription state and independent of
its association with Ch12) and is not found more associated with Ch12, suggesting that
the latter 1s moving according with the transcription state and that this interaction 1s
actually involved in HIV-1 silencing. It 1s important to note that peripheral localization
of the region of interaction of chromosome territories corresponding to Ch12 and ChX
has been also observed by others in both human primary fibroblasts (Bolzer et al.,

2005) (Guelen et al., 2008) and lymphocytes (Kim et al., 2004) (Parada et al., 2004).

It has been shown previously that recruitment of chromatin domains to centromeric
heterochromatin in frans imposes silencing in . melanogaster and differentiating
mouse lymphocytes (Csink and Henikoff, 1996) (Dernburg et al., 1996) (Brown et al.,
1997) (Brown et al.,, 1999) (Brown et al., 2001) (Merkenschlager et al., 2004).
Heterochromatin markers, such as Suvd9H1, HP1 and histone H3Lys9 trimethylation,
have an important function in chromatin-mediated repression of integrated HIV-1 gene

expression being reversibly associated with HIV-1 in a transcription-dependent manner



(Marban et al., 2007) (du Chene et al., 2007) (Mateescu et al., 2008). Interestingly,
reactivation of HIV-1 in J-lat Al cells by siIRNA knockdown of HPla and HP1y has
been shown (du Chene et al., 2007). All these observations point to an involvement of
heterochromatin in the silencing of HIV-1. However, a paradox emerges from our
observations since the provirus was found i the proximity of the centromere of
chromosome 12 in only 10% of the cells when in fact all cells were silenced. Two
explanations could be proposed: either within the same clonal population, the provirus
associates with different heterochromatin environments that went undetected in our 4C
approach, or two or more states of silencing exist, ranging from one closely associated
with heterochromatin, to one possibly more poised for transcription. Other interactions
are unlikely since we found that the provirus interact with Chl2 and with regions
marked by pan a satellite probe at the same frequency m J-lat Al cells (Figure 35).
Furthermore, to expand this observation, we extended the analysis of the association of
the provirus with heterochromatin in all cells tested. By this approach we observed that
independently of the integration site, all latent cell ines presented different percentages
of association with heterochromatin, any of which show values over 45%, even though
all cell clones were totally silent (Figure 35). However, one possibility could be an under
estimation of the total heterochromatin, since nuclear heterochromatin is represented
not only by centromers, but also by telomeres and other chromosomes regions.
Regarding the hypothesis that two or more states of silencing exist, we suppose that
silencing 1s a very dynamic process that could be achieved in different steps. The first
one could mvolve the assembly of a pre-mitiation complex with a stalled RNAPII that
requires further signals to elongate, and we believe that the association of HIV-1 with

Ch12 occurs at this step. We called this state off-off (Figure 37). A second step (called
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off) could involve the movement of heterochromatin or certain chromosomes regions
far away from the transcription unit, and this state should be more poised for
transcription. Indeed, it has been shown that RNAPII elongation complexes initiating
from the viral LTR can prematurely terminate transcription in the absence of Tat, also
i quiescent lymphocytes from patients (Kao et al.,, 1987) (Lassen et al., 2004).
Furthermore, experiments mvolving bulk analysis of cells, such as, for example,
chromatin immunoprecipitation, detected both HP1B and RNA polymerase on the
viral LTR in the latent state (Mateescu et al.,, 2008). This observation could be
explained if, in the ensemble population of cells that 1s pooled in a ChIP experiment,
some cells are in one status and some in the other. Finally, in a third step, the
mteraction between HIV-1 and Chl2 is probably totally lost and HIV-1 RNA 1s
transcribed, possibly within a single transcription factory, without changing its

localization to the nuclear periphery (Figure 37). We called this last step ‘on’.

Lamin-associated domains (LADs) represent a chromatin repressive environment
tightly associated with the nuclear periphery. Recently Bas Stenseel (Guelen et al.,
2008) reported a high-resolution map of the interaction sites of the entire human
genome with LADs. In addition, Frederic Bushman and collaborators (Lewinski et al.,
2005) have generated two libraries of HIV-1 integrations sites. One set of cells carried a
proviral vector that 1s well expressing; the other cells expressed the provirus poorly, but
could be reactivated by TNFa. To establish whether there was a correlation between
HIV-1 integrations sites and LLADs, we calculated how many integration sites are within
LAD domains. From these analyses, we observed that for poorly and constitutively
expressed HIV-1, integrations within LADs were equally disfavored, showing

approximately 15 % of associations with them, while random generated integration sites
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were assoclated with LADs in 40 % of the cases (Figure 36). Consequently, HIV-1
mtegration sites are not favored in regions of repressive chromatin i tight conjunction
with the nuclear lamina. These results validate the observation that HIV-1 integrates
preferentially in regions that are transcriptionally active (Schroder et al., 2002) and not

constitutively repressed like LADs.

Nearly 40% of the human genome consists of LADs (Guelen et al.,, 2008).
Compactions of chromatin at the nuclear periphery allow a relatively large fraction of
the genome to be located at the lamina. Assuming that the nucleus of a lymphocyte can
be approximated to a sphere, the periphery represents 50% of the total nuclear volume
(considering that in our 3D FISH experiments the integration sites were within the
outer 209% of the nuclear radius). If 40% of random interactions were associated with
LADs it results that 10% of the periphery non-associated with LADs could be available
for integration of HIV -1 at this location. It would be interesting to evaluate whether this
10% of integrations are random at the periphery or are represented by “hot spots” sites
of integration. Nevertheless, the picture that 1s emerging 1s that HIV-1 integrates
preferentially at the nuclear periphery within active genes that are not associated to the

nuclear lamina.

This work 1s not only providing a new concept about the three-dimensional
conformation of chromatin and its implications in HIV-1 transcription and silencing,
but also presents an insight in how chromatin organization could modulate the
expression levels of a given gene. From our results and others studies (Ragoczy et al.,
2006) (Meaburn and Misteli, 2008), it seems that internal positioning i1s not a

requirement for activity and that transcription alone does not always drive the position
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of a gene, suggesting that radial positioning 1s not necessarily linked to gene activity.
Ewvidently, radial gene positioning 1s affected by multiple components, and changes in
the locus positions vary between different genes, ruling out difficulties to deduce

universal rules.

To conclude, we propose that HIV-1 integrated close to pericentromeric
heterochromatin at the nuclear periphery in quiescent lymphocytes finds a convenient
environment to maintain a silent but inducible state. However, it would be important to
extend these observations to a wider population of latent cells from infected patients

undergoing antiviral therapy to get a general picture of the phenomenon.
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Figure 37. Schematic drawing that summarizes the concepts emerging from the experimental data.

In J-lat Al cells, the provirus is found integrated in the X chromosome and localized at the nuclear
periphery. Although all cells harbour a transcriptionally silent provirus, this could be found spatially
associated close to the centromere of Chromosome 12 in a fraction of the nuclei. We identify two states
of the silenced provirus: one associated with pericentromeric heterochromatin of chromosome 12 at the
nuclear periphery (off-off) and one not associated with chromosome 12 that may be poised for
transcription (off). On activation, this interaction is lost and HIV-1 RNA is transcribed, possibly within a

transcription factory, without changing its localization to the nuclear periphery (on).
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Materials and Methods

Cells and their characterization

J-lat cell Iines, derivatives of the Jurkat cell ine originally developed m Eric Verdin’s
laboratory, were obtained through the NIH AIDS Research and Reference Reagent
Program. The promonocytic U937 cell ine Ul, which contains two copies of the
mtegrated provirus (Lusic et al., 2003) (Folks et al., 1987), and the HOS 143b cells
(ECACC n. 91112502) carrying an integrated HIV-1 vector (De Marco et al., 2008)
were described previously (Tablel). Cells were grown in RPMI 1640, 10% FCS and
antibiotics. As expected for tumor cell lines in culture, that are frequently subject to
chromosomal abnormalities and polyploidy, we observed that J-lat Al cells were often
polyploid with loss of the original Y chromosome (Schneider et al., 1977).
Cytofluorimetric analysis was performed on untreated cells or cells treated with TPA
and analyzed after 15 hours. RT-PCR was performed to asses viral transcription levels.
Cells were harvested at different time points by trypsinisation. Total RNA was extracted
using RNAeasy M Kit (Qiagen), treated with DNAasel (Invitrogen) and quantified.
Reverse transcription was performed with M-MLV RT (Invitrogen) using random

primers. Primers used for PCR amplification are described in Table 2.

Integration site confirmation

To confirm the itegration site of HIV-1 m J-lat Al cells we performance PCR assays.
Thus, genome DNA was extracted from J-lat Al using DNeasy Blood & Tissue Kit

(Cat No 69504) following the manufacture’s instructions. DNA samples were then
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amplified by PCR using primers designed in the region adjacent to the site of proviral

mtegration and on the provirus. The primers used are shown in Table 2.

The samples were amplified using Go taq Polimerase (Promega). The PCR conditions
were as follow: 94 °C for 1 min followed by 35 cycles of 94°C for 30 s, 58°C for 30 s,

and 72°C for 30 s followed by one cycle of 72°C for 2 min.

Western blot analysis and antibodies

Whole cell lysates extracts were resolved by 10% or 12% SDS-polyacrylamide gel
electrophoresis  (SDS-PAGE). For Western blotting, nitrocellulose membrane
(Reinforced NC, Whatman) was used and membranes were blocked for 1hr in 5% milk
followed by the mcubation with the approprate primary antibody diluted m 3%
milk/0.5% Tween-20 for 1-2 hrs. After three washings with TBS 0.5% Tween-20,
secondary antibodies conjugated with HRP (DakoCytomation) were diluted in 3%
milk/0.5% Tween-20 and incubated for 1 hr. Blots were developed using Immobilon
Western Chemiluminescent HRP Substrate (Millipore) according to the manufacturer’s

mstructions.

Immunoblots were performed with the following antibodies: flag (Sigma, F1804,

1:1000) and Cyclin T1 (Santa Cruz, H245).

Fluorescent in situ hybridization (FISH)

3D FISH was performed essentially as described in (Solovei et al., 2006). Briefly,

freshly grown J-lat Al cells were resuspended at 3x10° cells/ml in 50% serum and
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seeded for 20 minutes on glass coverships previously treated with polylysine. Cells were
then fixed in 4% paraformaldehyde m 0.3x hypotonic PBS for 10 minutes,
permeabilized with Triton X-100 for 10 minutes and leaved in PBS with glycerol 20%
from 1 hour to O/N. The next day the coverships with the cells were subjected to three
cycles of liquid nitrogen in glycerol, treated with 0.1N HCI for 10 minutes and then
icubated in 0,002% of Pepsin in 0,01N HCL at 37 °C for 8 minutes, then washed in
PBS followed by RNAse A (200ug/ml) treatment. Coverslips were then equilibrated in

509% formamide, SSC 2x for 1-2 hours.

BAC DNA containing the regions under study, ChXp21.1 and Ch12q12 (RP11-77013
and RPI11 379CZ4 respectively) and the DNA probe specific for Chl2 o-satellite
repeats (Baldini et al., 1990) were obtained from Dr Mario Rocchi at the University of
Bari, Italy. The pan-satellite repeats probe p82H that 1s specific for the centromeric
regions of all human chromosomes (Mitchell et al., 1985) was obtained from Wendy
Bickmore. Probes were conjugated to digoxigen-11-dUTP and labeled with a-
Digoxigenin Fluorescein (Roche) or Tetramethyl-rhodamine-5-dUTP (Roche). The
provirus was conjugated to Biotin-16-dUTP (Roche) and labeled with the TSA Cyanine
5 System  (Perkin Elmer). The incorporation of modified dUTP’s for all samples was
obtained by nick translation (Roche), unincorporated nucleotides were removed by gel
filtration through a MicroSpin G-25 Column (GE Healhtcare). The probes were then
resuspended into the hybridization mix and applied to the shides. The coverslips were
immobilized with rubber cement and leaved to hybridization at 37 °C in a humid
chamber for at least 2 days. Washes and antibody staining were performed using

standard techniques. Coverslips were then mounted in Vectashield (Vector Labs).
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Fluorescent images of fixed cells were captured on a Zeiss LSM 510 META confocal
microscope (Carl Zeiss Microimaging, Inc.) with a 63x NA=1.4 Plan-Apochromat oil
objective. The pihole of the microscope was adjusted to get an optical slice of less than
1.0 um for any wavelength acquired. Samples labeled with Digoxigenin-11-dUTP were
excited with the 488 nm line of the Ar laser and its emission was monitored using a
custom-made Meta band pass filter between 510 and 563 nm. Biotin/TSA-Cy5 System
and Tetramethyl-rhodamine-5-dUTP fluorophores were excited with the 543 nm
HeNe laser and their emission collected using a custom made Meta band pass filter

between 552 and 670 nm.

7. Stacks of images were analyzed with Zeiss LSM Image LExaminer. The shortest
distance from the centers of signal intensity between FISH spots (gene locus) or from
the spot to the nuclear periphery (defined by a sharp drop in stain) was measured using
the Ortho tool of the LSM510 software with the 3D distance display mode. The

periphery data were normalized using the maximum diameter of each cell.

In the case of heterochromatin distribution we used pan-a-satellite repeats probe
(Mitchell et al., 1985) label with Tetramethyl-rhodamine-5-dUTP (Roche), following

the protocol explained before in detail.

Circular chromatin conformation capture (4C)

The 4C protocol was established similarly to published procedures (Zhao et al., 2006).

J-lat A1 cells were maintained in warm fresh medium at 0.5x10° cells/mL. After 1 hour

TPA (Fluka) was added to the final concentration of 1.6 uM. After 5-8 hours, 10" cells
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were cross-linked on a rocker platform in 40 ml pf PBS with 1% formaldehyde at room
temperature for 10 minutes. The reaction was then quenched with 0.125 M glycine and
kept on 1ce. After two washes with cold PBS, the pellet was resuspended in lysis buffer
(10 mM Trns pH 8.0, 10 mM NaCl, 0.29% NP40 and freshly added protease mhibitors)
and left on 1ce for 10 minutes. Cell lysis was completed with 10 strokes of Dounce
homogenizer (pestle B, Wheaton). Nuclei were pellet at 600g for 8 minutes and washed
with 10 ml of Ix restriction buffer (New England Biolabs, NEB2). Nuclei were re-
suspended in 712.8 ul of restriction buffer including 0.196 SDS, and were incubated for
1 hour at 37 °C with shaking. Triton-X was then added to a final concentration of 1.8%
and further incubated at 37 °C for 1 h before adding 4000 units (U) of HindIII. The
reaction was incubated overnight at 37 °C with shaking. The restriction enzyme was
mactivated by the addition of 2% SDS (final concentration) and was incubated at 65 °C
for 20 minutes. The digestion mixture was diluted in 8 ml of 1x T4 ligase buffer (New
England Biolabs) including 1% triton X-100, and was incubated at 37 °C for 1 hour.
The digested sample was hgated using 4000 U of T4 DNA ligase (New England
Biolabs) for 3 days at 4 °C, followed by incubation at 16 °C for 5 hours and 1 hour at
RT with additional enzyme and ATP. The reaction was stopped with 10 mM EDTA.
Then 1 ug/ml of RNAse was added and incubated 30" at 37 °C followed by 0.1 mg/ml
protein kinase and incubated at 56°C for 30 minutes. Finally, cross-links were reversed
by incubation overnight at 65 °C. The DNA was purified by 2x phenol:chlorophorm,

2x chlorophorm extraction and ethanol precipitation.

In some experiments, the purified DNA was digested with a restriction enzyme (Not I)
that cuts between the inverse PCR primers in order to eliminate products from self-

ligated templates. The DNA samples were then amplified by nested PCR. The high

125



fidelity AccuPrime Pfx (Invitrogen) was used for first and second round amplification.
The PCR conditions were as follow: 94 °C for 2 min followed by 35 cycles of 94°C for
30 s, 58°C for 30 s, and 72°C for 30 s followed by one cycle of 72°C for 2 min. For the
second round the PCR conditions were as follow: 94 °C for 2 min followed by 35 cycles
of 94°C for 30 s, 62°C for 30 s, and 72°C for 30s followed by one cycle of 72°C for 2

min. The primers used are shown in Table 2.

The PCR products were either resolved on agarose gels, and the fragments cloned
individually, or bulk cloned into Zero Blunt TOPO PCR Cloning Kit (Invitrogen) and

analyzed by DNA sequencing.

In order to confirm the interaction, we performance 3C assays following the protocol of
4C technique described previously. With a primer on Ch12q12 (found by 4C) and the
primers on the provirus a hemi-nested PCR was done following the same conditions as
i 4C PCR. The primers used are shown in Table 2. As positive control we used

mternal amplification of the provirus using Nucl1-B177 and splice-Intro primers

Fluorescence microscopy, immunofluorescence, RNA ISH

Immunofluorescence

Cells prepared in PBS (3x10°/ml), were plated on cover slide previoly treated with Poly-
L- Lysine solution (Sigma P8920). Cells treated as described for 8D FISH at the 20%
glycerol step were blocked with 5% horse Serum in PBS for 1 hour at 37°C. As primary

antibody we used the rabbit antiserum for trimethyl histone H4 Lys20 (H4K20me3)
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(#07-463, Upstate). The antibody was diluted 1:500 in 5% Horse Serum and leaved for
2 hr at 37 °C. Anti-rabbit Alexa 594 (Invitrogen) was used as the secondary antibody.
The proteins were crosslink with ethylene glycol bis (succinimidyl succinate) (EGS)
0.5M diluted 1:500 (Sigma E -3257) for 10 min at RT. Optical sectioning of fixed cells

were captured on a Zeiss LSM 510 META confocal microscope as described above.

RNA in situ hybridization

RNA ISH on HOS_A4 cells has been conducted as described (De Marco et al., 2008).
Cells were plated on glass, transiently transfected with hpofectamine using plasmids
expressing the Tat transactivator and EYFP-MS2nls and kept for 24 hours at 37°C.
Later on, cells were fixed with 3.7% PFA and permeabilized overnight in 70% ethanol.
The amino-allyl thymidine modified oligonucleotide probes listed below were courtesy
of E. Bertrand (IGMM, Montpellier, France). Probes were labeled with Cy3 or Cy)
(Cyn monoreactive dye, Amersham) as described (Boireau et al.,, 2007). For
quantitative measurements stacks of 21 planes were acquired at bin = 1 with steps of 0.5
um in the z-axis using a wide-field Leica DMRI iverted microscope (63x objective, NA
1.3) controlled by Metamorph (Universal Imaging). Digital images were collected using
a CoolSnap K CCD camera (Roper scientific). The three dimensional deconvolution
and reconstruction was performed with the Image] plug-in ‘Iterative Deconvolve 3D’
(http://rsb.nfo.nih.gov/1)/). The co-localization analysis was performed with the plugin
of P. Bourdoncle in ImageJ. Volume rendering was performed with the ‘Volume]J’

plugin (Abramoft and Viergever, 2002).

Probes for RNA FISH
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HIV_MSZ.

AXxGTCGACCTGCAGACAXGGGTGATCCTCAXGTTTTCTAGGCAATXA

HIV_SPLICED:

AXGGTTGGGAGGTGGGXxCAGTCGCCGCCCCTCxA

RNA ISH in vivo

For live cell experiments, cells were plated on glass-bottom plates (MatTek), transiently
transfected with lipofectamine with plasmids expressing the Tat transactivator and
EYFP-MS2nls and analyzed next day at 37°C in a 5% CO. humidified atmosphere i a
non-fluorescent complete DMEM media. Stacks of 21 planes were acquired at bin = 1
with steps of 0.5 um 1n the z-axis using a wide-field Leica DMRI inverted microscope
(63x objective, NA 1.3) controlled by Metamorph (Universal Imaging) and equipped
with a conventional light source (Hg, 100 W), a filter cube for YFP detection (Leica
Microsystems) and an automated shutter control to minimize exposure of samples to
light (Sutter). Digital images were collected using a CoolSnap K CCD camera (Roper
scientific). The three-dimensional deconvolution and reconstruction was performed

with the Image] plug-in ‘Iterative Deconvolve 3D’ (http://rsb.info.nih.gov/1j/).

Statistic analysis

The statistical analysis of the data was performed with R (www.r-project.org/).

The distribution of distances between chromosomes (Figure 31B, 3C, 3D) was analyzed

with the R MCLUST package (www.stat.washington.edu/mclust/). The parametric
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method Bayesian Information Criterion (BIC) was used as a useful statistical criterion
for model selection to determine the number of components in a Gaussian mixture
model. Value of BIC allowed the distinction between a single Gaussian (Figure 31C,
3D) and the sum of two Gaussian (Figure 31B). The two Gaussian in Figure 31B were
centered at 0.6 um and 2.8 um, with a standard deviation of 0.5 pm and 1 um,
respectively. Mean and standard deviation of the curve in Figure 31C were 2.7 um and

I um and n Figure 31D were 3.3 pm and 2 pm.

The differences in spatial associations measured in Figure 31E and Figure 32B and D
were analyzed with the x* test and were always significative (significance level set at p<

0.05).

The differences between the distribution of distances of the provirus to the periphery in
induced and not induced cell (Figure 33B) was analyzed with the Kolmogorov-Smirnov
test (K-S test) and were not significative (significance level set at p < 0.01). The K-S test
1s a non-parametric and distribution free statistical test that determines if two datasets

differ significantly.

The distributions of distances of the provirus from the periphery for different cell Iines
compared to the J-lat Al distribution (Figure 19B) were also analyzed with a K-S test

(significance level set at p <0.01).
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