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Preface

Work presented in this thesis follows the work that was started in the 1990’s by prof. Jan Svoboda and
Jifi Hejnar at the Laboratory of Viral and Cellular Genetics. Their experiments performed with Rous
sarcoma virus on rat cells led to the conclusion that the position effect of provirus-surrounding
environment affects final expression of the provirus. As time passed, the topic evolved and light was
shed on the principles by which the proviral integration site environment affects expression of avian
provirus mainly by the work of my supervisor Filip Senigl. The topic of the integration site effect is still
alive and the question: “What is the effect if there’s any?” has become more and more pronounced
during recent discussions covering the expression activity of retroviruses. Emergence of new
publications and new techniques developed to study the effect of proviral environment on proviral
expression is a proof of its topicality. With the application of retroviral vectors as tools for delivery and
expression of foreign genes or healthy copies of genes damaged by endogenous mutations, the topic of
effectivity of expression and possible genotoxic harm of integrated provirus has gained interest of a
broader scientific and clinical audience.

The initial work was performed with an avian retrovirus that up to the present has been an important
experimental model used in the Laboratory of Viral and Cellular Genetics. Even at the time when the
most studied retrovirus is HIV-1 and most used retroviral vectors are those derived from HIV-1 and
murine MLV, the avian system is able to bring new insights not only into retroviral biology, but also
into as widely studied topic as functionality of human genome chromatin. Using only HIV-1 or MLV,
we would probably never be able to define transcriptional start sites as the loci that most strongly support
transcription of foreign elements. On the other hand, in this thesis we also show that other retroviruses
carry different interesting qualities that shed new light into the topic addressed.

The thesis is based on two already published papers (Senigl et al. 2017, Miklik et al. 2018) as well as
on unpublished results that were gained on the evolving path to understanding the association of features
identified in the published work with expression of proviruses. Since the data have not yet reached
publication, the unpublished results may not be fully conclusive but were introduced into the thesis in
the best belief that the data add new information to the story presented in the thesis.
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Abstrakt

Pro zajisténi u¢inné exprese svych genil integruji retroviry provirové kopie svych genomti do genomt
infikovanych bun¢k. Epigenetické procesy v§ak mohou narusit a umlcet expresi integrovanych provira.
Takovéto umlCovani sice zpomaluje §ifeni virové infekce, ale vytvari také reservoir latentnich provird,
ktery v disledku brani ¢inné 1é€bé retrovirovych (napt. HIV-1) infekci. Umlcovani integrujicich se
retrovirovych vektorti navic omezuje jejich ucinou aplikaci v transgenezi ¢i genové terapii. Cilem této
prace je popsat interakce mezi expresi retroviri a hostitelskym (epi)genomikym prostfedim v mistech
integrace proviru.

Pro splnéni stanoveného cile jsme se rozhodli definovat (epi)genomické prostiedi provirt, jejichz
exprese neni zasazena epigenetickym umlcovanim. Jako modelové systémy jsme vyuzili odliSné
retrovirové vektory odvozené od ptaciho sarkomového a leukdézového viru (ASLV), mysiho
leukemického viru (MLV) nebo lidského viru ziskané imunodeficience typu 1 (HIV-1), jejichz expresni
aktivita v lidskych bunkach byla sledovana. Za ucelem popisu charakteristik mist integrace provirQ
rezistentnich vic¢i umlCovani jsme z infikované populace oddélili bunky nesouci aktivni proviry,
identifikovali mista integrace téchto provirti a porovnali charakteristiky takovyh mist s témi ziskanymi
ze smésné, neselektované populace. Pro definici charakteristik pfitomnych v misté integrace byly
aplikovany in silico metody. Navzdory zna¢nym rozdilim mezi jednotlivymi vektory, které byly v praci
pouzity, se nam podafilo identifikovat ty charakteristiky mist integrace, kter¢ jsou spole¢né dlouhodobé
expresné aktivnim provirim pouzitych vektorti. Takové proviry byly silné asociovany s oblastmi
fungujicimi jako regulatory exprese — ehancery a promotory aktivnich genti. Z nasich vysledkd vyplyva,
Ze prave oblasti téstné sousedici s misty pocatku transkripce jsou témi, které nejsilnéji podporuji expresi
integrovanych provirg.

V této praci definujeme charakteristiky hostitelského chromatinu pfitomného v mistech, ktera jsou
permisivni pro expresi retrovirovych genti. Pfedkladané vysledky ukazuji, Ze proviry selektované pro
jejich stabilni expresi jsou preferenéné nachdzeny v transkibéné aktivnim chromatinu pobliz
transkribéné regulacnich oblasti. Tento fakt by mél byt zohlediovan pii aplikacich retrovirovych
vektort.



Abstract

To establish efficient expression of their genes, retroviruses integrate proviral copies into the genomes
of the cells they have infected. Epigenetic events, however, silence expression of the integrated
proviruses. This silencing protects host cells from harmful viral spread, but also creates a reservoir of
latent proviruses that subsequently hinders the cure of retroviral (e.g., HIV-1) infections. Furthermore,
the silencing of retrovirus-derived integrative vectors complicates their application in transgenesis and
gene therapy. The goal of this thesis is to describe the interaction between retroviral expression and host
(epi)genomic environment at the site of proviral integration.

To pursue the goal, we sought to define the (epi)genomic environment of the proviruses, which
expression is not affected by the epigenetic silencing. Diverse retroviral vectors derived from avian
sarcoma and leukosis virus (ASLV), murine leukemia virus (MLV), and human immunodeficiency virus
type 1 (HIV-1) were used as model retroviral systems, and expression stability of the vectors in human
cell lines was examined. In order to identify the features unique to integration sites of the active
proviruses, we sorted the cells positive for the proviral expression, identified their proviral integration
sites, and compared them to proviral integration sites from nonselected populations. /x silico analytical
methods were applied to define the genomic and epigenomic features associated with proviral
integration sites. Despite marked differences in the attributes of the vectors used, we identified the
features that are common to long-term expressed proviruses. The proviruses were strongly associated
with transcription-regulating elements including enhancers and promoters of active genes. We propose
that the loci closely associated with transcriptional start sites provide the strongest transcription
permissive environment for retroviral expression.

In this thesis, we defined the chromatin environment permissive for the expression of retroviral genes.
The results presented here show that the proviruses selected for stable proviral expression tend to be
found in transcriptionally active chromatin and closely associated with regulatory sequences. This fact
should be considered in approaches utilizing retroviral vectors.
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Literature overview

Introduction into the molecular biology of retroviruses

Retroviruses, or viruses of family Retroviridae, are enveloped viruses bearing two copies of genomic
RNA in the capsid. After entering a cell, reverse transcription — the process after which retroviruses
gained their name — is initiated in the cytoplasm. During the reverse transcription, two copies of the
RNA are reversely transcribed into a single molecule of double-stranded viral DNA (vDNA). vDNA
carries the whole genomic information of the retrovirus, whose transcription and subsequent translation
gives rise to retroviral proteins that are able to assemble into viral particles. After maturation, viral
progeny may infect another cell and repeat the replication cycle.

The need of integration of vDNA into the cell genome is unique among viruses. Integration and
expression of integrated VDNA, called a provirus, forms the central part of the retroviral replication
cycle. Once the integration is completed, the cell becomes permanently infected, with no way of provirus
removal. After integration, the only way of stopping the viral spread is either cell death or silencing of
proviral expression.

Since this work aims to describe how the process of integration affects subsequent expression of the
provirus, the introductory section gives the overview of the facts known about retroviral integration and
expression.

Brief taxonomy and model representatives

According to the International Committee on Taxonomy of Viruses (ICTV), family Retroviridae is
divided into two subfamilies: Orthoretrovirinae and Spumaretrovirinae. The majority of model viruses
come from the Orthoretrovirinae subfamily that is divided into six genera: Alpharetrovirus,
Betaretrovirus, Gammaretrovirus, Deltaretrovirus, Epsilonretrovirus and Lentivirus.

The first retrovirus discovered, Rous sarcoma virus (RSV), is a representative of the Alpharetrovirus
genus that comprises oncogenic retroviruses of birds. Beside RSV, avian leukosis virus (ALV) and avian
sarcoma leukosis virus (ASLV) are used as model viruses of the genera.

The Betaretrovirus genus is formed by tumor- and immunodeficiency-causing retroviruses of mammals,
of which mouse mammary tumor virus (MMTV) and Mason-Pfizer monkey virus (MPMV) are the best
known representatives.

The most abundant genus of the Retroviridae family is Gammaretrovirus, which is formed by 18 species
of exogenous retroviruses and forms the majority of known endogenous retroviruses. Probably the most
studied retrovirus of y-retroviruses is murine leukemia virus (MLV).

The Deltaretrovirus genus includes human leukemia-causing retrovirus called T-cell leukemia virus 1
(HTLV-1). Another representative of this genus is bovine leukemia virus (BLV).

The best-known representative of the retroviruses, human immunodeficiency virus 1 (HIV-1), which is
the etiologic agent of the pandemic acquired immunodeficiency syndrome (AIDS), is a representative
of genus Lentivirus. HIV-2 is another human pathogen that emerged independently of HIV-1. Simian
immunodeficiency virus (SIV) is an ancestor of HIV infecting apes and a model virus in lentiviral
research. Other representatives of lentiviruses are feline immunodeficiency virus (FIV) or maedi-visna
virus (MVV) inducing encephalitis and chronic pneumonitis in the sheep.

The last known genera of the Orthoretrovirinae subfamily are the Epsilonretroviridae genera that
contain waterborne piscine retroviruses causing dermal tumors and epidermal hyperplasia. Walleye
dermal sarcoma virus (WDSV) is the model e-retrovirus studied.
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The Spumavirinae subfamily or foamy viruses (FV) are a group of retroviruses that is different by many
aspects in the replication cycle from the Orthoretrovirinae subfamily. Spumaviruses were isolated from
many different species and were shown to have an ability to infect many tissues in vitro. However, no
pathology was associated with FVs even though they show the cytopathic effect in vitro. The most used
laboratory FV is the prototype foamy virus (PFV) formerly known as human foamy virus (HFV). PFV
was isolated from a Kenyan man and probably represented zoonotic transmission of simian foamy virus.

The genera of retroviruses significantly differ in replication strategies and molecular mechanisms by
which retroviruses accomplish similar goals. The differences in molecular events accompanying
integration and expression of retroviruses will be described in the following sections. Attention is
focused on three genera that are studied in the Results section: a- (ASLV), y- (MLV), and lentiviruses
(HIV-1). Other retroviral genera are also discussed where relevant.

Genome organization

The retroviral genome present in the virion is comprised of two copies of RNAs. Genomic RNAs are in
fact whole genome mRNAs transcribed from proviral DNA. The length of the retroviral genome ranges
from about 7 kb up to about 12 kb (Fig. 1A). Both ends of the provirus are made up of tandem repeat
sequences called long terminal repeats (LTR). 5> LTR always acts as a promoter, while 3’ LTR holds
the information about transcriptional termination. The basic gene composition is similar for all
retroviruses and comprises three protein-coding genes: gag, pol, and env (as they go from the 5’ to 3’
end of the retroviral genome, Fig. 1B). Gag and Pol are polyproteins translated from genomic mRNAs
and cleaved to particular proteins and peptides by the action of retroviral protease during the virion
maturation. The gag gene encodes structural components of the viral particle like matrix (MA), capsid
(CA), and nucleocapsid (NC). The pol gene encodes enzymes important for the retroviral replication
cycle like reverse transcriptase (RT), integrase (IN), and protease (PR). The env gene encodes surface
glycoprotein (SU) and transmembrane protein (TM) that are present in the envelope membrane of the
retroviral particle and are responsible for interaction with cellular receptors and entry into the cellular
cytoplasm. While Gag and Pol are produced from whole-genome unspliced mRNA, Env can be
produced only from spliced mRNA. The genome made of gag, pol and env genes is characteristic of so-
called simple retroviruses such as a- or y-retroviruses. Other more complex retroviruses like lentiviruses
bear more genes called accessory genes, which may play a role in the expression of retroviral genes or
act against the host immunity. Acute transforming retroviruses can also bear cellular oncogenes playing
arole in tumorigenesis.

Importance of retroviruses in medicine and biotechnology

Retroviruses are important pathogens of human (HIVs and HTLVs) and farm animals like poultry
(ALV), sheep (MVV) or cattle (BLV). HTLV-1 is a blood-transmitted retrovirus with highly endemic
appearance with estimated 5 — 10 million people being infected globally (Gessain and Cassar 2012).
HTLV-1is considered to be one of the most oncogenic human pathogens causing the fatal adult T-cell
leukemia, progressive myelopathy, and other disorders (Tagaya and Gallo 2017). HIV-1 is the causative
agent of worldwide epidemics of AIDS. HIV-1 infects CD4+ T-cells causing a decrease of CD4+ T-cell
count in the blood of the host and generating the state of immunodeficiency. Application of antiretroviral
therapy (ART) decreases the viral load to undetectable levels and restores the number of T-cells in the
blood of the patient. However, after withdrawal of ART, a rapid onset of the viral load and the disease
is observed. Thus, a latent reservoir resistant to ART and capable of reactivation exists in the infected
patients and is the main obstacle to clearing up the infection. Describing the nature and finding the ways
to fight the latent reservoir in HIV-1-infected patients is thus a hot topic in the field of retrovirology
nowadays.

The natural ability of retroviruses to transport genes and the permanent insertion of the viral genome
into the host DNA makes retroviruses an attractive tool for gene transfer technologies. Indeed, retroviral
vectors have long been used in gene therapy trials to treat hereditary diseases (reviewed by Galy (2017)).
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Still, improvement in the design of retroviral vectors is required as retroviral integration is not controlled
as regards site-specific integration and may possess the risk of genotoxicity, while the expression of
vectors needs to be as stable as possible for efficient transduction and keeping life-long expression of
the transgene.

The detailed knowledge of the processes guiding the integration site selection and expression stability
of retroviruses is thus important for both development of strategies for the treatment of retrovirus-caused
diseases and advances in gene transfer technologies.
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Figure 1. Graphical representation of retroviral genomes. A. Graphical representation of proviral gene
composition of retroviruses. B. Graphical representation of the length of retroviral genomes in kb. Source:
ViralZone: www.expasy.org/viralzone, SIB Swiss Institute of Bioinformatics.

15



Integration
Integrase I: structure and enzymatic activity

Integration of vVDNA into target genomic DNA (tDNA) is facilitated by the enzyme called integrase
(IN). The current state of knowledge in the field of structural and functional features of IN has been well
reviewed by Grawenhoff and Engelman (2017) and Engelman and Cherepanov (2017).

The main function of IN is covalent insertion of vDNA into tDNA. Integration of vDNA is performed
by two enzymatic activities of IN: 3’-processing and strand transfer reaction (Fig. 2A). During 3’-
processing, IN removes nucleotides at the 3’ end of vDNA, exposing the hydroxyl group of invariant
CA dinucleotide. In the strand transfer reaction, IN facilitates ligation of processed 3’ ends of vVDNA to
the target site on tDNA. The entire process leading to covalently linked vDNA and tDNA is called
concerted integration and can be accomplished by purified IN in vifro. Cellular machinery then
completes the process of integration by removing 5’ overhangs, filling the gaps and ligating 5’ends to
the tDNA. As a result, a provirus surrounded by short target site duplications of 4 to 6 bp is formed.

IN is a recombinase encoded by the pol gene and translated from genomic RNA as a part of the Gag-
Pol polyprotein. IN consists of three structural domains: N-terminal domain (NTD), catalytic core
domain (CCD), and SH3-like C-terminal domain (CTD) with DNA binding activity. NTD is formed by
a helix-turn-helix motif, binds two pairs of Zn?**, and is responsible for recognition of the long terminal
repeats (LTRs) at the ends of vDNA and multimerization of IN molecules (Khan et al. 1991, Burke et
al. 1992, Bushman et al. 1993, Zheng et al. 1996). CCD consists of conserved D, DX3s E catalytic triad
that together with Mg?* ions catalyzes the integration reaction (Drelich et al. 1992, Engelman and
Craigie 1992, Kulkosky et al. 1992, Bushman et al. 1993). CTD adopts the SH3 fold and is involved in
tDNA binding (Engelman et al. 1994) and IN multimerization (Andrake and Skalka 1995, Jenkins et al.
1996). IN of some retroviral genera, namely spuma- , &-, and y-retroviruses, contain an additional
domain preceding the NTD - NTD extension domain (NED) that is involved in vDNA binding (Hare et
al. 2010, Ballandras-Colas et al. 2016).

Until 2010, the full structure of IN was missln 2010, the Cherepanov group published the structures of
PFV intasome consisting of tetrameric IN and vDNA (Hare et al. 2010, Maertens et al. 2010). Later, the
same group published the PFV intasome in flagrante delicto — sequential crystallographic mapping of
3’-processing and strand transfer reactions (Hare et al. 2012). However, as shown later, the tetrameric
structure observed with PFV is not universal and the intasome architecture varies among retroviral
genera (Fig. 2B). Since 2016, the intasome structures of retroviruses from various genera were revealed.
MMTYV and RSV were proved to build octameric intasomes (Ballandras-Colas et al. 2016, Yin et al.
2016). The revolution in cryo-electron microscopy enabled structural biologists to enlighten the
structure of lentiviral intasomes (Ballandras-Colas et al. 2017, Passos et al. 2017). MVV and HIV-1
intasomes are formed by a core tetramer, but higher-order multimerization seems to be required for the
intasome function as a plethora of IN multimer species were described. The IN tetramer observed in
PFV intasomes seems to be a conserved intasome core for all intasome quaternary structures observed.
The ability of IN to build up higher multimers seems to be dependent on the length of the CCD-CTD
linker. PFV IN includes a CCD-CTD linker of 49 amino acids; the analogous parts of MMTYV and RSV
INs are composed of 8 amino acids. CCD-CTD linkers of MVV and HIV-1 are of intermediate length
of 19-22 amino acids. So far, no intasome structures for &- and y-retroviruses have been described. The
lengths of IN CCD-CTD linker being 55 and 61 amino acids suggest that y- and e-retrovirus intasomes
might be assembled by tetramers, as observed in the case of PFV. However, mutation analysis conducted
in RSV IN suggests that the C-terminal tail of IN is responsible for the formation of octamers in vitro
and that truncated INs forming only the tetrameric intasome core keeps the enzymatic activity at the
level of octameric intasome (Pandey et al. 2017). Thus, the role of multimeric intasomes in vivo remains
to be elucidated.
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Figure 2. Enzymatic and structural features of retroviral integration. A. Step-wise depiction of the process of
orchestrated integration. B. Structures of core intasomes of different retroviruses. Core parts are depicted as
colored structures. The number in parentheses indicates the number of integrase molecules displayed. PFV —
prototype foamy virus, MMTV — mouse mammary tumor virus, RSV — Rous sarcoma virus, HIV-1 — human
immunodeficiency virus type 1, MVV — maedi-visna virus. Source: A. Hare et al. (2012), B. Engelman and
Cherepanov (2017).
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Integrase II: non-enzymatic functions

While the main function of IN is demonstrated by the ability to perform concerted integration, IN was
shown to significantly influence or directly mediate many steps in the retroviral replication cycle
facilitated by a number of interactions with viral or cellular components.

As early as in the released virion, IN was proposed to mediate appropriate virion maturation through
binding viral RNA (Kessl et al. 2016). This interaction is supposed to ensure proper positioning of viral
RNA in the virion and thus proper maturation of the viral particle. Although reverse transcriptase is
capable of reverse transcription in vitro, IN was shown to play a role in reverse transcription in vivo
through direct interaction with reverse transcriptase (Wu et al. 1999, Lai et al. 2001, Zhu et al. 2004,
Dobard et al. 2007, Jurado et al. 2013, Tekeste et al. 2015).

On the outer surface of intasome, IN interacts with a number of proteins. The complex of intasome and
other proteins is called preintegration complex (PIC). PIC composition influences diverse steps in the
retroviral replication cycle spanning from nuclear import of PIC to PIC tethering to chromatin.

Nuclear entry

At first, PIC needs to transport vVDNA to the nucleoplasm. Because the size of PIC is above the limit for
passive diffusion through the nuclear pores, PIC can reach host chromosomes by active transport
through the nuclear pores or by mitosis-dependent disassembly of the nuclear envelope. Both cases were
observed among the retroviruses.

MLYV infection and integration is mitosis dependent (Fischinger et al. 1975, Roe et al. 1993, Lewis and
Emerman 1994). This is strengthened by the observation that p12, the cleavage product of the Gag
protein, plays a role in attachment of PIC to the histones of mitotic chromosomes and is phosphorylated
in mitosis (Elis et al. 2012, Brzezinski et al. 2016, Wanaguru et al. 2018).

RSV was first observed to infect only proliferating cells (Humphries and Temin 1972, Humphries and
Temin 1974). However, in synchronized cell culture, RSV proviruses were detected during S-phase
before mitosis (Humphries et al. 1981), the nuclear localization signal (NLS) of RSV IN was identified
(Kukolj et al. 1997, Kukolj et al. 1998), and the ability of RSV to transduce interphase cells was
demonstrated (Hatziioannou and Goff 2001, Katz et al. 2002). Even though it was confirmed that active
transport of ASV PIC is executed by a soluble cellular factor (Andrake et al. 2008). This factor or group
of factors are yet to be discovered. Although RSV is able to enter the interphase nucleus, the expression
of RSV in the cell-cycle arrested cells is decreased compared to cycling cells, which might relate to a
limited effectivity with which the PIC is transported through the nuclear pores (Hatziioannou and Goff
2001).

From the very first experiments with lentiviruses, there was no doubt about their ability to infect non-
dividing cells. HIV-1 was shown to productively infect terminally differentiated non-dividing cells such
as macrophages and cell-cycle arrested cells (Bukrinsky et al. 1992, Lewis et al. 1992, Li et al. 1993,
Lewis and Emerman 1994). Contrary to RSV, HIV-1 IN was first reported to lack NLS and being unable
to drive active transport through nuclear pores (Kukolj et al. 1997). Nevertheless, functional NLSs were
found in the MA protein of HIV-1, which is a structural building block of the HIV-1 capsid, and
accessory viral protein Vpr (Bukrinsky et al. 1993, Heinzinger et al. 1994, von Schwedler et al. 1994).
Finally, also IN was described to contain NLS and being capable of nuclear import (Gallay et al. 1997,
Bouyac-Bertoia et al. 2001). vDNA was also suggested to play a role in translocation through nuclear
pores (Zennou et al. 2000). Despite the plethora of factors that were identified to drive the PIC nuclear
import, capsid protein (CA) is nowadays considered to be the major lentiviral factor involved in the
nuclear import of PIC (Yamashita and Emerman 2004, Yamashita et al. 2007). While the specific
pathway of HIV-1 PIC nuclear import remains to be elucidated, CA is known to facilitate the import
through direct interaction with Nupl153 — protein forming nuclear part of the nuclear pore basket
(Buffone et al. 2018).
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Another virus that was demonstrated to have the ability of entering the interphase cell nucleus is MMTV.
Konstantoulas and Indik (2014) showed that an MMTV-derived vector transduces the cell-cycle arrested
cells with the efficiency comparable to HIV-1 yet using a different path than the one known for HIV-1.
The viral effector responsible for nuclear import and the path used by MMTV yet remains to be
described.

The ability of spumaviruses to enter the nucleus of non-dividing cells seems to be limited, as the
efficiency of transduction of PFV-derived vectors is clearly dependent on cycling of host cells (Patton
et al. 2004, Trobridge and Russell 2004). Even though some transduction was observed in cell-cycle
arrested culture, the transduction is attributed to the cells that are not arrested in cycling (Trobridge and
Russell 2004). NLS was found in both IN (Hossain et al. 2014) and Gag (Mullers et al. 2011). However,
in accordance with the observation made by Trobridge and Russell (2004), PFV Gag was observed to
accumulate on centromeres during interphase and accessing the nucleus during mitosis via the action of
the Gag chromatin-binding domain (Tobaly-Tapiero et al. 2008). The literature thus suggests that despite
containing NLS, PFV PIC is not able to adopt the nuclear import machinery. However, PIC seems to be
stable in arrested cells, with the ability to transduce cells after releasing the cell-cycle break.

Chromatin tethering

After reaching the host cell chromosomes, PIC needs to attach to the chromatin and subsequently tDNA,
where integration can be performed. As shown in recent years, IN alone is not capable of reaching the
final destination by itself and needs the help of viral or cellular proteins.

The first factor discovered to maintain the function of the PIC tethering factor was lens epithelium-
derived growth factor / p75 (LEDGF/p75) interacting with IN of HIV-1 (Cherepanov et al. 2003).
LEDGF/p75 was immediately shown to enhance the activity of IN and maintain the attachment of IN to
chromosomes (Maertens et al. 2003, Llano et al. 2004, Emiliani et al. 2005). Moreover, IN-LEDGF/p75
interaction is conserved and specific to lentiviruses (Cherepanov 2007). LEDGF/p75 is encoded by the
PSIP] gene and is a ubiquitously expressed transcriptional coactivator member of the hepatoma-derived
growth factor family. LEDGF/p75 bears the ability to bind modified histones, specifically the histone
H3 di- and trimethylated on lysine 36 (H3K36me2/3), together with nucleosomal DNA, using the N-
terminal part of the protein containing the conserved PWWP domain and AT hook (Llano et al. 2006,
Eidahl et al. 2013, van Nuland et al. 2013). On the C-terminal part, LEDGF/p75 interacts with CCD
interphase of the IN dimer through the integrase binding domain (IBD) (Cherepanov et al. 2005,
Vanegas et al. 2005, Busschots et al. 2007). When the interaction with LEDGF/p75 is abolished either
by single amino acid mutations (Q168A in Emiliani et al. (2005)) or by knocking-down the LEDGF/p75
expression, the integration and thus proviral expression is disrupted. However, there are other cellular
factors that may potentially substitute for LEDGF/p75 in lentiviral integration, such as LEDGF/p52 that
is a splice isoform of the PSIPI gene or hepatoma-derived growth factor related protein 2 (HRP-2) that
contains both IBD and PWWP domains. Still, LEDGF/p52 lacks IBD and therefore cannot interact with
lentiviral IN (Maertens et al. 2003, Shun et al. 2007). HRP-2 is able to interact with HIV-1 IN
(Cherepanov et al. 2004) and in the context of LEDGF/p75 knock-out may drive residual replication of
HIV-1 (Schrijvers et al. 2012). Although HIV-1 laboratory-adapted strains can replicate in LEDGF/p75
knock-out cells, the replication is highly delayed with even more pronounced replication defect in
clinical isolates of HIV-1 (Schrijvers et al. 2012). Moreover, selection for inhibition-resistant mutants
corroborate the exclusive role of LEDGF/p75 in the tethering of HIV-1 PIC to the chromatin
(Hombrouck et al. 2007). This makes LEDGF/p75 the cellular master regulator of lentiviral integration.
The idea of blocking the lentiviral replication cycle through LEDGFP/p75-IN interaction disruption led
to the development of small molecules acting as non-catalytic inhibitors of the integration called
LEDGINs (Christ et al. 2010). Downstream of the LEDGF/p75-mediated chromatin tethering,
additional factors may influence the HIV-1 integration effectivity such as facilitated chromatin
transcription (FACT) complex nucleosome remodeling (Matysiak et al. 2017) or IN CTD attachment to
the amino-terminal tail of nucleosomes (Benleulmi et al. 2017).
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MLYV cannot infect non-dividing cells due to the lack of ability to enter the interphase nucleus of the
host cell. In order to effectively target the cellular nucleus, MLV needs to tether to metaphase
chromosomes. The factor identified to fulfil this function is p12 — cleavage product of viral Gag protein
that is the constituent of MLV PIC (Prizan-Ravid et al. 2010, Elis et al. 2012, Wight et al. 2012). p12
comes to the cell as a part of the viral core and stabilizes the capsid in early phase of infection by direct
interaction of p12 NTD with CA (Wight et al. 2014). In mitosis, p12 is phosphorylated and activated to
bind nucleosomes on metaphase chromosomes with CTD while preserving the interaction with the
capsid by its CTD (Brzezinski et al. 2016, Brzezinski et al. 2016, Wanaguru et al. 2018). In postmitotic
nucleus, p12 dissociates from chromatin (Elis et al. 2012) and PIC-chromatin association is maintained
by the interaction of PIC with the cellular bromo- and extraterminal domain (BET) proteins
(Borrenberghs et al. 2018). Interaction of PIC with bromodomain (Brd) proteins 2, 3 and 4 is facilitated
directly by the unstructured C-terminal tail of MLV IN and CTD of BET proteins (De Rijck et al. 2013,
Gupta et al. 2013, Sharma et al. 2013). By its N-terminal bromodomain, BET proteins bind to acetylated
histones, thus presenting the chromatin biding platform to the PIC. In vitro IN-BET protein interaction
enhances IN catalytic activity. /n vivo IN-BET-chromatin interaction promotes post-mitotic changes in
IN oligomerization (Borrenberghs et al. 2018).

The Gag product was identified as chromatin tether also in the case of PFV integration (Tobaly-Tapiero
et al. 2008, Mullers et al. 2011, Lesbats et al. 2017). PFV Gag tethers to chromatin by direct interaction
of its chromatin-binding sequence (CBS) at the C-terminal region with nucleosomes.

ASLV IN interacts with the heterodimeric FACT complex (Winans et al. 2017). The FACT complex
acts as a general histone chaperone complex, and in contrast to HIV-1 IN-FACT interaction, interaction
of the FACT complex with ASLV IN shows to be critical for the ASLV chromatin tethering and
integration.
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Figure 3. Nucleus entry and chromatin tethering of PIC. A. Distinct pathways used by HIV and MLV to enter
the host nucleus. HIV is actively transported through nuclear pores, while MLV encounters host chromatin after
cell-cycle nuclear breakdown. B. MLV PIC tethers to host cell chromatin through the binding of p12 protein of
MLV. C. Active transport of HIV PIC through the nuclear pore. HIV targets for integration may be represented
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by the chromatin regions placed closely to the nuclear pores. D. Host cell, IN-binding factors function as tethers
to the sites of specific chromatin environment. HIV is targeted to H3K36me3 sites through interaction of
H3K36me3-binding protein LEDGF/p75. MLV IN interacts with proteins of the BET family, which bind to
acetylated histones. The picture was adopted from Demeulemeester et al. (2015).

Integration site selection

The cellular genome is not homogenous but is bound by a plethora of proteins marked by a number of
posttranslational modifications that together form so-called chromatin. Functionally, the genome can be
divided into parts that play different roles in the genome structure or gene activity (Ernst and Kellis
2010). Chromatin can be basically differentiated into two categories of active and repressed chromatin.
Even before techniques allowed differentiation of the features defining diverse chromatin states, it was
uncovered that the distribution of proviruses is not random and differs among retroviral genera. The
boom of uncovering the differential integration preference started after the release of human genome
assembly (Lander et al. 2001, Venter et al. 2001) and the accessibility of next-generation sequencing
techniques. Retroviral integration distribution is genome-wide and is the outcome of the specificity of
chromatin tethers that retroviruses hitchhike on their way to the chromatin.

HIV-1 was the first retrovirus announced to integrate in the nonrandom way, preferring active genes as
a target (Elleder et al. 2002, Schroder et al. 2002). Targeting of transcriptionally active parts of the
genome was shown to be characteristic and specific to lentiviruses (Hematti et al. 2004, Mitchell et al.
2004, Crise et al. 2005, Kang et al. 2006, MacNeil et al. 2006). The preference of lentiviruses for active
genes is robust, as the gene targeting was observed to be independent of the type of infected cell line,
tissue (Liu et al. 2006), or the route of entry (Barr et al. 2006). The same preference was also observed
in cycling cells as well as differentiated, arrested, or quiescent cells (Barr et al. 2006, Ciuffi et al. 2006,
Vatakis et al. 2009). Using epigenomic data, HIV-1 integration showed to be closely associated with
sites of transcriptionally active chromatin marked by acetylation of histones H3 and H4 and H3K4
methylations (Wang et al. 2007, Santoni et al. 2010). Immediately after the discovery of HIV-1 IN-
LEDGF/p75 interaction, the role of LEDGF/p75 in gene targeting of HIV-1 was proposed (Ciuffi et al.
2005). The genomic distribution of chromatin-associated LEDGF/p75 indeed corresponds to the areas
downstream from active promoters (De Rijck et al. 2010), and the disruption of LEDGF/p75 expression
or modification of its chromatin specificity changes the integration profile more to intergenic regions
(Marshall et al. 2007, Shun et al. 2007, Ferris et al. 2010, Gijsbers et al. 2010). Moreover, disruption of
the IN-LEDGF/p75 interaction by small inhibitors also alters the profile of proviral integration sites
(Feng et al. 2016, Vranckx et al. 2016). LEDGF/p75, however, is not the sole factor playing a role in
the lentiviral integration site selection. Interacting with HIV-1 CA protein, cleavage and polyadenylation
specific factor 6 (CPSF6), subunit of the cleavage factor complex playing a role in pre-mRNA 3’-end
processing, was identified to participate in the chromatin targeting of PIC. In the context of HIV-1
infection, CPSF6 was at first identified as antiviral protein, as the retention of CPSF6 stabilizes the
capsid and blocks the nuclear entry through the nuclear pores (Lee et al. 2010, Lee et al. 2012, De laco
et al. 2013). In recent research, CPSF6 was, however, identified to support nuclear import of PIC via
the interaction with CA and to influence the nucleoplasm trafficking of PIC (Chin et al. 2015).
Moreover, CPSF6 was proposed to target HIV-1 integration into gene-rich regions, transcriptionally
active intron-dense genes (Rasheedi et al. 2016, Sowd et al. 2016). Sowd et al. (2016) proposed the
model where CPSF6 drives integration to the transcriptionally active chromatin, while LEDGF/p75
conducts the distribution in gene bodies, preferentially away from transcriptional start sites (TSSs, +1
nucleotide of RNA). CPSF6 was also proposed to target the integration of HIV-1 into the genes that are
transcriptionally active upon activation of target T-cells (Zhyvoloup et al. 2017). The role of CPSF6 and
LEDGF/p75 in the integration was also examined in the context of 3D nuclear space. HIV-1 was
observed to naturally prefer euchromatin at the periphery of the nucleus (Albanese et al. 2008, Di Primio
et al. 2013, Quercioli et al. 2016). The role of cellular factors, however, seems to be controversial. While

22



Marini et al. (2015) attribute nuclear periphery and out-of-lamin-associated domains (LADs) chromatin
targeting to LEDGF/p75 and nucleporin Nup153, Achuthan et al. (2018) not only show that nuclear
periphery is not the preferred area for integration, but also point out the role of CPSF6 as a factor guiding
the PIC of HIV-1 deeper to the nucleoplasm and away from the repressive environment of LADs. Di
Primio et al. (2013) and Quercioli et al. (2016) observed something of both when they described
peripheral localization of retroviral DNA that was preserved when the infection was performed in cells
knocked-down for LEDGF/p75 but was lost in cells with chimeric heterochromatin-targeting
LEDGF/p75. Another contradictory observation of Di Primio et al. (2013) was that peripheral
distribution observed at 48 hours after infection was lost in 13 days after infection. In any case, all
studies presented nonrandom distribution of lentiviral integration that was affected by LEDGF/p75 or
CPSF6. The exact role and interplay of LEDGF/p75 and CPSF6, however, remains to be elucidated.

In vivo genome targeting of MLV integration came into spotlight after application of MLV-derived
vectors in gene therapy of children suffering from severe combined immunodeficiency (SCID). In
otherwise successful therapy (Hacein-Bey-Abina et al. 2002), two out of 10 treated children developed
uncontrolled clonal T-cell expansion. In these patients, integration into the proximity of the LMO?2 gene
promoter leading to aberrant expression of the protooncogene was observed (Hacein-Bey-Abina et al.
2003). MLV was indeed shown to preferentially target active TSSs (Wu et al. 2003, Hematti et al. 2004,
Mitchell et al. 2004, Berry et al. 2006). Targeting of active promoters, however, explained only a small
portion of MLV integrations. Taking advantage of the high number of integration sites and progress in
epigenomics helped to discover that the major targets of MLV integration are enhancers (De Ravin et
al. 2014, LaFave et al. 2014). Interestingly, MLV integration sites covered only about 2 % of the human
genome. BET proteins interacting with MLV IN were identified as factors responsible for this striking
preference (De Rijck et al. 2013, Gupta et al. 2013, Sharma et al. 2013). This integration site selection
can be not only disrupted by disturbing the IN-BET proteins interaction, but the vulnerability of y-
retroviral integrase to modifications allows retargeting the integration to the sites of the desired
environment (El Ashkar et al. 2014, El Ashkar et al. 2017, Nam et al. 2019).

Retroviruses of other genera of which the global integration pattern was investigated do not show any
striking patterns as observed for lentiviruses and y-retroviruses. PFV was shown to preferentially avoid
active genes and integrate into the vicinity of TSSs and CpG islands, yet with lower frequency than
MLV (Trobridge et al. 2006, Lesbats et al. 2017). Interestingly, when PFV Gag interaction with
nucleosomes was disrupted, PFV showed a striking preference for centromeric regions (Lesbats et al.
2017). ASLV was described to integrate randomly, with mild non-significant accumulation of
proviruses in the gene bodies. MMTYV and HTLV-1 integrate randomly without any preference observed
(Derse et al. 2007, Konstantoulas and Indik 2014).

Unintegrated genomes

After nuclear entry, not all vVDNAs end up as integrated proviruses. In fact, proviruses, whose number
peaks at about 48 h after infection, comprise about 20 % of total vVDNA present in infected cells (Butler
et al. 2001, Brussel and Sonigo 2003, Munir et al. 2013). The vDNA species that fail to integrate into
the host genome thus form the dominant pool of vDNA at the early times after retroviral infection.
Although PIC-incorporated vDNA enter the nucleus in the form of linear molecule, circular species of
retroviral DNA were observed in the nucleus of infected cells (Guntaka et al. 1976). The circular forms
of vVDNA were observed to contain junctions of 2-LTR or single LTR sequences, pointing to the different
paths involved in the genesis of circular vDNA (Shoemaker et al. 1980). In fact, 2- and 1-LTR circles
are very abundant forms of unintegrated vDNA species (Munir et al. 2013) and are preferentially formed
in the cell nucleus by the action of DNA repair host factors that cause ligation of LTR ends or DNA
recombination (Kilzer et al. 2003).

Circular vDNA species were thought to be dead-end byproducts of retroviral infection usable just for
the detection of successful nuclear entry of the PIC. However, some observations highlight the role of
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the unintegrated vDNA in retroviral infection. 2-LTR circles were suggested to give rise to new
integrated proviruses after the removal of strand-transfer inhibitors of IN (Thierry et al. 2015), probably
thanks to the ability of the IN to cleave the canonical sequence of 2-LTR junctions (Delelis et al. 2005,
Delelis et al. 2007, Zhang et al. 2014), forming a new linear substrate for the integration. Unintegrated
vDNA was also shown to be transcribed and contribute to the expression of retroviral genes (see the
Expression from unintegrated genomes chapter).

Expression of retroviral genome

Expression of proviral genes can be regulated at both the transcriptional and posttranscriptional level.
Transcription of the provirus is driven by a retroviral promoter present in 5° LTR. After integration, the
provirus becomes part of the cellular genome and is treated like one of the host genes. Retroviruses
possess their own promoters with cis-acting enhancers that are bound by cellular transcription factors to
activate or downregulate Polll-dependent transcription. Retroviruses can also encode their own
insulators or regulators of transcription. At the posttranscriptional level, the splicing and export of
retroviral mRNA can be regulated. After transcription, the primary transcript can be multiply spliced to
produce Env or accessory proteins. For instance, HIV-1 was reported to produce over 50 different
functionally relevant splice variants during the infection (Emery et al. 2017), and aberrant splicing
events accompany the crosspecies restriction of RSV in mammalian cells (Lounkova et al. 2014). For
the export of mRNA, retroviruses use the cellular export machinery to transport the mRNA to the
cytoplasm. However, some complex retroviruses such as -, 8-, lentiviruses use the accessory proteins
encoded by their genome to regulate the export of full-length genomic mRNAs into the cytoplasm
(Felber et al. 1989, Malim et al. 1989, Toyoshima et al. 1990, Indik et al. 2005, Mertz et al. 2005), where
the mRNAs are translated.

Regulation of transcription from retroviral promoter

Most of the regulation of gene expression happens in the stage of transcription initiation. The provirus
promoter is located in 5 LTR (Yamamoto et al. 1980, Fuhrman et al. 1981). LTR is divided into three
parts: U3, R, and U5. The proviral TSS is found at the edge of U3 and R segments. Retroviral promoters
belong to the group of TATA-box promoters in which the TATA-box is located upstream to the TSS,
thus in the U3 segment. The U3 part of LTR is also the site of proviral enhancer, where additional
transcription factors are bound.

RSV and ALV bear quite simple LTRs that have the general ability to drive strong cell type-independent
transcription (Gorman et al. 1982). The enhancer segments are mainly formed by the CCAAT box
sequences (Greuel et al. 1990), but other sequences important for the enhancer activity of the U3
segment were described (Zachow and Conklin 1992). Despite the general activity of RSV enhancers as
a whole and the binding of generally expressed enhancer factors to the U3 part of RSV LTR (Houtz and
Conklin 1996), particular enhancer segments were shown to be specifically important in different cell
types such as B cells or fibroblasts (Curristin et al. 1997, Swamynathan et al. 1997).

MLYV is, similarly as RSV, a simple retrovirus in which the LTR-driven transcription is not cell type
restricted. However, the ability of different MLV to induce different types of disease was assigned to
the U3 region of MLV LTR (Chatis et al. 1983, Lenz et al. 1984, Li et al. 1987), highlighting the cell-
type-specific activity of different enhancers. Compared to RSV, the U3 part of MLV LTR is longer,
containing direct repeats and GC-rich sequences that are bound by ubiquitously expressed transcription
factor Spl (Baum et al. 1997, Wahlers et al. 2002). Interestingly, the presence of a GC-rich Sp1-binding
site in MLV LTR correlates with the high expression of retroviral genes.
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Figure 4. Retroviral integration is genome-wide but preferential for some features. A. Genome-wide map of
HIV-1, MLV and ASLV proviral integration sites across human chromosomes. B. Distribution of HIV-1, MLV
and ASLV proviral integration sites in genes. HIV-1 preferentially integrates into active genes and MLV prefers
TSS surroundings. Unlike the two retroviruses, ALSV does not display any of the mentioned preferences and is
only slightly enriched in gene bodies.
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The rest of retroviruses belong to the group of complex retroviruses, in which more complex traits of
transcriptional regulation are present. Some of complex retroviruses (6-, lentiviruses, and FV) were
identified to encode accessory proteins regulating their own transcription (Sodroski et al. 1985, Rosen
et al. 1986, Keller et al. 1991), while other retroviruses (- and e-retroviruses) adapted to the hormonal
regulation of the host to transcribe and express their genes in defined space and time (Varmus et al.
1973, von der Ahe et al. 1985, Zhang et al. 1999, Hronek et al. 2004, Morabito et al. 2008). Moreover,
additionally to the conventional LTR promoter, some retroviruses (B-, o-retroviruses, and FV) evolved
internal promoters driving the transcription of some retroviral genes (Lochelt et al. 1993, Arroyo et al.
1997, Van Driessche et al. 2016).

Since the discovery of HIV, the regulation of HIV-1 transcription has been a hot topic of retroviral
research (a comprehensive review of HIV-1 transcriptional regulation can be found in Ne et al. (2018)).
The LTR of HIV-1 is approximately 650 bp long, of which the U3 region occupies about 450 bp. The
U3 segment of HIV-1 5" LTR is divided into three regulatory parts: the modulatory region, the enhancer,
and the core promoter. The modulatory region is located at the 5’ end of U3, occupies the majority of
the U3 region (about 350 bp), and is bound by numerous transcription factors that by positive or negative
effects modulate the activity of HIV-1 promoter in a context-dependent manner (Cooney et al. 1991,
Canonne-Hergaux et al. 1995, Henderson et al. 1995, Horiba et al. 2007, Vemula et al. 2015).
Interestingly, the negative regulatory element (NRE) that is similar to the cellular interleukin receptor
two is part of the modulatory region of HIV-1 LTR (Smith and Greene 1989). The enhancer region
follows the modulatory region and is defined as the region with ability to enhance the transcription of
heterologous promoters (Rosen et al. 1985). The most important factor binding to this region is NF-«B,
an important transcriptional activator of immune cells. NF-«xB is present in activated CD4+ T-cells and
activates the LTR-driven transcription of HIV-1. However, other activating transcription factors such as
NFAT or Ets1 bind to the enhancer element and activate the LTR promoter activity (Sieweke et al. 1998,
Cron et al. 2000). NF-xB binding sites are also bound by HsPB1, which has an inhibitory effect on
transcription of HIV-1 (Chaudhary et al. 2016). The core promoter of HIV-1 spans about 250 bp and
consists of a GC-rich sequence with three binding sites for Sp1 upstream of the TATA box (Jones et al.
1986). The presence of Spl1 sites is crucial for HIV-1 transcription (Miller-Jensen et al. 2013). Outside
of the U3 region, transcription factors influencing the basal activity of HIV 5° LTR were also found to
bind to the U5 region (Rabbi et al. 1997). Although the basal transcriptional activity can be achieved by
the action of transcription factors, elongation of transcription is very inefficient, with the majority of
transcripts terminating at about 60 bp downstream to TSS. To enhance the transcription elongation,
HIV-1 transactivator of transcription (Tat) needs to be produced from doubly spliced subgenomic
mRNA. Tat then binds to the hairpin-like structure formed at the short transcript, where it enhances the
processivity of Polll by bringing the P-TEFb complex that enhances transcription elongation of Polll
(Kao et al. 1987). Tat thus represents the positive feedback loop agent and is the crucial factor for
effective HIV-1 transcription. Tat was also shown to drive the phenotypic diversity in the population of
HIV-1 proviruses (Weinberger et al. 2005). Interestingly, DNA-binding protein ZASC1 binding to the
core promoter region upstream to TAR was shown to direct the Tat-P-TEFb complex to LTR of HIV-1
(Bruce et al. 2013). Although the general architecture of LTR is maintained, differences among HIV-1
subtypes leading to different counts of transcriptional factors binding sites were described (Mbondji-
Wonje et al. 2018). The variability in LTR also correlates with the clinical outcome of the infection
(Nonnemacher et al. 2016, Qu et al. 2016).

Expression from unintegrated genomes

Expression of retroviral genes can be achieved not only from the proviral DNA, but also from
unintegrated genomes. Unintegrated vDNA was observed to be loaded by histones immediately after
the nuclear entry and subsequently marked by the histone modifications (Wang et al. 2016). Histone
modifications are mostly of repressive character, which is a result of NP220 protein binding to cytidine-
rich clusters in the U3 region of retroviral LTR (Zhu et al. 2018). According to Zhu et al. (2018), NP220
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brings histone deacetylases (HDACs) HDAC1, HDAC4, histone methyltransferase (HMT) SETDBI,
and the HUSH complex to the unintegrated genomes of MLV, which cause the epigenetic silencing of
MLYV unintegrated genomes. HIV-1 unintegrated vDNA was also shown to be targeted by NP220 and
bringing HDACs, leading to deacetylation of histones loaded to unintegrated DNA. No binding of
NP220 was shown for ASLV unintegrated genomes.

Expression from integration-defective retroviruses or in the presence of integrase inhibitors is weaker
than from integration-competent retroviruses. In the case of HIV-1, expression of Nef, Tat and weak
expression of Gag can be achieved by unintegrated vDNA, which results in the modulation of target T-
cells or spread of viral infection in the presence of integrase inhibitors (Cara et al. 1996, Wu and Marsh
2001, Trinite et al. 2013, Chan et al. 2016, Meltzer et al. 2018). Expression from both HIV-1 and MLV
unintegrated vVDNA can be enhanced by the treatment by HDAC inhibitors, showing that epigenetic
silencing of expression from unintegrated vDNA may be a general phenomenon (Schneider et al. 2012,
Pelascini et al. 2013, Chan et al. 2016).

Despite the limited natural expression of integration-defective retroviruses, a new type of viral vectors,
the non-integrating retroviral vectors, are being developed for biomedical applications (Shaw and
Cornetta 2014). RNA and protein production from unintegrated genomes also needs to be taken into
account when reporting the expression analysis of proviral activity (Bonczkowski et al. 2016, Chan et
al. 2016).
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Figure 5. Structure of retroviral promoters. Retroviral LTRs are sites of proviral enhancers and transcription
initiation (at +1 nucleotide). A. RSV promoter with marked TATA box and cis-acting elements EFI, EFII, and
EFIII acting as enhancer factor binding sites that have been shown to be crucial for viral expression. The picture
is adapted from Mobley and Sealy (1998). B. U3-placed transcription enhancers of MLV. Sites of identified
transcription factor binding sites are depicted. U3 LTR of MLV contains two direct repeat regions containing
transcription factor binding sites. The picture was adopted from Wabhlers et al. (2002). C. HIV-1 promoter with
marked functional parts of LTR. The bottom part shows the positioning of nucleosomes around TSS (+1
nucleotide). The picture was adapted from Ne et al. (2018).

Silencing of proviral expression

Despite successful integration, proviral transcription can be undetectable, leading to silent infection of
the host cell. The loss of expression can be caused by mutations in proviral DNA due to the error-prone
process of reverse transcription (Roberts et al. 1988, Mansky and Temin 1995, Yasukawa et al. 2017)
leading to large deletions or nonsense mutations in VDNA (Ho et al. 2013). In the case of HIV-1, it was
observed that only a few percent of proviruses are intact and thus able of replication (Ho et al. 2013,
Bruner et al. 2019). However, in the population of latently infected cells, intact proviruses have been
found, showing that epigenetic silencing is also playing its role.
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In mammalian cells transformed by RSV, the morphological revertants were observed with high
frequencies, leading to the hypothesis of epigenetic silencing of proviral transcription (Wyke and Quade
1980, Chiswell et al. 1982, Hejnar et al. 1994). DNA methylation was showed to play a major role in
the silencing of RSV expression in mammalian cells (Chiswell et al. 1982, Katz et al. 1983, Searle et al.
1984, Roguel et al. 1987, Hejnar et al. 1999, Senigl et al. 2012), and cellular protein Daxx was identified
as a factor targeting the DNA methylation toward the provirus (Shalginskikh et al. 2013). The significant
role of DNA methylation in RSV silencing in mammalian cells is strengthened by the observation that
insertion of the core of the CpG-island into the viral LTR enhances the proviral expression by the
protection of 5’LTR from DNA methylation. However, the pool of silenced proviruses of ASLV in
human cells was also observed being hypomethylated at 5’LTR and thus silenced by a DNA
methylation-independent mechanism (Senigl et al. 2012). DNA methylation was observed to be present
atthe 5’LTRs of MLV and HIV-1, albeit its role seems to be rather in locking the proviruses in the silent
state (Niwa et al. 1983, Blazkova et al. 2009). The initial epigenetic silencing for the most of the cases
is reported to be caused by histone modifiers removing the acetyl groups from histones H3 and H4
(HDAC:S) or positioning the repressive marks by HMTs, like di- or trimethylation of histone H3 on
lysine 9 (H3K9me?2/3).

Despite its general expression in many cell types, the expression of MLV is efficiently restricted in
embryonic cells, where specific antiretroviral silencing mechanisms are involved. The restriction is
caused by TRIM28 recruitment by DNA-binding protein ZNF809, which binds specifically to the
primer-binding site of the provirus (Wolf and Goff 2007, Wolf and Goff 2009). MLV proviruses were
showed to be silenced and maintained in silent state by H3K9 HMTs (Matsui et al. 2010, Leung et al.
2011). More proteins interacting with TRIM28, however, were shown to be important for the primer-
binding site-dependent silencing in embryonic cells (Wolf et al. 2008, Wang et al. 2014).

HIV-1 and other lentiviruses are known to establish the population of transcriptionally silenced
proviruses early after infection (Chavez et al. 2015). Promoters of transcriptionally silenced proviruses
are known to be occupied by nucleosomes positioned in a repressive way that inhibits transcription
initiation (Verdin et al. 1993). Upon activation of proviral transcription, this repressive positioning is
disrupted by chromatin remodeling complex SWI/SNF recruited to the 5> LTR by both Tat-independent
and Tat-dependent mechanism (Angelov et al. 2000, Henderson et al. 2004, Treand et al. 2006, Mizutani
et al. 2009). Interestingly, biochemically distinct SWI/SNF complexes exist, of which one called BAF
inhibits the HIV-1 transcription by positioning nucleosome nuc-1 to the repressive position, while the
other one called PBAF, recruited to the 5’ LTR by acetylated Tat, removes the nuc-1 from the repressive
position, allowing for effective transcription of the proviral genome (Rafati et al. 2011).
Transcriptionally active 5> LTR is associated with acetyltransferases, marked by acetylated histones
(Van Lint et al. 1996, Sheridan et al. 1997, Lusic et al. 2003), and the loss of acetylation at the histones
occupying 5°’LTR is associated with silencing of proviral transcription. HDACs were shown to be
recruited to the 5° LTR by transcriptional factors such as YY1 or NF-kB p50 (Coull et al. 2000, Pannell
et al. 2000, He and Margolis 2002, Williams et al. 2006). Besides deacetylation, the silenced HIV-1
proviral promoter is associated with the factors marking 5° LTR with H3K9 methylation (du Chene et
al. 2007, Marban et al. 2007). Inhibitors of epigenetic modifiers, such as HDAC inhibitors, show the
ability to reactivate epigenetically silenced proviruses. However, DNA methylation, despite no
correlation with proviral silencing (Pion et al. 2003), may accumulate at 5’ LTR of the silenced HIV-1
promoter over time (Trejbalova et al. 2016) and promote resistance of the silenced provirus to the
reactivation compounds (Blazkova et al. 2009).
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Figure 6. Models of epigenetic silencing of HIV-1 LTR. On the left side, silenced but reactivable proviruses
contain deacetylated histones at LTR, which are rapidly acetylated under reactivation of proviral expression. On
the right side, proviral LTR is locked in silenced state, when LTR-occupying histones are marked by H3K9me3,
H3K27me3, and DNA methylation. The picture is adopted from Blazkova et al. (2009).

Integration site environment and proviral expression

During the studies of the transformation of mammalian cells by avian retroviruses, the observation has
been made that while most of the proviral population undergoes morphological reversion, some of the
proviruses keep the transformed phenotype (Akroyd et al. 1987, Green et al. 1990, Fincham and Wyke
1991, Lang et al. 1993, Hejnar et al. 1994). The theory that the position effect of the proviral
surroundings affects the expression of proviral genes was proposed. Indeed, the proviruses with stable
expression were observed to be integrated nearby active promoters marked with H3K4me3 modification
(Senigl et al. 2012). Senigl et al. (2012) also observed that proviruses found in the gene bodies were
DNA-methylated and silenced in a de novo methyl transferase 3b (DNMT3b)-dependent manner, while
the intergenic proviruses were DNA methylation-free and the silencing was DNMT-independent.

Early studies done on HIV-1 suggested that the integration site plays an important role in Tat-
independent transcriptional activity of the provirus, but Tat transactivation masks the differences
introduced by differential chromatin environment (Jordan et al. 2001). The integration site was also
found to be a factor influencing the size of the transcriptional bursts from the HIV-1 promoter (Singh et
al. 2010). Silenced proviruses were found to be associated with centromeric heterochromatin, intergenic
regions, and highly transcribed genes (Jordan et al. 2003, Lewinski et al. 2005). When integrated into
genes, the transcription of proviruses was shown to be repressed by transcriptional interference and the
convergent transcription of targeted transcriptional unit (Han et al. 2008, Lenasi et al. 2008, Shan et al.
2011). However, no common genomic or epigenomic features were found to be associated with the
silenced proviruses across the cell models of latency (Sherrill-Mix et al. 2013, Dahabieh et al. 2014).
On the other hand, the expressed proviruses and proviruses sensitive to reactivation from the silent state
tend to be more frequent in active genes and closer to the sites enriched in histone modifications marking
active TSSs, enhancers, and gene bodies than their unreactivable counterparts (Chen et al. 2017,
Battivelli et al. 2018). Expressed proviruses also tend to be further away from the LADs. Quantitative
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analysis done by Battivelli et al. (2018) shows that only a few percent of silenced proviruses can be
reactivated. Also, retargeting of natural gene-centric integration of HIV-1 by the LEDGINs increases
the portion of unreactivable proviruses (Vranckx et al. 2016). The present studies thus show that there
might be a connection between the genomic environment of HIV-1 and the activity of proviral
expression.
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Figure 7. Example of integration site-dependent proviral expression. ASLV proviruses are silenced in a DNA
methylation-dependent manner when integrated into the bodies of transcribed genes. When integrated outside
genes, proviruses are also silenced, but in a DNA methylation-independent manner. Stably expressed proviruses
were found in transcribed genes close to TSSs inside H3K4me3 marked areas. The picture is adapted from Senigl
et al. (2012).
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Aims

The aim of the thesis is characterization of the features associated with stable proviral expression. The
main goal lies in the definition of host cell genomic and epigenomic features associated with stably
expressed proviruses. The hypothesis stating that certain features are selected with expressed proviruses,
meaning that proviral expression state is integration site-dependent, is tested in this thesis.

Specific Aims

e Compare stability of expression and association of genomic and epigenetic features with
stably expressed proviruses of ASLV-derived vectors with wt LTR and LTR modified by the
insertion of CpG island core sequence.

e Examine the stability of LTR-driven expression of retroviral vectors derived from mammalian
retroviruses and compare it to the expression stability of ASLV.

e Examine whether there is general genomic or epigenetic marker of loci permissive for stable
proviral expression or the permissive loci markers are retrovirus-specific.
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Materials and Methods

Construction of retroviral and other vectors

All retroviral vectors described here were constructed as single-round replication-deficient vectors
expressing the gene for enhanced green fluorescent protein (GFP) under the control of retroviral long

terminal repeat (LTR).

Sequences of all primers used in the work presented here are shown in Table 1.

Table 1: Oligonucleotide sequences used in the studies presented

Name Sequence

GFP-Cherry-End F GCATGGACGAGCTGTACAAG
GFP-Cherry-End R CTTGTACAGCTCGTCCATGC
GFP-Cherry-Start F GTGAGCAAGGGCGAGGAG
GFP-Cherry-Start R CTCCTCGCCCTTGCTCAC

HIV-MIDI10-LTR2 F

TCTCTATGCGCAGACCCTTTTAGTCAGTGTGGAAAATC

HIV-MIDI-LTR2 F

ACGAGTGCGTCAGACCCTTTTAGTCAGTGTGGAAAATC

HIV-MID2-LTR2 F

ACGCTCGACACAGACCCTTTTAGTCAGTGTGGAAAATC

HIV-MID9-LTR2 F

TAGTATCAGCCAGACCCTTTTAGTCAGTGTGGAAAATC

HMSpAa

CGAAGAGTAACCGTTGCTAGGAGAGACCGTGGCTGAATGAGACTGGT
GTCGACACTAGTGG

HMSpBb_Msel

TACCACTAGTGTCGACACCAGTCTCATTTTTTTTTTTTCAAAAAAA

HMSpBb_Nlalll

CATGCCACTAGTGTCGACACCAGTCTCATTTTTTTTTTTTCAAAAAAA

HMSpBb_Sau3Al/Dpnll

GATCCCACTAGTGTCGACACCAGTCTCATTTTTTTTTTTTCAAAAAAA

HMspBb-ANS CTAGCCACTAGTGTCGACACCAGTCTCATTTTTTTTTTTTCAAAAAAA
Linkl ACCGTTGCTAGGAGAGACCGT
Link2 AATGAGACTGGTGTCGACACTAGTGG

MLV-IN-W390A_F

CTGACAGCGCGCGTTCAACGCTCTCAAAAC

MLV-IN-W390A_ R

AACGCGCGCTGTCAGTCTAGAGGATGGTC

MLV-LTR1 F-Bio

(Biotin)-TTCCATGCCTTGCAAAATGGCGT

OLinkA-T

CGAAGAGTAACCGTTGCTAGGAGAGACCGTGGCTGAATGAGACTGGT
GTCGACACTAGTGGT

OLinkB-PhoAm

(Phosphorilated)-CCACTAGTGTCGACACCAGTCTCATT-(Amino
C6)

modifier

pGEM-JLat10.6-3LTR-
InFu R

GAATTCACTAGTGATTGCTTTGGAATGATTTGTTGC

pGEM-pNL4-PRD25A _F

CCGCGGGAATTCGATTACTTACACTAGGAAAGGC

pNL4 PRD25A vpr F

ATGGACACTAGAGCTTTTAGAGG

pNL4-vpr InFu-R

AGCTCTAGTGTCCATTCATTGTATG

spAG3-2IEDD-R

CTCCTCGTGCTGGTACGCTCCCTA

spinAG3-2IEDD-R

ACCTTCCTAATGGCGCCTTCCTAATAA

spinPCR_MLV R

TGGCGTTACTTAAGCTAGCTTGCC

spinPCR-AG3-R

CGGTGCTTTTTCTCTCCTTGTAAGGCA

spinPCR-HIV-R

CTGCCAATCAGGGAAGTAGCCTTGTGTG

spPCR_ MLV _R TTCCATGCCTTGCAAAATGGCGT
spPCR-AG3-R CCACCTTACTTCCACCAATCGGCATG
spPCR-HIV-R TATCTGATCCCTGGCCCTGGTGTGTAG
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ASLV-derived vectors

ASLV-derived vectors used here were constructed by Filip Senigl in the Laboratory of Viral and Cellular
Genetics for the purposes of previously conducted studies. Construction of the ASLV-derived GFP-
expressing vector (pAG) was described in the publication by Senigl et al. (2012). Construction of the
CpG island-modified ASLV vector (pAG-2IE) was described in the publication by Senigl et al. (2008).
Briefly, a tandem of two internal elements (IE) from the hamster aprt CpG island was amplified from
the previously described pRNIG2-2IE vector and inserted into a de novo created unique Kasl restriction
site in the U3 region of 3’LTR (position -89 respective to the transcription start site) of the AG vector.

MLV-derived vector

MLV-derived vector pLG was constructed as a part of the study conducted by Kalina et al. (2007). pLG
was created by insertion of the GFP-encoding sequence into the pLPCX vector (Clonetech). Notably,
LTR sequences of the pLG vector differ since 5’ LTR is derived from Moloney murine sarcoma virus
(MoMuSV), whereas 3’ LTR comes from Moloney murine leukemia virus (MoMuLV).

HIV-1-derived vectors

The minimal vector derived from HIV-1 was obtained by cloning of the pEV731 (LTR-Tat-IRES-GFP)
vector proviral sequence from a latent H12 cellular clone (Jordan et al. 2001) into the pPGEM®-T Easy
vector (Promega) by Denisa Kovarova from the Laboratory of Viral and Cellular Genetics.

The full-length HIV-1 vector (pNL4-R7, HIVT in the main text) was constructed from two parts. The 3’
part was derived from the J-Lat 10.6 clone bearing provirus of the HIV-R7/E—/GFP vector (Jordan et al.
2003). The 3’ proviral sequence was amplified from J-Lat 10.6 genomic DNA by a Vpr-specific forward
primer (pNL4 PRD25A vpr F) and an integration site-specific reverse primer (pGEM-JLat10.6-
3LTR-InFu R). The 5° part of the vector was derived from the pNL4-PRD25A molecular clone that
was a kind gift from Jan Weber from the Virology Research-Service Team at IOCB. The 5’part was
amplified by a plasmid-specific forward primer (pGEM-pNL4-PRD25A F) and a Vpr-specific primer
(pNL4-vpr_InFu-R). Both amplicons were joined and cloned into the pPGEM®-T Easy vector (Promega)
in a one-step reaction with In-Fusion HD Cloning kit (Clonetech). As a result, an NL4-derived vector
encoding GFP in place of the nef gene, frameshift mutation in env gene, and enzyme-inactivation D25A
substitution in PR was created.

The NL4-RG (“red-green”) vector was constructed from a pNL4-R7-derived vector where most of the
gag sequence (nucleotides 869 — 2026 of the pNL4-R7 vector, here called pNL4-dGagGFP) is
substituted for the EGFP sequence flanked by a T2A peptide-coding sequence (this vector is not part of
this study). EGFP was substituted by the mCherry-coding sequence. mCherry was amplified from the
AIDmCherry CSII  vector (provided by Filip Senigl) by the GFP-mCherry Start F + GFP-
mCherry End R primer pair. Other two fragments were amplified from the pNL4-dGagGFP vector
using pGEM-pNL4-PRD25A F + GFP-mCherry Start R and GFP-mCherry End F + pNL4-
vpr_InFu-R primer pairs. The 3’ fragment of the vector was amplified from pNL4-R7 by the
pNL4 PRD25A vpr F + pGEM-JLat10.6-3LTR-InFu_R primer pair. All four fragments (LTR,
mCherry, 3° pol, 3’ pNL4) and pGEM®-T Easy vector (Promega) were linked in a one-step reaction
using In-Fusion HD Cloning kit (Clonetech).

MLV INW3A plasmid

The pMLV-GagPol-INY3° vector was constructed from the pMLV-GagPol vector by whole-vector
amplification with the MLV-IN-W390A F + MLV-IN-W390A R primer pair. After amplification,
residual pMLV-GagPol was digested by Dpnl restriction enzyme and the amplified vector was
circularized by In-Fusion HD Cloning kit (Clonetech).
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Cell culture and virus propagation
K562 cell line

K562 human myeloid lymphoblastoma cell line was maintained in RPMI 1640 supplemented with 5%
newborn calf serum and 5% fetal calf serum (ASLV and comparative MLV, HIV-1 experiments) or
solely with 10% fetal calf serum (MLV IN mutatnt experiment) and penicillin/streptomycin (100
mg/ml each, Sigma) in a 5% CO, atmosphere at 37°C.

T-cell-derived cell lines

Jurkat, MOLT-4, CEM and HPB cell lines were maintained in RPMI 1640 supplemented with 10% fetal
calf serum and penicillin/streptomycin (100 mg/ml each, Sigma) in a 5% CO, atmosphere at 37°C.

HEK?293T cell line

HEK293T cell line was maintained in D-MEM/F12 (Sigma) with 5% newborn calf serum, 5% fetal calf
serum (both Gibco BRL) and penicillin/streptomycin (100 mg/ml each, Sigma) in a 5% CO, atmosphere
at 37°C.

AviPack cell line

AviPack cell line was derived from the chicken DF-1 cell line as a packaging cell line for avian
retroviruses (Plachy et al. 2010) and maintained in D-MEM/F12 medium (Sigma) supplemented with
5% mnewborn calf serum, 5% fetal calf serum, 1% chicken serum (all Gibco BRL), and
penicillin/streptomycin (100 mg/ml each, Sigma) in a 3% CO; atmosphere at 37°C.

ASLYV virus propagation

Both ASLV-derived vectors were propagated as described previously (Senigl et al. 2012). Briefly, 107
AviPack cells plated on a 150 mm Petri dish were cultured and cotransfected with 50 pug of pAG3 and
10 pg of pVSV-G (Clontech) plasmids by calcium phosphate precipitation 24 h after platFresh culture
medium supplemented with 100 mM glucose was added 24 hours post transfection and viral stocks were
collected twice 48 h and 72 h post transfection. These viral stocks were clarified by centrifugation at
200 x g for 10 min at 4°C, supernatants were collected and centrifuged at 23 000 rpm for 150 min at
4°C in rotor SW28, Beckman Optimal00 (Beckman). The pellet was resuspended in the culture medium
containing 5% newborn calf serum, frozen, and stored in -80°C. Titration of the infectious virus stock
was performed by its serial dilution and subsequent infection of DF-1 cells. Two days post infection
(dpi), the number of GFP+ cells was counted under a fluorescent microscope.

MLV virus propagation

To propagate MLV-derived vectors, 10’ HEK293T cells plated on a 150 mm Petri dish were
cotransfected with 6.5 ug pLG, 10 pg of pMLV-GagPol or pMLV-GagPol-IN"**4 and 3.5 pg pVSV-
G by calcium phosphate precipitation 24 h after platFresh culture medium supplemented with 100 mM
glucose was added 24 hours post transfection and viral stocks were collected twice 48 h and 72 h post
transfection. These viral stocks were clarified by centrifugation at 200 x g for 10 min at 4°C,
supernatants were collected and centrifuged at 23 000 rpm for 150 min at 4°C in rotor SW28, Beckman
Optimal00 (Beckman). The pellet was resuspended in the culture medium containing 5% newborn calf
serum, frozen and stored in -80°C. Titration of the infectious virus stock was performed by its serial
dilution and subsequent infection of K562 cells. Three dpi, the number of GFP+ cells counted using an
LSR II cytometer (Becton-Dickinson).
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HIV-1 virus propagation

To propagate minimal HIV-1-derived vectors, HEK293T cells were cotransfected by 10 pg of pEV731,
10 pg of psPAX2 (Clontech) and 10 pg of pVSV-G (Clontech) using calcium phosphate
precipitation. Viral stocks were collected 48 h after transfection, frozen, and stored in -80°C.
Titration of the infectious virus stock was performed by serial dilution and subsequently used
to infect K562 cells. Three dpi, the number of GFP+ cells was counted by an LSRII flow
cytometer.

To propagate full-length vectors (pNL4-R7 and pNL4-RG), HEK293T cells seeded on a 6-well
plate were cotransfected by 0.6 pg transfer vector, 0.9 pg of psPAX.2, and 0.5 pg of pVSV-G
by X-tremeGENE HP DNA Transfection Reagent (Sigma-Aldrich) according to
manufacturer’s instructions. Viral stocks were collected 76 h after transfection, frozen, and
stored in -80°C. Titration of the infectious virus stock was performed by serial dilution and
subsequent transduction of Jurkat cells. Three dpi, the number of GFP+ cells was counted by
an LSRII flow cytometer.

Cell line transduction

Cell lines were transduced by VSV-G-pseudotyped retroviral vectors at low multiplicity to prevent
occurrence of multiple proviruses per cell. Multiplicity was determined by the percentage of GFP+ cells
in the transduced population at 3 dpi by flow cytometry or during cell sortGenerally, cells were
transduced for 30 minutes in a total of 500 pl of transduction medium constituted by serum-free
cultivation medium and aliquot of viral stock. Cells were then transfered to a cultivation dish and serum-
containing cultivation medium was added. Next day, transduction medium was replaced by fresh
cultivation medium in which cells were cultivated until expression measurement or cell sorting.

ASLY transduction of K562 cell line

The amount of 3 x 10° cells of the K562 cell line was transduced by pAG or pAG-2IE vectors. In
transductions where GFP+ cells were later sorted, the percentage of GFP+ cells at 3 dpi did not exceed
0.5 %. Higher multiplicity of infection was used for the cellular population used for isolation of NS
proviruses. In this experiment, the number of GFP+ cells was not examined by flow cytometry.
Transduction by a pAG-2IE vector was performed by Filip Senigl In total, five independent transduction
experiments were conducted with the pAG vector.

MLYV transduction of K562 cell line

In the experiment performed to examine GFP+5T proviruses, 3 x 10° cells of the K562 cell line were
transduced by pLG vector. The percentage of GFP+ cells at 3 dpi did not exceed 0.5 %. Transduction
was performed by Filip Senigl One transduction experiment for production of GFP+5T cellular clones
was performed.

In the experiment performed to examine proviral populations of the pLG vector equipped with IN
variants, three independent transductions are presented. To examine vector expression in a mixed
population, 1 x 10° cells were transduced in parallel by each vector. In other experiments involving
sorting of GFP+ cells, 3 x 10° cells of the K562 cell line were transduced. In the experiment where
single-cell sorting was performed, GFP+ cells did not exceed 0.5 % at 3 dpi. In the experiment where
polyclonal GFP+ populations were established, the percentage of GFP+ cells in the populations at 3 dpi
did not exceed 5 %.
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HIV-1 transduction of K562 cell line

Three different transduction experiments where 3 x 10° cells of the K562 cell line were transduced by
pEV731 vectors are presented. In transductions where GFP+ cells were later sorted, percentage of GFP+
cells at 3 dpi did not exceed 0.5%. Higher multiplicity of infection was used for the cellular population
used for isolation of NS proviruses. In this experiment, number of GFP+ cells was not examined by flow
cytometry.

HIV transduction of T-cell derived cell lines

To compare the expression stability in a T-cell-derived cell line, the Jurkat cell line was transduced in
parallel with the K562 cell line, where 1 x 10° cells were transduced by the pEV731 vector.

Cell sorting and flow cytometry analysis

At 3 dpi, cells were collected, spun down and resuspended in 1 ml of serum-free RPMI. Right prior to
sorting, cells were passed through a CellTrix® 50 pm filter and Hoechst 33258 was added. Sorting of
GFP+ cells in single-cell or “bulk” mode was always performed at 3 dpi with an Influx cell sorter
(Becton-Dickinson). When the single-cell mode was applied, cells were sorted into a flat-bottom 96-
well plate with about 100 pl of cultivation medium per well. In the bulk mode, cells were sorted into
15 ml centrifuge tubes (TPP) with about 8 ml of cultivation medium and subsequently spun down,
resuspended in fresh cultivation medium, and transferred to a cultivation plate.

Flow cytometry analysis was performed in an LSR II cytometer (Becton-Dickinson). Prior to
measurement, 200 pl of cell suspension of each sample was collected and placed into a well of a U-
shaped 96-well plate. The 96-well plate was spun down for 3 min at 500 g. Cellular pellet was
resuspended in 50 ul of Hoechst 33258-containing phosphate-buffered saline (PBS). Measurements
were performed using a High-Throughput Sampler using 10 pl of each sample. The measurement
threshold was set to 10,000 Hoechst-negative cells. Analysis of cytometric data was performed with
FlowlJo software. Gates were always set to the nontransduced negative control.

Cell sorting and flow cytometry analysis of pAG3-2IE and pLG vector-transduced cells were
performed by Filip Senigl

Integration site isolation and sequencing
DNA isolation

The genomic DNA was isolated from collected cells by phenol-chloroform extraction. First, cells were
spun down for 10 minutes at 200 g and the cell pellet was frozen or directly carefully resuspended in
lysis buffer (1% of SDS and 0.25M EDTA), and proteinase K was added in final concentration of 1
mg/ml. The solution was incubated at 55°C for at least 3 h or overnight. RNAse H at final concentration
0.3 ug/ul was added and the sample was incubated for an additional 1 h at 37°C. The lysis buffer volume
of the phenol-chloroform mixture (1:1, pH 7.9) was added to the sample and gently mixed, and the
sample was spun down at 16,200 g for 5 min. The upper water phase was carefully transferred to a new
tube and 1x the volume of sample of cold 96% ethanol was added, and the sample was mixed by shaking
and spun down for 5 minutes. The pellet was once washed by 80% ethanol, spun down, and dried at 37
°C. Finally, the pellet was resuspended in 50 pl of TE buffer and stored in 4 °C. Concentration of isolated
DNA was established by measurement in a NanoDrop 1000 Spectrometer (Thermofisher).

DNA was prepared from individual ASLV and HIV-1 GFP+5T clones after their examination by flow
cytometry at 60 dpi. MLV clones whose expression was examined were frozen on a 96-well plate by
Filip Senigl Later, the clones were thawed, and the clones meeting the criteria for GFP+T clones were
mixed and DNA was purified from the mixture of clones. Other samples (NS and GFP+3%') were
harvested as polyclonal populations.
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Splinkerette PCR

To identify the genomic sequence neighboring LTR of the integrated provirus, we adapted the
splinkerette PCR method (Uren et al., 2009). In this method, DNA is digested by restriction
endonuclease and splinkerette adaptors are ligated to the digested DNA. After additional digestion by a
restriction enzyme utilized to preclude amplification of inner sequences, an unknown piece of genomic
DNA located between LTR and ligated splikerette adaptor is amplified in nested PCR reactions using
pairs of LTR and adaptor-specific primers.

We digested 2 pg of purified genomic DNA in 20 pl reaction by vector-suitable restriction
endonucleases (all of which were purchased from New England Biolabs). DNA of ASLV-derived
vector-transduced cells was digested by Dpnll or Msel. DNA from MLV-transduced samples was
digested by Nlalll. For HIV-1 samples, Nlalll, Msel, or a mix of Spel, Nhel, and Xbal (SNX mix) was
used. Overnight digestion was performed, after which, when possible, the endonuclease mix was
inactivated by high temperature.

Splinkerette adapters were created by annealing of HMspAa and restriction endonuclease-specific
HMspBb olinucleotides. The adaptor mix containing both oligonucleotides (25 uM of each) and 1x
Restriction buffer M (Boehringer Mannheim) was heated at 94°C for 3 minutes and then cooled to 21°C
by 1°C per 15s. Five pl of the adaptor mix was then added to 20 ul of the ligation mix containing 3 ul
of the digestion mix, ligase buffer (1x, New England Biolabs), and 400 U of T4 DNA ligase (New
England Biolabs). The mixture was incubated overnight at 15°C, after which the reaction was terminated
by incubation at 65°C for 20 minutes.

To eliminate amplification of the inner proviral sequences, a second round of restriction endonuclease
was applied. Endonuclease-specific buffer, BSA, and 10 U of restriction endonuclease were added to
the ligation reaction and filled up to the volume of 50 pl by water. ASLV-transduced samples were
digested by Bsu36l, MLV samples by Clal, and HIV-1 samples by Pvull. Overnight digestion was
performed, after which, when possible, the reaction was heat inactivated. DNA was then purified by a
QIAquick PCR Purification Kit (Qiagen).

Primary PCR was performed with Linkl and LTR-specific spPCR primers as follows: 94°C for 3 min,
2 cycles of 94°C 15 s, 68°C 30 s, 72°C 2 min and 31 cycles of 94°C 15 s, 62°C 30 s, 72°C 2 min and
final polymerization 72°C for 5 min. The secondary PCR used Link2 and LTR-specific spinPCR primers
with the program settings: 94°C 3 min, 30 cycles- 94°C 15 s, 60°C 30 s, 72°C 2 min and final 72°C 5
min.

Sequencing of integration sites

After the splinkerette protocol was applied to DNA isolated from cellular clones, individual samples
were examined in agarose gel, and single DNA bands were cut out and purified by a QIAEX II Gel
Extraction Kit (Qiagene) and sequenced by a Sanger sequencing-providing lab from spinLTR primer.

Polyclonal samples (all NS and GFP+*%' samples and sample of mixed MLV GFP+5T clones) were run
in agarose gel where a smear in the range of 200 — 800 bp of amplified DNA was cut out and purified
by a QIAEX II Gel Extraction Kit (Qiagene). Purified DNA was cloned into pPGEM®-T Easy vector
(Promega), and XL1-Blue competent cells were then heat-shock transformed by the vector mix and
seeded on X-Gal-containing plates. Single “white” colonies were picked and moved to a 96-well plate
filled with solid bacterial medium. The whole plate was then send to the GATC company to perform
Sanger sequencing of particular colonies from a common bacterial plasmid M13-specific primer.

The entire preparation of samples originating from cells transduced by pAG3-2IE vectors were
performed by Miroslav Auxt and Filip Senigl.
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Library preparation for next-generation sequencing of MLV-transduced cells

The splinkerette PCR method adapted for next-generation sequencing (NGS) was applied for
identification of genomic DNA-LTR junctions of NS and GFP+3%! proviral populations of K562 cells
transduced with pLG vectors with IN** and INW3%A variants. Briefly, genomic DNA was subjected to
random fragmentation and adaptors were ligated to the end-repaired fragments. Sequences between
LTRs and adaptors were amplified by nested PCR. Notably, in the first round of the PCR, biotinylated
LTR-specific primers are used to later enrich for target sequences. The resulting fragments of 100 to
200 bp in length were cut out from agarose gel and subjected to sequencing at lon Proton (Thermofisher)
platform. The library for NGS was prepared by Martina Slavkova.

The protocol follows in detail: According to manufacturer’s instructions, 4 ug of genomic DNA was
treated by 8 pl of NEBNext® dsDNA Fragmentase® (New England Biolabs) in 80 pl reaction. After
20 min, 40 ul aliquots were taken and 10 ul of 0.5M EDTA was added to each sample to stop the
reaction. Fragments longer than 100 bp were purified by application of AMPure magnetic beads
(Beckman Coulter) at the 1:0.4 ratio. The eluted sample was incubated with end-repair mixture
containing T4 DNA polymerase (3 U, New England Biolabs), T4 polynucleotide kinase (10 U, New
England Biolabs), and Taq DNA polymerase (10 U, New England Biolabs) for 20 min at 20°C followed
by incubation for 25 min at 72°C.

Adapters were prepared by annealing OlinkA-T and OlinkB-PhoA. The OlinkB-PhoA oligonucleotide
contains C6-amino modifier at the 3 end and phoshate at the 5° end. Thirty-fold pmol excess of adapter
to DNA was used and 0.9 pl of Quick Ligase (New England Biolabs) was added to the end-repair
mixture and incubated at 25°C for 20 min. To prevent inner sequence amplification, the sample was
digested with 5U of Clal (New England Biolabs) in 50 pl reaction. After overnight digestion, the reaction
was heat inactivated (65°C, 20 min) and DNA was purified by a High Pure PCR Cleanup Micro Kit
(Sigma-Aldrich), from which 15 pl of each sample was retrieved.

In the first round of nested PCR, linear amplification with a biotinylated MLV-LTR1_F-Bio primer was
performed using 100 ng of template sample (95°C for 2 min, then 12 cycles of 95°C for 15 s, 62°C for
30 s and 72°C for 1 min, and then 72 °C for 10 min), after which the Linkl primer was added and
standard PCR amplification was performed (95°C for 2 min, then 27 cycles of 95°C for 15 s, 62°C for
30 s and 72°C for 1 min, and then 72°C for 10 min). Samples were purified by a High Pure PCR Cleanup
Micro Kit (Roche) and biotinylated amplicons were purified by streptavidin-coated beads (Dynabeads
MyOne Streptavidin C1, Invitrogen). The second round of nested PCR was performed with template-
coated streptavidin beads and barcoded MLV-LTR2_F primers (MID1 for IN*' NS, MID2 for INW3%04
NS, MID9 for IN** GFP+3®! and MID10 for INY*°4 GFP+3%') and Link2 primers (95°C for 2 min, then
35 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 1 min, and then 72°C for 10 min). From each
sample, 100 — 200 bp fragments were cut out from agarose gel and purified by a QIAEX II Gel
Extraction Kit (Qiagen).

After extraction, samples were pooled and forwarded to Ion Proton sequencing provided by SEQme
s.1.0 as a part of ShareSeq service.
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Integration site sequence mapping
Mapping of sequences obtained by Sanger sequencing

Sequences of clonal and polyclonal populations of ASLV, MLV, and HIV-1-transduced cells obtained
by Sanger sequences were mapped individually using a web-based BLAST-like alignment tool (BLAT)
found at the University of California Santa Cruz (UCSC) Genomic Institute web page
(https://genome.ucsc.edu/cgi-bin/hgBlat). Prior to mapping, sequences containing the sequence of LTR
end and lacking inner proviral sequences were identified and LTR sequences were removed. If a splinker
sequence was found in the sequence, this was also removed. The final sequence was then mapped against
the February 2009 version of human reference genome assembly (GRCh37/hg19). From the resulting
hits, hits were selected if the alignment started at the beginning of the sequence mapped (query sequence)
and if the best hit provided the unique, high score of alignment compared to the second best hit. All
query hits not fulfilling the criteria were not used in subsequent analysis. For uniquely mapping hits,
coordinates comprising the chromosome, nucleotide number, and orientation of the first, LTR-proximal
nucleotide were saved. The orientation coordinate value was subsequently changed to the opposite value
to act as a marker of provirus orientation. These coordinates were called integration position (iPos).

Mapping of MLV integration site sequences obtained by NGS

Prior to mapping, reads were preprocessed by Unix-adapted tools. FASTQ/A Barcode splitter from
FASTX-Toolkit was used to split reads into MID-specific groups according to the barcode with --
mismatches 2 option. Reads in each group were renamed to contain a MID-specific identifier and were
pooled to a single file. The Cutadapt tool with options -g CCTACAGGTGGGGTCTTTCA -m 20 was
applied to cut LTR sequences. The “--discard-untrimmed” option was used to obtain LTR-containing
sequences. Cutadapt was also used to remove reads with the inner proviral sequence amplified (with -a
TTCCCCCCTTTTTCTGGAGA --discard-trimmed options) and to trim the adaptor sequence if present
(with -a ACCACTAGTGTCGACACCAG -m 20 options).

Preprocessed reads were run as query against the GRCh37/hgl19 genome with the BLAT tool using -
tileSize=11 -stepSize=9 -minldentity=85 —maxIntron = 5 —minScore = 27 —dots = 1000 -out=psl -
noHead options that were adapted from INSPIIRED pipeline (Berry et al. 2017). Unique hits were
selected using R scripts utilizing GenomicRanges and GenomicStrings Bioconducor packages. Hits
accepted were allowed to start within 3 bp from the LTR-proximal read start. Reads with multiple hits
were accepted if the second best score was not higher than 10 % of the best score. iPos was generated
for each accepted hit. iPos was further accepted as real integration site if it was covered by more than
two hits. If more iPos were next to each other, iPos were merged into a single iPos with the highest
count of hits (reads) in the merged group.

Processing of HIV-1 integration sites from Zhyvoloup et al. (2017)

Coordinates of integration sites were obtained from supplementary data of Zhyvoloup et al. (2017) and
remapped to the December 2013 version of human reference genome assembly (GRCh38/hg38).
Random-position control generation

Random controls at AG vs AG-2IE study

As a control of random targeting of features for a low number of integration sites, we generated a set of
200 biologically unbiased genomic positions. Human chromosomes were virtually joined (from
chromosome 1 to chromosome X) and 200 random positions in range 1 — 3,031,042,417 (chromosome
Y was omitted) were generated. Genomic coordinates were then obtained by mapping of random
positions to chromosomal joint-genomic positions.
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Uniquely matched random controls (umMRCs)

To create a set of random genomic positions with position-to-restriction enzyme-recognized site
distribution, the restrSiteUtils 1.2.8 R package was used (Berry 2017). A set of 200 matched random
positions per integration site was generated. Genomic sequences covering ranges from a random position
to a restriction enzyme-recognized site were extracted from GRCh37/hgl9 assembly using the
Biostrings R package for each matched random position (Pagés et al. 2017). Sequences were mapped to
GRCh37/hgl9 assembly using BLAT, and sequences with single full-length match with > 98% identity
were accepted as uniquely mapped matched random controls (umMRCs). Three umMRCs per
integration site were randomly selected and used as controls in subsequent analysis.

Feature-matched random controls (agMRCs, GMRCs, AGMRCs, EMRCs)

To analyze the effect of feature targeting on targeting other features, feature-matched random controls
were generated. Generally, random positions that matched particular iPos concerning the distance to a
particular feature were selected. All groups of feature-matched MRCs were generated by R scripts.

In the study comparing GFP+5T proviral integration sites of ASLV, MLV and HIV-1, active gene-
matched MRCs (agMRCs) were generated. One thousand of umMRCs per integration site were
generated. For each umMRC, the distance to active RefSeq Genes which TSSs associated with a Tss
chromatin segment was counted in the same manner as performed for integration site analysis. For each
integration site, the three umMRCs with the most similar distance to an active gene when compared to
the integration site were randomly selected.

In the analysis of HIV-1 data of Zhyvoloup et al. (2017), different groups of gene-targeting MRCs were
generated. To each iPos, one random position was generated using the random tool from bedtools
utilities. To match random positions to iPos with the distance, first, random positions within the matched
feature were generated using the shuffle tool from bedtools with -incl option referring to intra-feature
BED-formatted genomic sites. Inter-feature regions were generated using the complement tool from
samtools, and random sites matching iPos with the distance to the feature were generated using R script
randomly choosing (R sample function) positions with the exact to-feature distance as matched iPos.

Evaluation of integration site association with features

MySQL-based distance measurements

In the studies comparing expression and proviral integration sites of ASLV-derived vectors (pAG3 and
PAG3-2IE), distances and frequencies of the features were calculated using the MySQL Workbench 6.2
software.

R-based distance measurements

In the study comparing distribution of ASLV, MLV and HIV-1, distances of proviral integration sites
to features and frequency of feature targeting was managed by R scripting using the Bioconductor
GenomicRanges package (Lawrence et al. 2013).

Data source

Genomic and epigenomic data for in silico analysis of features associated with integration sites were
obtained from UCSC golden path (http://hgdownload.cse.ucsc.edu/goldenPath/hgl19/database/). Data
for CAGE-peak positions [FANTOM Consortium and the RIKEN PMI and CLST (DGT)] were
obtained from web-based data source http://fantom.gsc.riken.jp/5/.
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Transcriptional units

All integrations mapped into the RefSeg Genes were considered as intragenic. The absolute distance to
TSS marks the distance to the closest TSS in the RefSeq Genes track. In the relative distance to TSS,
intergenic integration distance to TSS equals to the absolute distance to TSS. For integrations inside
RefSeq Genes, the distance to the nearest TSS of a particular RefSeq Gene targeted by the integration
was calculated.

RNA-seq data for the K562 cell line

Seven RNA-seq datasets for the K562 cell line (ERR310212, SRR090233, SRR346063, SRR521457 1,
SRR644784, SRR901899 and SRR901900) were obtained from Sequence Read Archive (SRA) at the
NCBI website (http://www.ncbi.nlm.nih.gov/Traces/sra/). Reads were mapped to human genes using
CLC Genomics Workbench 6.5.1 with default settings. RefSeq Genes were classified into groups by the
mean of reads per kilobase per million (RPKM), with the NA group containing RefSeq Genes with the
mean RPKM lower than 1 and RefSeq Genes with no match in CLC Genomics Workbench 6.5.1
database and Q1-Q4 groups containing RefSeq Genes with the mean RPKM equal to/higher than 1
classified into the mean RPKM quartile groups, with Q1 being the first quartile containing RefSeq Genes
with the lowest RPKM.

Selection of dominant transcripts from Jurkat RNA-seq data

Raw Jurkat RNA-seq data published by Zhyvoloup et al. (2017) were downloaded from NCBI SRA
accession PRINA321856. Reads were mapped on GRCh38/hg38 using TopHat2. The mapped reads
were filtered to remove PCR duplicates and select uniquely mapped reads using the samtools view
function with -bq 4 -F 0x400 options. The mapped reads were associated with RefSeq Genes transcripts
using the Cufflinks tool. Transcript coordinates, name (“name” column), RPKM, and associated RefSeq
Gene name (“name2” column) were extracted using the awk tool. R script was then used to select a
single dominant transcript for each RefSeq Gene. For DMSO-treated samples, the ERR2097196 SRA
dataset was discarded from analysis since RPKM values of transcripts did not correlate with the rest of
the DMSO-treated dataset. Transcripts with RPKM > 0 were selected. For each RefSeg Gene (“name2”
column), one associated transcript (“name” column) with highest RPKM value was selected. In the
following analyses, RefSeq Genes were selected according to the RPKM value of the dominant
transcript.

Histone modification peaks

Histone modification peak datasets for the K562 cell line from Broad Histone track were obtained from
UCSC golden path. Peaks with signals higher than the median of the signal of particular histone
modification peak dataset were selected for further analysis. The distance to the nearest peak of
particular modification was calculated for each integration.

Chromatin segments

Chromatin segments for the K562 cell line were obtained from the UCSC Genome Segments track.
Segments were grouped by the itemRgb field. Mnemonics for the segments are adapted from Hoffman
et al. (2013) and explained in Table 2. For global analysis, we merged the related segments. The active
chromatin segment group contains 18 segments including Tss, TssF, PromF, PromP, Enh, EnhF, EnhW,
EnhWF, DnaseD, DnaseU, FaireW, Gen5, Elon, ElonW, ElonWF, Gen3, H4K20, and Low. The
regulatory segment group consists of 11 segments including Tss, TssF, PromF, PromP, Enh, EnhF,
EnhW, EnhWF, DnaseD, DnaseU, and FaireW.
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Table 2: Chromatin segment mnemonics

Mnemonic Rationale

Tss Active promoter, TSS/CpG island region

TssF Active promoter, flanking TSS/CpG islands

PromF Promoter flanking

PromP Inactive/Poised promoter, highly conserved

Enh Candidate strong enhancer, open chromatin

EnhF Candidate strong enhancer, flanking open chromatin

EnhWF Candidate poised/weak enhancer; flanking open chromatin of candidate enhancers

EnhW Candidate weak enhancer and open chromatin

DNaseU Primarily UW DNase, weaker open chromatin sites

DNaseD Primarily Duke DNase, candidate regulatory elements in more likely repressive locations

FaireW Modest Faire/Control enrichments, potential CNV

CtcfO Distal CTCF/Candidate insulator with open chromatin

Ctcf Distal CTCF/Candidate insulator without open chromatin

Gen5' Transcription transition, highly expressed genes towards 5' end

Elon Transcriptional elongation, stronger H3K36me3, more exonic

ElonW Transcriptional elongation, weaker H3K36me3

Gen3' Transcription 3' end of genes, highly expressed; more exonic

Pol2 Pol2-specific locations, mostly in genes but a substantial portion in intergenic locations

H4K20 Transcription, primarily H4K20mel, more intronic

ReprD Polycomb repression with Duke DNase sites/promoter and conservation enrichment (except
HELA)

Repr Strong Polycomb repression

ReprW Weaker Polycomb repression

Low Low signal proximal to active elements

Quies Heterochromatin/Dead Zone

Art Potential CNV or repetitive artifacts

Active genes

Different groups of active genes were created. A RefSeq Gene was considered to be active if its TSS
was either within the H3K4me3 peak or within the Tss chromatin segment or within the distance of 500
bp from the nearest CAGE peak TSS [FANTOM Consortium and the RIKEN PMI and CLST (DGT)].
Three groups of active genes/TSSs were analyzed separately.

Chart generation and statistics

Charts were produced using the R (integration site distribution charts) or Excel (expression charts)
software. Statistical tests were performed with the R software.
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Results

Integration sites and expression of ASLV
The rate and kinetics of provirus silencing of ALSV-derived vectors in human cells

To tackle the question of the role of integration site environment in proviral expression, we took
advantage of previously described enhanced silencing of ASLV-derived vectors transducing
mammalian cells (Wyke and Quade 1980, Chiswell et al. 1982, Hejnar et al. 1994, Senigl et al. 2008,
Senigl et al. 2012). Here we described the rate and kinetics of provirus silencing observed after
transduction of human K562 cells with ASLV-derived vectors. We compared the silencing of two
replication-defective, ASLV-derived GFP-transducing (AG) vectors (Fig 8A). Both vectors, AG and
AG-2IE, differ solely by insertion of two internal elements (IE) from a CpG island into the U3 segment
of AG-2IE. The IE comprises the core sequence of CpG island from the hamster adenine phosphoribosyl
transferase gene along with a tandem of high-affinity Sp1 binding sites; the effect of this insertion on
the expression of ASLV-derived vectors has been previously described (Senigl et al. 2008). Both vectors
were produced by cotransfection of the AviPack packaging cell line (Fig. 8B). The K562 cell line is an
ENCODE Tierl cell line providing extensive epigenomic data for subsequent analyses and represents a
valuable gene therapy model.

K562 cells were transduced with VSV-G-pseudotyped vectors at a low multiplicity of infection (MOI <
0.01), which was necessary to minimize the probability of multiple proviral integrations per cell (Fig.
8C). GFP-positive (GFP+) cells with transcriptionally active proviruses were separated by fluorescence-
activated cell sorting (FACS) three days post infection (3 dpi) and single-cell-derived clones were
established. After expansion, the clones were cultivated for two months or longer with a FACS count of
GFP+ cells at 30 and 60 days. Two sets of clones, 2,128 clones that contained expressed AG proviruses
and 558 clones with expressed AG-21IE proviruses, were expanded and cultivated. Clonal analysis of the
reporter expression confirmed the high rate of provirus silencing in the AG vector. Cellular clones
consisting of at least 90 % of GFP+ cells were pronounced to carry the provirus stably expressing GFP
(GFP+5T). At 60 dpi, only 3.5 % (74 of 2,128) of AG clones contained GFP+3T, whereas the majority of
clones tended to undergo rapid silencing (Fig. 9A). This behavior was in sharp contrast to much less
effective and slow provirus silencing in AG-2IE clones, with 29 % (164 of 558) of the GFP+5T clones
at 60 dpi. The striking contrast of silencing in AG and AG-2IE vectors was apparent already by 30 dpi.

In previous studies, Hejnar et al. (2001) and Senigl et al. (2008) demonstrated that the anti-silencing
effect of IE insertion lies in protection from DNA methylation, but does not increase LTR-driven
expression. Here, we compared the mean fluorescence intensity (MFI) of GFP in GFP+5T clones from
both AG and AG-2IE groups. GFP+%T clones containing AG proviruses exhibited higher GFP MFI in
comparison with non-selected GFP+ cells at the beginning of clonal expansion (Fig. 9B). AG-21E
proviruses, however, exhibited lower variability and approximately the same MFI in GFP+T clones and
non-selected cells. This can be explained by the more autonomous expression of AG-2IE proviruses,
which was less influenced by position effects in direct contrast to AG proviruses, whose expression is
mostly determined by position effects and where the high expression correlates with stability. Our clonal
analysis independently confirmed the anti-silencing but not transcription-enhancing effect of the IE
nsertion.

The higher autonomy of AG-2IE proviruses is also supported by the course of GFP expression
silencMost AG clones proceeded to silencing through a gradual decrease of GFP intensity, and in the
transient state, there was a broad variability of fluorescence intensities in individual cells (Fig. 9C). In
contrast, most transcriptionally active AG-2IE proviruses in unstable clones simply switched to a
silenced state, and the distribution of fluorescence intensities was bimodal without intermediate states.
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We conclude that the insertion of the CpG island core sequence partly protected retroviral vectors from
provirus silencing and released the dependence of vectors on the local position effects towards the vector
expression.
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Figure 8. Outline of the experimental approach. A. Scheme of ASLV-derived minimal vector expressing the
EGFP marker under the control of LTR. LTR — long terminal repeat, ¥ — packaging signal, EGFP — enhanced
green fluorescent protein. Arrow marks the transcription provirus. B. The stock of ASLV retroviral vector is
produced by the packaging cell line (AviPack) cotransfection with transfer and envelope (VSV-G) vectors. C.
Target cells (K562) transduced by low MOI. GFP+ cells are single-cell sorted at 3 dpi. From cells sorted, cellular
clones are grown. The percentage of each clone is measured by flow cytometry at 30 dpi. Expression of highly
active clones is followed until 60 dpi, which is the last point of measurement. Clones showing at least 90 % of
GFP+ cells at 60 dpi are reported as GFP+5T clones, and proviral integration sites of the clone-containing provirus
are sequenced. MOI — multiplicity of infection, dpi — days post infection, GFP+5T — GFP-stably expressing.
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Figure 9. Expression stability of AG and AG-2IE ASLV-derived vectors in human cells. A. Percentage of
GFP+5T clones at different time-points. At 3 dpi, all cells sorted are GFP+. At 30 and 60 dpi, the percentage depicts
the portion of GFP+5T clones of all clones measured after sortStatistical significance was tested by the Fisher’s
exact test. B. MFI of clones expressing GFP at 3 dpi (Active) and GFP+5T clones. Each dot represents MFI of a
single clone. Statistical significance was tested by the Wilcoxon test. C. Examples of different clonal expression
profiles observed during silencing of GFP expression. Bars represent the area of GFP+ cells. MFI — mean
fluorescence intensity. * - p value < 0.05 ** - p value < 0.01, *** - p value < 0.001.

Genome-wide mapping and characterization of provirus integration sites

Genomic DNA from individual GFP+5T clones with AG or AG-21IE proviruses was isolated and digested
with specific restriction enzymes. The genome-viral DNA junction was amplified using the splinkerette
PCR technique (Uren et al. 2009). In addition to individual clones that contained single proviral
integrations, we cloned the proviral integration sites in en masse splinkerette PCR from cells that were
transduced with either AG or AG-2IE vectors without selection for GFP activity (non-selected control,
NS) or sorted for GFP-positivity at 3 dpi (active 3 dpi controls, GFP+*®). We sequenced the junction
DNA fragments and identified integration sites using BLAT in the human genomic assembly GRCh37,
version hgl9. In total, after neglecting the small number of equivocal integrations, we identified 90 NS
sites of AG proviruses and 82 NS sites of AG-2IE proviruses, 124 sites of GFP+*%' AG and 63 AG-2IE
proviruses, and, finally, 46 sites of GFP+5T AG and 58 AG-2IE proviruses. For better comparison with
previous studies, we generated 200 random integration sites by in silico targeting the human genome.
This set of integration sites was used in all subsequent analyses as a random control. The comparison of
the random with NS set of integrations also defines the possible bias of the technique given by the
distribution of restriction recognition sequences. We further analyzed provirus integrations from the
point of view of targeting transcriptional units (TUs), transcriptionally active TUs in K562 cells, and
TSSs.

We observed that the NS proviruses of AG and AG-2IE had integrated within TUs at the frequency of
57 % and 48 %, respectively, which is slightly higher than the 39 % that was observed in the random
set, corroborating the slight preference of ASLV integrase for genes as described previously in the
studies of Narezkina et al. (2004) and Barr et al. (2005). The percentage of GFP+'%! proviruses found
in TUs had increased to 65 % and 64 % for AG and AG-2IE proviruses, respectively. The enrichment
of GFP+5T proviruses within TUs at 60 dpi was even higher, 74 % and 79 % for AG and AG-2IE
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proviruses, respectively (Fig. 10A). This data demonstrates that insertion of the IE element into LTR
does not influence the integration preference and long-term selection of transcriptionally active
proviruses increases the rate of genic/intergenic integration. We can assume that integration into TU
increases the chance of the provirus to be transcriptionally active over time and resistant to epigenetic
silencWe also analyzed the proportion of insertions oriented sense or anti-sense according to the
transcription of targeted TUs (Fig. 10B). Although approximately equal at the beginning of the
experiment, the selection for transcriptional activity of AG proviruses led to statistically insignificant
preponderance of sense integrations. AG-2IE proviral integrations displayed approximately the same
ratio of both orientations.

Next, we analyzed the level of transcription of targeted TUs. We combined transcription data of all TUs
targeted by AG and AG-2IE proviruses from publicly available RNAseq data, which was retrieved from
the Sequence Read Archive (SRA) for the K562 cell line. According to reads per kilobase per million
(RPKM), TUs were divided into five groups according to the transcriptional level — a non-active (NA)
group and four quartiles of active TUs (Q1-Q4) (Fig. 10C). In the set of NS integration sites, the
integrations into transcriptionally active TUs prevailed, which was in accordance with previous findings
(Mitchell et al. 2004, Narezkina et al. 2004, Barr et al. 2005) showing preferential integration of
retroviruses into active chromatin. We did not observe any striking difference between AG and AG-21E
proviruses. After short-term selection for GFP+2%! the prevalence of transcriptionally active targeted
TUs increased to approximately 70 %. Among the AG proviruses, there was an increase in integrations
into Q4 TUs, the TUs with the strongest transcription intensity. In contrast, integrations into Q1 TUs,
the group comprising weakly transcribed TUs, were underrepresented. This effect of short-term
selection was not observed in AG-2IE proviruses. Long-term selection for stable expression of AG
proviruses led to strong overrepresentation of transcriptionally active TUs, particularly those of Q4 and
Q3. Only 2 % of GFP+5T AG proviruses resided in non-transcribed TUs and 40 % in Q4 TUs. In
summary, we have demonstrated that ongoing selection for transcriptional activity of proviruses leads
to increased representation of proviruses integrated into transcribed TUs. GFP+5T proviruses are found
almost exclusively in the transcribed TUs, particularly in those with highest transcription levels. This
can be explained by a protective anti-silencing effect of the genomic environment in transcriptionally
active TUs. Insertion of IE elements partly releases this dependence, and some GFP+T AG-2IE
proviruses can also be found in non-transcribed or weakly transcribed TUs.

The epigenetic environment varies along the TUs, which may influence the stability of the provirus
expression. Integration close to TSSs has already been documented for MLV (Wu et al. 2003) and
correlates with the expression of ASLV proviruses (Plachy et al. 2010, Senigl et al. 2012). We therefore
analyzed the position of integration sites within the targeted genes and in relation to the adjacent TSS in
our sets of AG and AG-2IE proviruses. First, we analyzed the absolute proviral distance to the closest
TSS (Fig. 10D). Short-term selection forming the population of GFP+%®! proviruses selected for the
integrations concentrated around the TSSs with the median distance around 10 kb in both AG and AG-
2IE proviruses. After long-term selection, the GFP+5T AG proviruses were found closer to TSSs with a
median distance of 2 kb (p = 8.2, Wilcoxon-Mann-Whitney Rank Sum Test). AG-2IE GFP+5T
proviruses were integrated at a median distance of 6.5 kb to TSSs, resembling the integration pattern of
shortly selected proviruses (p = 0.35, Wilcoxon—-Mann-Whitney Rank Sum Test). Taking into account
the distribution of integrations along targeted TUs, we calculated the relative proviral distance to TSS
(Fig. 10E). Unlike the absolute distance to TSS, the relative distance indicates the distance to a
particular TSS belonging to the targeted TU for intra-TU integrations. For inter-TU integrations, the
relative distance is equal to the absolute distance to the nearest TSS. The relative proviral distance to
TSS showed that with further positive selection of expression, proviruses were concentrated around
TSSs with a mild bias for integrations within TUs downstream to TSSs. This bias is most striking for
AG GFP+3T proviruses (Fig. 10F), where 70 % of all integrations were found within 15 kb downstream
of TSSs, from which one third of the proviruses (33%) were integrated within 2 kb downstream from
TSSs (Fig. 10G). On the other hand, AG-21E GFP+5T proviruses that have spread into more distal parts
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downstream from TSSs resembled the integration pattern that was observed with shortly-selected
proviruses. We conclude that proviruses selected for stable expression are predominantly found close to
TSSs. Obviously, the vicinity to TSS is favorable for provirus transcription and protects the proviruses
from transcriptional silencProviruses that are equipped with protective IEs are less dependent on the
need to be located within close proximity of TSS.

CpG islands, sequences rich for CG dinucleotides, are an important part of vertebrate genomes
(reviewed by Deaton and Bird (2011)). We analyzed the distribution of proviral integrations in relation
to the closest CpG islands in a similar way as TSSs (Fig. 11A). The random set of integration sites
displayed a longer absolute distance to CpG islands than to TSSs (medians of 104 kb versus 62 kb,
respectively), which reflected the fact that CpG islands were less frequent in the genome. The distance
to the CpG islands showed a pattern similar to that observed with distances to TSSs, i.e., with further
selection for expressional stability the proviruses of both vectors were found closer to the CpG island.
The correspondence of the distances to TSSs and CpG islands shows that most of TSSs that are located
close to active and stably active proviruses are associated with CpG islands (Fig. 11B).
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Figure 10. Genomic features at proviral integration sites. A. Frequency of TU targetGray line represents the
frequency of random positions. Statistical significance was tested by Fisher’s exact test. Asterisks mark the
significance of difference against a set of random positions. No statistical significance was observed between
selection categories of the same vector or between vectors inside the selection category B. Relative orientation of
proviruses in targeted TUs. The sense category contains proviruses with same orientation of transcription as
targeted TUs. C. Transcriptional activity of integration targeted TUs. TUs were divided into five categories
according to RPKM with the NA group containing TUs with mean RPKM lower than 1 and TUs with no match
in the database and Q4 group containing TUs with highest mean RPKM. Frequencies of proviral integration sites
found in RefSeq Genes belonging to the categories are depicted. D. Boxplot representation of distribution of
distances of the proviral integration site to the nearest TSSs. Statistical significance was tested by Wilcoxon test.
E. Boxplot representation of distribution of proviral integration site distances around TSSs. Negative values
represent proviral integration sites outside TUs — distances represent the distances to the nearest TSSs. Positive
values represent proviral integration sites inside TUs — distances represent the distances to the TSSs of targeted
TUs. F. Density representation of proviral integration sites around TSS like in panel E. G. Frequency of proviral
integration sites in the windows covering the marked distance to the TSSs. Statistical significance was tested by
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Fisher’s exact test. TU — transcriptional unit, TSS — transcriptional start site. * - p value <0.05, ** - p value <0.01,
*** _ pvalue < 0.001.
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Figure 11. Distribution of proviral integration sites relative to CpG islands. A. Boxplot representation of the
distribution of distances of proviral integration sites to the nearest CpG island. B. Correlation of the distance of
proviral integration sites to the nearest TSSs and CpG islands.

Active histone modifications at the sites of integration in GFP+5T proviruses

As described previously (Senigl et al. 2012), active proviruses are overrepresented in the regions
enriched in H3K4me3 markers, which are characteristic for active TSSs. To obtain better insight into
the epigenomic landscape of provirus integration and expression, we analyzed the distribution of our
proviral integrations with respect to their distance to the peaks of different histone modifications. In
Fig. 12, we present results of the analysis of histone modifications that are associated with both,
transcriptionally active or suppressive chromatin. Methylation on H3K4 (H3K4me1/2/3) and acetylated
histones (H3K9ac, H3K27ac) are characteristic of the regions occupied by active promoters and
enhancers. Proviruses of both AG and AG-IE were found closer to the peaks of these modifications as
the selection for expression stability went on (Fig. 12A). The median distance of the AG GFP+%! to
the peaks of H3K4me1/2/3, H3K9ac, H3K27ac ranged from 5 to 6 kb. AG GFP+5T proviruses were
found in close proximity to these peaks, with the median distances ranging from 0.3 to 2 kb. GFP+5T
proviruses of both vectors were significantly closer to H3K4me2/3 and H3K9ac than their GFP+3i
counterparts. However, for the H3K4mel and H3K27ac modifications, the hallmarks of enhancer
regions, the distance did not change significantly between GFP+*%! and GFP+5T. Taking into account
only AG proviruses, the most significant shift of median distance was observed for the H3K4me3
modification (p = 1.3 4, Wilcoxon-Mann-Whitney Rank Sum Test).

Other histone modifications correlating with active chromatin were also analyzed. H3K79me2 and
H4K20mel (Fig. 12B) are more lateral modifications of histones that can be found downstream of
TSSs of active TUs (Wang et al. 2008). However, the role of the modifications in transcriptional
activation or repression is unclear. According to the presence of H3K79me2 downstream of active TSSs,
AG, and AG-2IE proviruses showed a gradual decrease of the median distance to the modification peaks
with progressing selection for expression. AG and AG-2IE GFP+3T proviruses accumulated at a median
distance of 0 and 5 kb to H3K79me2 peaks, respectively. AG GFP+5T proviruses also showed a
significant decrease in the distance to H4K20mel compared to AG GFP+3%!, Moreover, H4K20mel is
the only histone modification we examined to which AG GFP+5T proviruses were significantly closer
than AG-2IE GFP+5T proviruses. The distance of GFP+5T proviruses to these histone modifications
shows that at least at the particular environment, H3K79me2 and H4K20mel form transcriptionally
permissive chromatin.

Other epigenomic features that correlate with transcription are histone isoforms, some of which are also
enriched at specific and narrow genomic loci. We examined the distribution of proviral distance to peaks
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of the H2A.Z histone variant. H2A.Z has been found in association with active TSSs and enhancers
occupied by various transcription factors (Soboleva et al. 2011). Both AG and AG-2IE NS proviruses
were already found close to the peaks of H2A.Z at a mean distance of ca 20 kb. Even after short-term
selection for proviral expressional activity, GFP+*%! proviruses of both AG and AG-2IE accumulated
proviral integrations close to H2A.Z peaks (median of ca 6 kb), but no decrease in distance was observed
in the group of GFP+5T proviruses (Fig. 12A). This suggests that ASLV might have a slight preference
for H2A.Z-enriched areas and that integration to these areas might be important for the transcriptional
activity of proviruses of either vector. However, other features seem to be important for the long-term
transcriptional stability.

We also examined the distance of proviruses to the modifications characteristic for transcriptionally
suppressed chromatin (H3K9me3, H3K27me3). The peaks of suppressive histone modifications
H3K9me3, H3K27me3 were found at a median distance of 40 to 50 kb from the AG proviral
integrations, respectively, and the long-term selection for expressional activity did not lead to any
accumulation of proviruses observed closer to the histone modifications associated with active
transcription (Fig. 12C).
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Figure 12. Distribution of proviral integration sites to peaks of histone modifications. Boxplot representation of
the distribution of distances of proviral integration sites to the nearest peak of histone modification representing
A. active regulatory segments, B. putative active chromatin, or C. repressive chromatin. Statistical significance
was tested by Wilcoxon test. * - p value < 0.05, ** - p value < 0.01, *** - p value < 0.001.
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Proviral integration and transcriptional stability in functional chromatin segments

The integrative combination of epigenetic marks has been used for genome-wide annotation of
functional chromatin states and non-coding functional elements in the human genome across multiple
cell types. Two independent chromatin state annotation algorithms, ChromHMM (Ernst and Kellis
2010) and Segway (Hoffman et al. 2012), based mostly on the results from ChIPseq assays, served for
ENCODE-wide annotation of functional chromatin segments and regulatory elements (Hoffman et al.
2013). To describe proviral integration sites with regard to the function of their chromatin regions, we
calculated the percentages of integrations within chromatin segments categorized by the ChromHMM
(Fig. 13) database.

The randomly generated integration sites showed the approximate proportion of certain functional
chromatin segments in the human genome with the majority being non-transcribed heterochromatin or
polycomb-repressed chromatin. The proportion of targeted promoters and enhancers was found to be
less than 10 % in the random set of integration sites (Fig. 13A). Both AG and AG-2IE experimentally
determined NS proviruses preferred the merged active chromatin segments at the expense of non-
transcribed ones (p = 6.1 x 10 ®* and p = 6.4 x 10~ for AG and AG-21E, respectively, Fisher’s Exact Test
for Count Data, Fig. 13B). Even the short-term selection of GFP+%! proviruses further increased the
proportion of active chromatin among the targeted segments (p = 9.5 x 10 and p = 2.7 x 10 for AG
and AG-2IE, respectively. Fisher’s Exact Test for Count Data). Selection for GFP+5T proviruses did not
lead to any increase of proviruses located in active chromatin segments, but resulted in selection of
proviruses in active regulatory segments, i.e., promoters and enhancers, where we observed more than
50 % of stable integrations (p = 1.9 x 10* and p = 4.0 x 10~ for AG and AG-2IE, respectively, Fisher’s
Exact Test for Count Data). The most striking observation was the enrichment GFP+5T AG proviruses
in promoters (ca. 40%, p = 4.0 x 10, Fisher’s Exact Test for Count Data).
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Proviral expression and integration sites of GFP+5T proviruses of HIV-1 and MLV

Data on ASLV-derived vectors reveal that in the suppressive environment of mammalian cells, GFP+5T
proviruses tend to be integrated close to active TSSs. Modification of ASLV LTR with short regulatory
elements that stabilize expression of the original vector released GFP+ST proviruses from TSS-proximal
areas. However, proviruses of the modified vector selected for long-term expressional activity show
non-random distribution of integration sites skewed toward active TUs and close to enhancers. The
preference toward the features such as TSSs, enhancers, or active TUs is known for natural integration
of some mammalian retroviruses such as lentiviruses or y-retroviruses (Elleder et al. 2002, Schroder et
al. 2002, Wu et al. 2003, Mitchell et al. 2004, De Ravin et al. 2014, LaFave et al. 2014). To look for the
common features of the integration sites of GFP+ST proviruses across the retroviral genera, we
compared the distribution of integration sites of proviruses of ASLV, HIV-1, and MLV.

Stability of proviral expression

To further extend the data on the distribution of stably active proviruses, we used vectors derived from
HIV-1 and MLV (Fig. 14) in the same clonal assay used in previous study with ASLV-derived vectors
(Fig. 8C). Minimal non-replicative retroviral vectors encoding GFP under the transcriptional control
of LTR were used. The HIV-1 minivirus also contained the functional fat gene, which is necessary for
normal expression from HIV-1 LTR (Jordan et al. 2001). VSV-G-pseudotyped miniviral vectors were
used to transduce the K562 cell line, single-cell sorted for GFP+ cells at 3 dpi and expanded to clonal
populations, which were FACS-examined at 30 and 60 dpi. Data obtained with HIV-1 and MLV vectors
were compared to those obtained previously with the AG vector, here marked as ASLV dataset.

The percentages of GFP+ cells were determined in 378 HIV-1- and 239 MLV-transduced clones at 30
dpi. Unlike ASLV that was effectively silenced, more than 80 % of HIV-1- and MLV-transduced clones
(262 and 239, respectively) maintained stable expression at 30 dpi (Fig. 15). The clones with stable
provirus expression 30 dpi were cultured for an additional 30 days and the percentage of GFP+ cells
was re-calculated at 60 dpi. Whereas almost all MLV-transduced clones (202) maintained provirus
expression, the numbers of GFP+5T clones in the HIV-1 sample further decreased to 49 % (136, Fig.
15). Thus, MLV provirus expression was deemed to be long-term stable. HIV-1 provirus expression
was observed to be stable during short cultivation (30 dpi), but displayed gradual late silencing when
cultured for a longer period of time. In any case, both vectors were one order of magnitude more stable
than the vector derived from ASLV.

HIV-1

MLV

Figure 14. Graphical representation of retroviral vectors. Minimal retroviral vectors derived from MLV and
HIV-1 and expressing the EGFP marker under the control of retroviral LTRs are shown. LTR — long terminal
repeat, W — packaging signal, EGFP — enhanced green fluorescent protein, Agag — gag gene with deletion, Aenv —
env gene with deletion, Tat — double exon form of transactivator tat gene, IRES — internal ribosomal entry site.
Arrow marks the transcription of provirus.

55



dpi
A H 30

100 - M 60

% Stable clones

% GFP+ cells / clone

\ 4

< Clones

Figure 15. Comparison of expression stability of ASLV, MLV, and HIV-1 vectors. A. Frequency of GFP+5T
clones. Frequency is counted as a portion of all clones gained after the sorting that contained > 90 % GFP+ cells
at a given time-point. B. Fraction of GFP+ cells in clones at given time-points. Clones are lined up at x-axis next
to each other by the fraction of GFP+ cells at 30 dpi (blue dots). A red dot represents the fraction of GFP+ cells of
a particular clone at 60 dpi. Values representing one cellular clone are aligned in one column. The dashed line
represents 90 % of GFP+ cells, which is the threshold for GFP+5T clones. n — number of cellular clones in the

chart.
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Integration and matched random control site generation

GFP+5T clones derived from HIV-1, and MLV-transduced cells were subjected to splinkerette PCR in
order to amplify and sequence the provirus integration sites. We identified 45 HIV-1 and 32 MLV
integration sites, which we compared to 46 ASLV integration sites and sets of in silico prepared random
sites. This time, each integration site sample was given its set of random controls, which we here refer
to as the uniquely mapped matched random controls (umMRC). For each integration site in the sample,
three umMRCs were generated. These three random sites match particular integration distances by the
distance to the nearest recognition sites of a given restriction enzyme used in the integration site cloning
protocol. The genomic sequences spanning the range given by the recognition site and the random site
had to fulfill the criteria for uniquely mapped sequences (see Materials and Methods section).

Gene targeting and distance to TSS

First, we analyzed the frequency of integration into transcription units and the orientation of proviruses
relative to transcription of targeted RefSeq Genes (Fig. 16A). HIV-1 is known to target active genes
(Elleder et al. 2002, Schroder et al. 2002), while MLV was not observed to possess any preference for
genes (Wu et al. 2003, De Ravin et al. 2014, LaFave et al. 2014). HIV-1 proviruses with stable
expression were found in RefSeq Genes with the frequency of 80 %, which was the same as the
frequency of ASLV GFP+T proviruses found in RefSeq Genes. Both samples displayed a significant
increase compared to umMRCs. On the other hand, the frequency of MLV GFP-+5T proviruses found in
RefSeq Genes was about 60 %, and thus lower than that of ASLV and HIV-1 and comparable to the
respective umMRCs. Interestingly, the orientation of proviruses relative to the direction of targeted
RefSeq Gene transcription showed different patterns for all three vectors (Fig. 16B). Compared to
umMRC, ASLV GFP+T proviruses showed a preponderance of proviruses with sense orientations to
RefSeq Gene transcription (p = 0.0225, Fisher’s Exact Test for Count Data). HIV-1 proviruses displayed
an equal proportion of proviruses in sense or antisense orientations to endogenous transcription. The
majority of MLV proviruses were found in antisense orientation compared to that of targeted RefSeq
Genes, albeit giving a weak significance compared to umMRCs (p = 0.0489, Fisher’s Exact Test for
Count Data).

Next, we counted the distance of GFP+3T proviruses to the TSSs of the RefSeq Genes (Fig. 16C). All
groups of proviruses accumulated significantly closer to TSSs in comparison to respective umMRCs,
with medians of distances well below 20 kb. We also checked the distribution of proviruses around TSSs
(Fig. 16D). The distribution of GFP+5T proviral integration sites of ASLV and MLV was observed to
be centered close to TSSs, while HIV-1 GFP+5T proviruses were centered more inside gene bodies, in
accordance with the HIV-1 preference for active TUs. We also observed a similar accumulation close
to CpG islands for ASLV and MLV, and, to a lesser extent, for HIV-1 (Fig. 16E). While ASLV and
MLYV proviruses distribution tended to center in close proximity of the TSSs, HIV provirus distribution
centered at a distance of 12 kb downstream to TSSs.

GFP+5T proviruses of ASLV, HIV, and MLV were thus shown to differ in their distribution toward the
gene-associated features. ASLV proviruses accumulated inside RefSeq Genes close to TSSs and mostly
in sense orientation to the RefSeq Gene transcription. GFP+5T proviruses of HIV-1 as the ones of ASLV
also accumulated inside RefSeq Genes, but in longer distances to TSSs with no bias for either intragenic
orientation observed. MLV GFP+T proviruses, on the other hand, showed no overrepresentation inside
RefSeq Genes, and those found in RefSeq Genes were found mostly in the anti-sense orientation towards
the targeted RefSeq Gene transcription. However, MLV and ASLV GFP+5T proviruses shared striking
accumulation at regions proximal to TSSs, although their distribution around TSSs differed.
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Figure 16. Distribution of proviral integration sites according to genomic features. A. Frequency of proviral
integration sites in RefSeq Genes. B. Relative proviral orientation according to the transcription of targeted RefSeg
Gene. Sense orientation marks proviruses with the same orientation as is the orientation of the targeted RefSeq
Gene. C. Boxplot representation of the distribution of distances of proviral integration sites to the nearest TSSs.
D. Boxplot representation of the distribution of proviral integration site distances around TSSs. Negative values
represent proviral integration sites outside TUs — distances represent the distances to the nearest TSSs. Positive
values represent proviral integration sites inside TUs — distances represent the distances to the TSS of the targeted
TU. E. Boxplot representation of the distribution of distances of proviral integration sites to the nearest CpG island.

GFP+5T proviruses associate with active genes

The environment that is permissive for provirus expression can be correlated with the activity of targeted
TUs. Therefore, we used a subset of RefSeq Genes that exhibited high transcriptional activity and whose
TSSs associated with features defining active promoters: peaks of H3K4me3, Tss chromatin segment
defined by ChromHMM (Ernst and Kellis 2012), or peaks of transcription defined by cap analysis of
gene expression (CAGE, (Kanamori-Katayama et al. 2011)).

Approximately 20 % of umMRC:s targeted RefSeq Genes defined here as active showing about 50 %
decrease in the frequency compared to targeting of all RefSeq Genes. On the other hand the frequencies
of proviral integrations in active RefSeq Genes were comparable to the frequencies of targeting of all
RefSeq Genes (Fig. 17A). Notably, while no significant difference of all RefSeq Genes targeting was
observed between MLV proviral integrations and respective umMRCs, the MLV proviral targeting of
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active RefSeq Genes (Tss+ RefSeq Genes) was significantly increased (p = 0.0148, Fisher’s Exact Test
for Count Data) compared to umMRCs (Fig. 17A).

We observed the same effect at the level of distance to the TSSs of active RefSeq Genes (Fig. 17A).
The distance of umMRCs to TSSs of active RefSeq Genes increased in comparison to distance to TSSs
of all RefSeq Genes, whereas proviral integration sites were found to be of similar distances to TSSs of
active RefSeq Genes as to TSSs of all RefSeq Genes.

To address the activity of TUs targeted by integrations of GFP+5T, we used publicly available RNAseq
data, as described in previous chapters. Briefly, TUs were divided into activity groups according to their
mean read per kilobase per million (RPKM) mapped reads of RNA-seq datasets. In correspondence to
the previous selection for active RefSeq Genes, RNA-seq data showed that the targeted TUs mostly
exhibited transcriptional activity with a RPKM > 1 (Fig. 17C).

These results demonstrated that the proviruses selected for stable transcriptional activity accumulated
near the TSSs of active TUs, likely because of their active transcription-associated chromatin
environment, which is also permissive for provirus expression.
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Figure 17. Association of proviral integration sites with active TUs. A. Frequency of proviral integration sites in
RefSeq Genes whose TSSs were found in the Tss chromatin segment (Tss+), in the peak of H3K4me3
(H3K4me3+), or within the 500 bp from the CAGE peak (CAGE+). Dashed antennas mark original frequency of
targeting all RefSeq Genes. B. Boxplot representation of the distribution of distances of proviral integration sites
to the nearest CAGE peaks marking sites of active transcription initiation. C. Transcriptional activity of integration
of targeted TUs. RefSeq Genes were divided into five categories according to RPKM, with the NA group
containing TUs with mean RPKM lower than 1 and TUs with no match in the database and Q4 group containing
TUs with highest mean RPKM. Frequencies of proviral integration sites found in RefSeq Genes belonging to the
categories are depicted.
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GFP+5T proviruses associate with active chromatin markers

Epigenetic features of the chromatin environment at the site of integration were first described by
comparing the distances of the proviruses and umMRC to peaks of eleven histone modifications (Fig.
18A) defined for the K562 cell line by the ENCODE project. HIV-1 and MLV GFP+5T proviruses
accumulated in short distances to the peaks of epigenetic modifications that are associated with active
chromatin but not with markers of heterochromatin. A common feature of all groups of retroviral vectors
was the short median distance to the peaks of H3K4me1/3, H3K9ac and H3K27ac, the trend observed
previously with ASLV GFP+5T proviruses.

HIV-1 proviruses displayed a more relaxed pattern showing the median distance to the peaks of histone
modifications that was farther away when compared to ASLV and MLV. A similar trend in the median
distance of HIV-1 GFP+5T proviruses being more distant to histone modification peak than those of
ASLV and MLV was also observed for H2A.Z, H3K79me2, and the peaks of H3K36me3. All of the
three marks have distinct distribution with H2A.Z peaking at open chromatin of TSSs and enhancers,
while the latter two appear in gene bodies with H3K79me?2 peaking close to active TSSs.

An interesting pattern was observed with distances toward the modification of H4K20mel, where
GFP+5T proviruses of ASLV showed the median distance below 20 kb, while the HIV-1 and MLV
GFP+5T provirus median distance reached 70 kb. This data showed that H4K20me1 might be associated
with active TSSs, but might not be a general feature of active TSSs or enhancers.

Together, analysis of the distance to histone modifications data showed that proximity to the sites
enriched for marks characteristic of active TSSs and enhancers is a common feature of GFP+5T
proviruses of ASLV, HIV-1, and MLV. HIV-1 GFP+5T proviruses, however, showed to be generally
more distant to such sites than ASLV and MLV GFP+5T proviruses.

GFP+%T proviruses associate with active regulatory segments

As a next step in defining the chromatin environment at the sites of the GFP+3T integration, we calculated
the distances of the GFP+5T proviruses to the chromatin segments that were defined by Ernst and Kellis
(2010) for the K562 cell line. We calculated the distances of GFP+5T proviruses to all 25 chromatin
states available (Fig. 18B, for explanation of chromatin state mnemonics see Table 2 in the Materials
and Methods section). In agreement with previous results, the proviruses of all groups analyzed were
found close to the chromatin states associated with active TSSs. Even though previously GFP+STHIV-
1 proviruses showed significantly longer distances to TSSs than GFP+5T proviruses of MLV and ASLV,
these differences were lost when distances to the chromatin states flanking active TSSs and promoters
(TssF, PromF) were analyzed. More interestingly, GFP+5T proviruses of ASLV, MLV, as well as HIV-
1 were found in close proximities to enhancer-associated chromatin states.

Together, the analysis of the epigenomic and functional landscape of GFP+5T showed that regardless of
the provirus origin, stable expression of the provirus associates with the proximity to the genomic loci
driving genomic transcription. Although GFP+5T proviruses of ASLV and MLV were found closely
associated to the features enriched at active TSSs, the active TSS-proximal sites seem not to be general
features of GFP+5T proviruses of distinct genera, as HIV-1 GFP+3T proviruses were found further away.
However, GFP+5T proviruses of all three groups were found to harbor enhancer-proximal loci, meaning
that the enhancer proximity is a general feature of GFP+5T proviruses.
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Figure 18. Distribution of proviral integration sites according to histone modification peaks and chromatin
segments. A. Boxplot representation of the distribution of distances of proviral integration sites to the nearest
peaks of histone modifications or histone variants peaks. B. Boxplot representation of the distribution of distances
of proviral integration sites to the nearest chromatin segment of particular type. For explanation of chromatin
segment mnemonics, see the Materials and Methods section.
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GFP+5T proviral enhancer proximity is not a function of active gene targeting

As shown in Fig. 17, almost all the GFP+5T proviruses of HIV-1, MLV, and ASLV were found inside
or very close to active chromatin segments, active TSSs and enhancers. Furthermore, the majority of
GFP+5T ASLV and HIV-1 proviruses were found in genes, which is the result of preference of
integration in the case of HIV-1 (Elleder et al. 2002, Schroder et al. 2002, Mitchell et al. 2004) or the
result of selection for GFP+5T proviruses in the case of ASLV. Therefore, we sought to investigate
whether the proximity to active TSSs and enhancers can be reached by preferential targeting of active
genes. For this purpose, another level of matching for umMRC was added by selecting umMRCs that
show the same frequency of targeting and a similar distance to the active (Tss+) RefSeq Genes as
integration sites of GFP+5T proviruses (Fig. 19A). The new group of matched random controls was
then called active gene-matched umMRC (agMRC, see Materials and Methods).

To stress the changes brought about by development of agMRCs, a plot showing the statistical
significance of the differences in targeting or distance to genomic or epigenomic features between real
integrations and agMRC was constructed (Fig. 19B). As a result of matching, the data showed no
significant difference of active RefSeq Genes targeting between GFP+3T proviruses and agMRCs. For
ASLYV, the distances to most histone modifications differed significantly between agMRC and GFP+5T
proviruses, while differences in distances to some active chromatin segments were insignificant. Most
importantly, GFP+5T proviruses of ASLV were significantly associated with active TSSs and strong
enhancers (Fig. 19C). For the HIV-1 and MLV datasets, the trend depicting the loss of significant
differences between GFP+T proviruses and agMRC in the set of active chromatin segments and the
preservation of a significant difference for active TSSs and enhancers was notable. Interestingly, the
data for HIV-1 showed that GFP+5T proviruses were significantly associated to active TSSs and
enhancers as well as to the histone marks characteristic of those regulatory segments — H3K4
methylation and histone acetylation.

Together, these data show that when integration sites of GFP+5T proviruses are compared to their
matched controls that mimic the active gene targeting of the proviruses, the close proximity to the
features that are characteristic of active TSSs and enhancers are preserved as a hallmark of GFP+5T
proviruses of ASLV, HIV-1, and MLV.
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Figure 19. Comparison of proviral integration sites and active gene-targeting matched random controls
(agMRCs). Random positions that fulfill the criteria for umMRCs and match proviral integration sites in frequency
of targeting and distance to Tss+ RefSeq Genes were generated and called agMRCs. A. Presentation of equal
frequency of GFP+5T proviral integration sites and agMRCs in Tss+ RefSeq Genes (for comparison with umMRCs,
see Fig. 17A). B. Statistical p-values of differences between agMRC and integration sites are represented by
colored circles (genes), squares (peaks of histone modifications), and triangles (chromatin segments) and aligned
with the x-axis. agMRCs are created to match the proviral integration sites with the frequency of targeting RefSeq
Genes with the active TSSs part according to the chromatin segment classification. Thin dashed lines mark the p-
values of 0.01, 0.05, and 0.1. Values outside the range of 0.01 to 0.1 are located at the lower/upper edge of the
chart beyond the dashed lines. Gray symbols represent the significance of the difference between proviral
integration sites and umMRCs. C. Examples of the charts representing the values of agMRCs and proviral
integration sites. From left to right: Tss+RefSeqTSS, absolute distance; Tss+RefSeqTSS, distribution around TSS;
peaks of H3K4mel enrichment; enhancer segments.
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Integration site distribution during the selection for HIV-1 GFP+5T proviruses

In the previous chapter we showed that GFP+5T proviruses of HIV-1 origin are enriched in the areas
proximal to enhancers and that this distribution is not caused by targeting for active genes, which is a
characteristic feature of HIV-1 integration. However, the picture of gradual changes in the distribution
of HIV-1 proviruses during the selection for stable expression was missing at the time. The observation
of the late silencing of GFP+*%! proviruses pointed out to the possibility of sequential changes in the
distribution of HIV-1 proviruses during the selection for expression, similar to those observed in the
case of ASLV. We thus followed the procedure of characterization of HIV-1 proviral integration sites
in NS, GFP+3%i and GFP+5T populations.

The proximity of HIV-1 GFP+5T proviruses to enhancers is caused by the selection for expressed
proviruses

We isolated and characterized new sets of 23 NS and 68 GFP+3%! proviral integration sites and compared
them to previously introduced sets of 135 umMRCs and 45 integration sites of GFP+5T proviruses.

In accordance with previous reports, with the frequency of 80 %, HIV-1 NS proviruses were found to
be enriched in RefSeq Genes compared to umMRCs (p = 4.4 x 10 **, Fisher’s Exact Test for Count Data,
Fig. 20A). Despite the drop of the RefSeq Genes targeting frequency in the population of GFP+3%!
proviruses, no significant differences in RefSeq Genes targeting were found between NS and GFP+34!,
and only very low significance was found when comparing GFP+3%! to GFP+5T proviral populations (p
=0.039, Fisher’s Exact Test for Count Data). Analysis of the distance to TSSs of RefSeq Genes revealed
that HIV-1 NS proviruses show the median of distance to nearest TSSs less than 20 kb which is
significantly less that the median of distance of umMRCs (p = 7.7 x 10 *, Fisher’s Exact Test for Count
Data, Fig. 20B). No significant changes to the patterns set in the population of NS proviruses were
observed in GFP+®! and between GFP+%' and GFP+5T. The same is valid for the distribution of
proviruses around TSSs (Fig. 20C). These results corroborate the statement that the frequency of gene
targeting and distance distribution to TSSs of GFP+5T proviruses is set by the integrational preferences
of HIV-1 and is not shaped by the selection for active or stable expression.

In the previous chapter, HIV-1 GFP+3T proviruses were observed to be closer to enhancers compared to
both umMRCs and agMRCs. We thus counted the distances of proviral integration sites of NS and
GFP+%i proviruses to ChromHMM chromatin segments (Fig. 21B). HIV-1 NS proviruses were
significantly closer to the chromatin segments associated with active transcription. Selection for
GFP+3%! and GFP+5T proviruses did not cause any shift in the distribution of proviruses toward the most
of the “active” segments. For instance, all groups of HIV-1 proviruses displayed similar distribution to
the Tss segment, with the median distance being around 20 kb. However, a significant shift closer toward
enhancer-associated segments was observed for GFP+%! proviruses (NS x GFP+%! in Fig. 21B).
GFP+5T proviruses displayed the distribution of distances to enhancers similar to that observed with
GFP+%i proviruses. Analysis of the distances to chromatin segments shows that HIV-1 targets active
chromatin and that with selection for active proviruses of HIV-1, the proviruses are found closer to
enhancers. The absence of the shift in the association with any of the features analyzed between GFP+3%!
and GFP+5T HIV-1 proviruses indicates that single-step selection for integration sites occurs during the
selection for expression early after integration.
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Figure 20. Distribution of HIV-1 proviral integration sites according to genomic features. A. Frequency of
proviral integration sites found in RefSeq Genes. B. Boxplot representation of the distribution of distances of
proviral integration sites to the nearest TSS. C. Boxplot representation of the distribution of proviral integration
sites distances around TSSs. Negative values represent proviral integration sites outside TUs — distances represent
the distances to the nearest TSSs. Positive values represent proviral integration sites inside TUs — distances
represent the distances to the TSS of the targeted TU.
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Figure 21. Distribution of HIV-1 proviral integration site distances according to chromatin segments. A.
Boxplot representation of the distribution of distances of proviral integration sites to the nearest marked chromatin
segment. B. Graphical representation of Wilcoxon test p-values of differences in the distance distributions of
categories of HIV-1 proviral integration sites. P-values are on a logarithmic scale. The dashed line represents the
value of 0.05.
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Proximity of HIV-1 NS proviruses to TSSs as a function of short-gene targeting

In the previous experiment we showed that the proximity of HIV GFP+5T proviruses to TSSs is not the
result of selection for expression as observed for ASLV. The distance distribution observed rather seems
to be the result of native chromatin targeting of HIV-1, as NS HIV-1 proviruses displayed similar
distance distribution toward TSSs as GFP+’®' and GFP+5T proviruses. Nonrandom proximity to TSSs
of HIV-1 proviruses can be caused by targeting of TSSs by HIV-1 PIC or might be a bystander effect
of targeting other features proximal to TSSs. As HIV-1 PIC is known to preferentially target active
genes, we hypothesize that the HIV-1 proximity to TSSs is caused by the gene-targeting character of
HIV-1 integration.

To challenge the hypothesis, we took advantage of a huge dataset of HIV-1 integration sites produced
by Zhyvoloup et al. (2017), which we analyzed in silico. Four sets of integration sites, where each set
comprised a triplicate experiment, were separated into two groups: cells treated by compound digoxin
or a control group treated by DM SO (for the effect of the digoxin treatment see Zhyvoloup et al. (2017)).
Two sets in each group were formed by integration sites of HIV-1, one with wild-type Gag (CA™), and
one with N74D mutation in CA (CAN*P) that lacked the ability to interact with PIC-tethering factor
CPSF6. The coordinates of integration sites were downloaded from the paper data and remapped to the
hg38 version of human genome assembly. To each integration site in a replicate we also created an in
silico generated random genomic position. The numbers of random positions thus matched the numbers
of integration sites in the particular set.

First, targeting of RefSeg Genes in the sets of integration sites was analyzed. Fig. 22A shows the
reconstruction of results presented by Zhyvoloup et al. (2017), where both CA** and CAN*P HIV-1
vectors preferentially target RefSeq Genes, although CAN*P with lower frequency. HIV-1 CA™
proviruses were also preferentially found in 10 kb windows around TSSs, while CAN*P proviruses
targeted the window with the frequency comparable to random targetAdditionally, in Fig. 22B we
show the distribution of proviral distances to the nearest TSSs. Depiction of the distribution shows that
the populations of HIV-1 proviruses tend to accumulate closer to TSSs compared to the random genomic
positions regardless of the treatment. While the mean of distance median of CA™ proviruses was under
20 kb, the mean of distance median of CAN*P proviral was shifted further away above 20 kb from TSSs.
However, proviral integration sites of both vectors peaked at the distance of 3 — 5 kb downstream to
TSSs (Fig. 22C). Hence we corroborated the findings of Zhyvoloup et al. (2017) that CA™ proviruses
show higher gene targeting frequencies and tighter association with TSSs than CAN*P proviruses and
random genomic positions. We also corroborated results observed by us previously with small counts
of NS HIV-1 proviruses representing the population of HIV-1 proviruses.
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Figure 22. Differential distribution of proviral integration sites of HIV-1 CA variants according to TU-
associated features. A. Frequency of proviral integration sites in RefSeq Genes and in a 10 kb window around
RefSeq Genes TSSs. These charts repeat the results presented by Zhyvoloup et al. (2017). B. Distribution of
distances of proviral integration sites to the nearest TSS. Colored dots represent the 1% quartile, median, and 3%
quartile values of triplicates. Means of triplicates and the interquartile range are displayed by gray lines. + and —
signs in panels A and B represent the fact that samples were (+) or were not (-) treated by digoxin. C. and D.
Distribution of proviral integration sites around TSS depicted as frequency of proviral integration sites in a 1 kb
window with a particular distance to TSS. Negative values represent proviral integration sites outside TUs —
distances represent the distances to the nearest TSS. Positive values represent proviral integration sites inside TUs
— distances represent the distances to the TSS of the targeted TU. Dots represent means of triplicate targeting
frequency. Bars represent standard deviation values of triplicates. C represents control DMSO-treated samples. D
represents digoxin-treated samples.

To test whether gene targeting is the cause for HIV-1 provirus appearance close to TSSs, we generated
another set of random positions in which each position matched a particular integration site in the
distance to genes. This set of random positions was called gene-matched random controls (GMRC). As
a result, GMRCs mimicked the frequencies of RefSeq Gene targeting of experimental integration site
sets (Fig. 23 A). Intergenic GMRCs, however, mimicked integration sites in the distance to the nearest
gene represented by random choice by the distance to TSS or transcriptional end of the gene. GMRCs
were observed to display the means of medians of the distances to TSSs slightly above 20 kb, which
was not distinguishable from the means of medians of CAN*P proviruses (Fig. 22B). However, unlike
the HIV-1 integration sites, GMRCs peaked at the 1 kb window downstream to the TSSs (Fig. 22C).
Targeting the RefSeq Genes thus shifts GMRCs closer to the TSSs of RefSeq Genes, resembling the
distribution of the HIV-1 CAN*P mutant. However, the proximity to TSSs of HIV-1 still is not caused
by simple gene targetPeaking of proviral occurrence at the 3 — 5 kb window is also a nonrandom effect
caused by the HIV-1 integration preference.
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Figure 23. Comparison of proviral integration sites with gene-matched random controls (GMRCs). A. Random
positions matching proviral integration sites in RefSeq Gene targeting frequency were generated. B. Distribution
of distances of proviral integration sites to the nearest TSS. Colored dots represent the 1% quartile, median, and 3™
quartile values of triplicates. Means of triplicates and the interquartile range are displayed by gray lines. + and —
signs in panels A. and B. represent the fact that samples were (+) or were not (-) treated by digoxin. C. Distribution
of proviral integration sites around TSS depicted as frequency of proviral integration sites in a 1 kb window at a
particular distance to TSS. Negative values represent proviral integration sites outside TUs — distances represent
the distances to the nearest TSS. Positive values represent proviral integration sites inside TUs — distances represent
the distances to the TSS of the targeted TU. Dots represent means of triplicate targeting frequency. Bars represent
standard deviation values of triplicates.

Limited approximation of the GMRC distance distribution to that observed with HIV-1 CA™ may point
to the fact that CA™ HIV-1 might preferentially target shorter TUs than would be expected by random
targetTo test this, we used RNA-seq prepared by Zhyvoloup et al. (2017) from the control DMSO-
treated Jurkat cell line. To allow counting for the target gene length, the transcriptome obtained from
RNA-seq was simplified to “dominant transcripts”. A dominant transcript is here a single transcript
reconstructed from RNA-seq, which selected by the highest RPKM among other transcripts of the same
gene represents a particular gene model. Plotting dominant transcript lengths against the RPKM of
dominant transcripts showed that there is no correlation between the two (Fig. 24F). For further
analysis, dominant transcripts with RPKM > 0.5 were selected. Random genomic positions matching
the integration sites by the distance to dominant transcripts were generated (active gene-matched random
controls, AGMRCs). As expected, the gene-targeting frequency of GMRCs dominant transcripts
targeting dropped to about half of values observed when all RefSeq Genes were used (compare Fig.
23A and Fig. 24A), while HIV-1 integration site frequencies decreased only slightly, meaning that
most of HIV-1 proviruses of both CA variants integrate into transcribed genes (Fig. 24 A). Analysis of
the distribution of distances to TSSs showed that AGMRCs much closely resemble HIV-1 integration
sites than GMRCs (Fig. 24B and C). In the case of CAN*P_ no significant difference could be found
between GMRCs and proviral integration sites, meaning that AGMRCs display similar distribution of
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distances to TSSs as HIV-1 proviral integration sites. On the other hand, significant differences were
still found between CA™ integration sites and the respective AGMRCs (p = 3.5 x 10 #, t-test). Analysis
of the distribution of integration sites along gene bodies (Fig. 24D) showed that AGMRCs and CAN*P
integration sites are evenly distributed along the targeted dominant transcripts. By contrast, HIV-1 CA™
integration sites were distributed unequally along dominant transcripts, peaking between 20 % — 60 %
of the dominant transcript length with underrepresented areas in the first 10 % and last 20 % of targeted
dominant transcripts. Finally, analysis of targeted dominant transcript lengths showed that the median
of targeted transcript length in CA™ samples is lower than in the respective samples of GMRCs and
AGMRCs (Fig. 24E). On the other hand, distribution of target transcript lengths in CAN*P samples
was indistinguishable from the respective AGMRCs. From this analysis we conclude that the proximity
of HIV-1 proviruses correlates with short transcript targeting and is disrupted in the CAN*P mutant that
displays the distribution observed by random active gene targeting.

To test whether TSS-proximity of wt HIV-1 proviruses is caused by the qualities of targeted genes, the
last matched random controls set, exact-gene matched random controls (EGMRCs), was generated.
EGMRCs are not only placed in an identical distance to genes as matched integration sites, but the
distance is associated with exactly the same dominant transcript as integration sites. EGMRCs showed
identical distribution of distances to the nearest TSSs as integration sites of both CA variants of HIV-1
(Fig. 25A) as well as similar distribution in targeted transcripts (Fig. 25B). Interestingly, the
differences between EGMRCs and HIV-1 integration sites may be observed in short distances
downstream to TSSs where the percentage of integration sites drops, which may mean that despite
nonrandom proximity to TSSs of HIV-1 integration, close TSS-downstream loci are disfavored by HIV-
1 integration irrespective of the CA variant present.

In this chapter we showed that HIV-1 proviruses are found in close proximities downstream to TSSs of
targeted genes and that this distribution is most likely caused by preferred genic integration of HIV-1.
Short genes are most likely preferred by HIV-1 equipped with wt CA, which might at least in part cause
the close presence of HIV-1 to TSSs. Shown by comparison of CA* and CANP vectors, the interaction
of HIV-1 capsid protein with CPSF6 is most likely behind the short gene targeting of HIV-1 and shifting
of integration closer toward the TSS-proximal areas.
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Figure 24. Distribution and gene length of proviral integration sites and active gene-matched random controls
(AGMRCs). A. Frequency of proviral integration sites in RefSeq Genes with RPKM > 0.5. AGMRC:s that target
transcribed RefSeq Genes with the same frequency as proviral integration sites were generated. Bars represent
triplicate means. Antennas represent standard deviations. B. Distribution of distances of proviral integration sites
to the nearest TSS. Colored dots represent the 1% quartile, medianm and 3™ quartile values of triplicates. Means of
triplicates and the interquartile range are displayed by gray lines. C. Distribution of proviral integration sites
around TSS depicted as frequency of proviral integration sites in a 1 kb window at a particular distance to TSS.
Negative values represent proviral integration sites outside TUs — distances represent the distances to the nearest
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TSS. Positive values represent proviral integration sites inside TUs — distances represent the distances to the TSS
of the targeted TU. Dots represent means of triplicate targeting frequency. Bars represent standard deviation values
of the triplicates. D. Frequency targeting of normalized gene. Dots represent the mean triplicate frequency in 1 %
window along the normalized gene. Bars represent standard deviation values of triplicates. E. Distribution of
dominant transcript length targeted by proviral integration. Colored dots represent the 1t quartile, median, and 3™
quartile values of triplicates. Means of triplicates and the interquartile range are displayed by gray lines. F. RPKM
and length of all dominant transcripts obtained from RNA-seq data. All panels contain dominant transcripts with
RPKM > 0.5. wt — HIV-1 CA™, N74D — HIV-1 CAN*P, GMRC - gene-matched random control, AGMRC —
active gene matched random control, TSS — transcriptional start site, RPKM — reads per kilobase per million.
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Figure 25. Distribution and gene length of proviral integration sites and exact gene-matched random controls
(EGMRC s). A. Distribution of distances of proviral integration sites to the nearest TSS. Colored dots represent
the 1% quartile, median, and 3™ quartile values of triplicates. Means of triplicates and the interquartile range are
displayed by gray lines. B. Distribution of proviral integration sites around TSS depicted as frequency of proviral
integration sites in a 1 kb window at a particular distance to TSS. Negative values represent proviral integration
sites outside TUs — distances represent the distances to the nearest TSS. Positive values represent proviral
integration sites inside TUs — distances represent the distances to the TSS of the targeted TU. Dots represent means
of triplicate targeting frequency. Bars represent standard deviation values of triplicates. C. Distribution of
dominant transcript length targeted by proviral integration. Colored dots represent the 1%t quartile, median, and 3"
quartile values of triplicates. Means of triplicates and the interquartile range are displayed by gray lines. All panels
contain dominant transcripts with RPKM > 0.5. wt — HIV-1 CA™, N74D — HIV-1 CAN*P, GMRC — gene-matched
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random control, AGMRC — active gene matched random control, EGMRC — exact gene-matching random control,
TSS — transcriptional start site, RPKM — reads per kilobase per million.

Expression of HIV-1 is long-term stable but toxic in T-cell lines

When the long-term expressional stability of the HIV-1-derived vector was examined in the K562 cell
line, a decrease in the count of GFP+T clones between 30 dpi and 60 dpi was observed. To test whether
this late silencing is a general feature of HIV-1 expression, we analyzed i) expression of HIV-1 in the
Jurkat cell line, ii) expression of a replication deficient full-length HIV-1 vector in Jurkat cells and other
human T-cell-derived cell lines.

K562 and Jurkat cells were transduced by a minimal HIV-1-derived vector used in previous chapters
(herein called HIV™"), The number GFP+5T clones, established from GFP+ cells sorted at 3 dpi, was
counted at 30 and 60 dpi. With accordance to previous observations (Fig. 15A), the number of GFP+5T
clones decreased between 30 and 60 dpi in K562 clones. On the other hand, the number of HIV™n
GFP-+5T clones in the Jurkat cell line was observed to be stable until 60 dpi (Fig. 26A). To test whether
stable expression in the Jurkat cell line is also true for full-length HIV-1, we used two replication-
deficient HIV-1-derived vectors encoding most of the HIV-1 proteins (Fig. 26B). Full-length (HIV™)
and red-green (HIVRY) vectors both carry replication-inactivating mutations in Env and PR and express
GFP instead of the viral Nef protein. In addition, the HIVRS vector expresses the red mCherry fluorescent
protein instead of Gag. Jurkat cells were transduced by the three VSV-G-pseudotyped vectors, and GFP
expression was followed over time. Surprisingly, the HIV-transduced GFP+ cell count rapidly
decreased over time, while HIV™" and HIVRS GFP+ cell counts increased and kept stable from 3 to 9
dpi (Fig. 26C). Clonal analysis showed that HIV™" and HIVRS-transduced cells efficiently grew into
clones that mostly kept the expression of the provirus. On the other hand, HIV™-transduced cells were
mostly unable to grow into the clones (Fig. 26 D), which if achieved mostly did not express GFP (Fig.
26E). Finally, we tested the GFP expression of HIV! and HIVRS in different T-cell-derived cell lines.
As shown in Fig. 26F, the expression of GFP in the HIV-transduced population dropped over time in
each cell line examined, while HIVRS-transduced cells were mostly stably present in the population.

Here we showed that, unlike in the K562 cell line, once established, the expression of HIV-1 is rather
stable in T-cells. The stability of the minimal HIV-1-derived vector was also observed to be comparable
to the expression of the replication-deficient full-length HIV-1 vector. However, when the gag gene was
present in the vector (HIV™), GFP+ cells were rapidly lost from the transduced population and the ability
of GFP+ cells to grow into the cellular clones was severely affected. High, long-term expression of HIV-
1 can thus be toxic to the infected cells. Our results suggest that the gag gene products seem to play a
role in the toxicity of HIV-1 expression. However, the source and the mechanism of the loss of HIV-1-
expressing cells from the infected population needs to be examined in greater detail.
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Figure 26. Expression stability of HIV-1 vectors in T-cell derived cell lines. A. Frequency of GFP+5T clones (>
90% GFP+ cells) of minimal HIV-1 vector in K562 and Jurkat cell lines. The frequency is counted for all clones
received from a single-cell sort. Statistical significance was tested by Fisher’s Exact Test for Count Data. * - p
value < 0.05, ** - p value < 0.01, *** - p value < 0.001. B. Graphical representation of HIV-1-derived vectors.
Viral protein-coding genes are in gray, Tat protein-coding exons are in blue, red crosses mark replication-inhibiting
mutations present in viral protein-coding genes, EGFP-coding gene is marked in green, mCherry-coding gene is
marked in red, LTRs are marked in blue, green arrow marks proviral transcription. C. Example of an experiment
where the number of GFP+ cells was observed during a 9-day period in Jurkat cells. Frequencies of GFP+ cells
are presented as relative numbers to the frequency of GFP+ cells at 3 dpi. D. Frequency of the Jurkat cell line
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clones gained from all single-cell sorted cells. Hundred % mark the number of all wells of 96-well plate to which
the cell was sorted. E. Frequency of GFP+5T clones (> 90% GFP+ cells) gained in panel D.. F. Relative frequency
of GFP+ cells in T-cell derived cell lines transduced by the full-length HIV-1 variant during the period of 14 days.
Frequencies of GFP+ cells are presented as relative numbers to the frequency of GFP+ cells at 3 dpi. Dots represent
means of three parallel transductions. Bars represent standard deviations. HIV™ — minimal HIV-1 vector, HIVT —
full-length pNL4-derived vector (pNL4-R7), HIVRS — pNL4-RG vector.

The expression and integration sites of retargeted MLV vectors

We previously found MLV GFP+5T proviruses closely associated with TSSs and enhancers. However,
y-retroviral integration is naturally targeted to TSSs and enhancers thanks to the association of IN with
the family of BET proteins (De Ravin et al. 2014, El Ashkar et al. 2014, LaFave et al. 2014), making it
hard to distinguish whether the integration site distribution pattern observed is the result of selection for
expression or is rather established by the natural integration preference of MLV. However, mutations in
IN abolishing the IN-BET interactions and disrupting the natural preference of MLV were identified (El
Ashkar et al. 2014). A single amino acid substitution of tryptophan at position 390 of unstructured C-
terminal tail of IN was referred to be sufficient for disruption of the IN-BET interaction. We thus
constructed a W390A mutant of IN (INV3%°4) and in combination with previously used minimal MLV-
derived vector we compared the expressional stability and integration site distribution to the same MLV-
derived vector combined with wt IN (IN™).

Stable expression of retargeted MLV vector

The K562 cell line was transduced with VSV-pseudotyped MLV vectors carrying IN™ or INW3904,
Numbers of GFP+ cells were analyzed both in the unsorted population and in the polyclonal population
of GFP+ cells sorted at 3 dpi (Fig. 27 A and B). In both cases, the percentages of GFP+ cells decreased
only minimally to about 30 dpi, showing marks of stable expression. We also established cellular clones
by sorting GFP+ cells at 3 dpi and examined the intraclonal stability of GFP expression at 30 dpi. In
both IN™ and INW*%A_ about 90 % of clones preserved at least 90 % of GFP+ cells in the clonal
population (Fig. 27C).

Expression analysis shows that the MLV-derived vector utilizing either IN™ or INV¥*4 ig stably
expressed and both IN groups are indistinguishable in the stability of expression.
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Figure 27. Expression stability of MLV vector IN variants in K562 cells. A. Frequency of GFP+ cells in
polyclonal population transduced by high MOI during the period of 29 days. B. Frequency of GFP+ cell in sorted
polyclonal population during the period of 36 days. The dashed line divides the chart to the parts displaying
frequency of GFP+ cells before (pre) and after (post) cell sortC. Frequency of GFP+5T clones (> 90% GFP+ cells)
at 30 dpi. Frequency is counted from all clones obtained from a single-cell sort. MOI — multiplicity of infection,
IN™ — minimal MLV vector with wild-type IN, INW3%A _ minimal MLV vector with IN bearing N74D mutation,
dpi — days post infection.

75



The integration site landscape of retargeted vectors

In the next step we intended to characterize the integration sites of the INV*A vector to i) verify
integration retargeting of the MLV vector, and ii) to see whether there is a shift toward any feature
during the selection for the expressing proviruses. We thus transduced the K562 cell line with MLV-
derived vector equipped with IN" or INW3%A " and at 3 dpi we sorted the population of GFP+ cells
(GFP+3%i population). As the expression from both vectors was shown to be stable from 3 dpi, the
integration sites from GFP+3% populations were isolated and compared to the integration sites from NS
populations.

In total, 2,426 integration sites were identified, of which 350 and 223 belonged to IN** and INV*° NS
populations and 922 and 931 belonged to IN** and INY3*® GFP+3%! populations, respectively. Proviral
integration sites of all MLV groups were found in the RefSeq Genes with the frequency of 60 % (Fig.
28A). No signifficant differences in gene targeting were thus observed between IN ™ and INV3%4 MLV
vectors. Analysis of GFP+T MLV proviruses in previous experiments showed that the majority of
proviruses were integrated in antisense orientation relative to the transcription of the targeted gene (Fig.
16B). We thus examined the orientation of IN* and INW3*° proviruses in targeted RefSeq Genes.
Except for IN™ NS population, all populations contained equal portions of proviruses in both
orientations (Fig. 28B). IN*' NS proviruses displayed about 60 % of sense oriented proviruses, which
was enough to achieve significant differences from INW3*°A NS (p = 0.023, Fisher's Exact Test for Count
Data) and IN"' GFP+3%! (p = 1.5 x 10, Fisher's Exact Test for Count Data) populations.

Although no differences in RefSeq Genes targeting were observed between IN™ and INW3*° vectors,
differences were found in the distances of proviruses to TSSs. While the median of IN*' NS proviruses
was found around 3 kb, INW3%°A NS proviruses were found in the median distance of about 6 kb to TSSs
(p=4.7 x 10, Wilcoxon rank sum test with continuity correction, Fig. 28C). The difference observed
between median distances of the two vectors was even more pronounced in GFP-+3®! populations, where
the medians were 2 and 14 kb for IN¥ and INV3°A MLV vectors, respectively (p < 2.2e-16, Wilcoxon
rank sum test with continuity correction). Fig. 28D shows that he integration sites of INV*°A NS and
GFP+®! proviruses display wider distribution around TSSs than those of IN™' vectors. We thus
corroborate that INW3%04 ig targeted further away from TSSs and we made the observation that with the
selection of proviral expression, INW**° proviruses keep more distant from TSSs compared to IN™
proviruses.
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Figure 28. Distribution of proviral integration sites of MLV IN variants according to genomic features. A.
Frequency of proviral integration sites identified in RefSeq Genes. B. Relative proviral orientation of proviruses
integrated in RefSeq Genes. Sense orientation marks frequency of proviruses with the same orientation as
transcription of the targeted RefSeq Gene. C. Boxplot representation of the distribution of distances of proviral
integration sites to the nearest TSS. D. Distribution of proviral integration sites around TSS. Negative values
represent proviral integration sites outside TUs — distances represent the distances to the nearest TSS. Positive
values represent proviral integration sites inside TUs — distances represent the distances to the TSS of the targeted
TU. NS — non-selected population, GFP+3% GFP+ population sorted at 3dpi, INwt — minimal MLV vector with
wild-type IN, INW390A — minimal MLV vector with IN bearing the N74D mutation.

We analyzed the distances of proviruses to the set of chromatin segments (Fig. 29A). As expected,
MLV IN" NS proviruses were observed to be close to the Tss chromatin segment marking active TSSs
with the median distance of proviruses being under 1 kb. The same distribution of distances toward the
Tss segments was conserved for IN¥ GFP+3%! proviruses. The median distance of INV**°A NS and
GFP+%iproviruses was at 10 kb, meaning that INV*°A NS proviruses were more distant to Tss segments
than their IN¥ counterparts (p = 3.4 x 10 for NS population and p = 1.3 x 10-* for GFP+3%! population,
Wilcoxon rank sum test with continuity correction, Fig. 29B), and the distant distribution was
conserved even in the GFP+3%! population of INV3%°A proviruses, with median of distance at 12 kb. The
same distribution was observed for Enh segments, where IN"! proviruses were found closer than INW3%04,
Similar results were observed with the distances to enhancer flanking segments (EnhF) or 5’ parts of
genes (Gen5). Distances to other segments including weak enhancers (EnhW) did not show any
significant changes between the groups of integration sites. INW*°4 was thus observed to integrate
further away from active TSSs and enhancers than IN™. Selection for active proviruses did not cause
any shift of INW3A proviruses closer to any feature observed. We thus conclude that the integration
preference of the MLV INW*A vector is shifted and that MLV expression is stable despite the
integration retargeting caused by disruption of the IN-BET interaction.
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Figure 29. Distribution of MLV variant distances to chromatin segments. A. Boxplot representation of the
distribution of distances of proviral integration sites to the nearest marked chromatin segment. For explanation of
chromatin segment mnemonics, see Materials and Methods. B. Graphical representation of Wilcoxon test p-values
between the groups of integration sites. Values > 0.09 or < 0.01 are positioned over or under respective dashed
lines. NS — non-selected population, GFP+3%i / ST - GFP+ population sorted at 3dpi, wt — minimal MLV vector
with wild-type IN, W390A - minimal MLV vector with IN bearing the N74D mutation.
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Conclusions

The aim of the thesis was to define the host genomic and epigenomic features associated with stable
proviral expression. We examined the long-term stability of expression of ASLV-, MLV-, and HIV-1-
derived vectors. Changes in the proviral integration site distribution during the selection for active

proviruses were observed. Our observations have led us to the conclusion that there are certain
chromatin markers defining the environment supporting stable expression of proviruses and that
despite different integration preferences of particular retroviruses, the features of the expression-

supportive proviral integration sites are shared across retroviral genera.

We thus conclude that:

Expression of CpG island-modified ASLV proviruses is about an order of magnitude more
stable than the expression from ASLV with wt LTRs.

MLV- and HIV-1-derived vectors examined in our work exhibit stable expression in human
cells.

The bodies of transcribed TUs form permissive environment for MLV, HIV-1 and CpG island-
modified ASLV but not for ASLV with wt LTRs.

GFP+5T proviruses of ASLV-derived vector are found in transcribed TUs but in close proximity
to active TSSs.

GFP+5T proviruses of MLV, HIV-1 and CpG island-modified ASLV are found to be associated
with enhancers.

Observed significant proximity of HIV-1 GFP+°T proviruses is caused by the selection for the
expressed proviruses while significant proximity of HIV-1 GFP+5T proviruses to active TSSs is
caused by the nature of HIV-1 integration, probably resulting from CA-directed preference for
shorter TUs.

The stability of MLV-derived vector expression is not dependent on IN-BET interaction-
directed targeting of enhancers and active TSSs.

Our results thus suggest that, with the exception of MLV-derived vector, the proviral expression is
mostly integration site dependent. Our results may affect the design and evaluation of retroviral
vectors used for transgene expression. We stress the importance of proviral distribution testing after
the selection for proviral expression stability, since we have observed changes during the selection.
Generally, our results presented here should be considered as part of the discussion about retroviral
expression and silencing.
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Discussion

Here we presented the results of the studies of proviral expression stability and the effect of selection
for stably active proviruses on the distribution of proviral integration sites. Methodologically, we
comprised a variety of methods used to study the proviral integration sites, from a low-output clonal
approach to the high-throughput sequencing methods yielding high numbers of proviral integration sites.
In fact, clonal analysis of proviral expression was a prominent methodological approach to observe the
stability of proviral expression. The main drawback of the approach is its high labor intensity and low
yield of integration sites gained. As an alternative, Chen et al. (2017) recently developed high-
throughput sequencing methodology for identifying proviral integration sites of transcribed proviruses.
Where meaningful, we left sequencing of clonal populations and moved to sequencing of polyclonal
populations. This was, however, subject to invariability in the expressional phenotype observed. The
clonal approach can still offer some advantages, allowing single provirus expression trackEven when
integration sites were obtained by sequencing the libraries prepared from polyclonal populations,
analysis of the stability of proviral expression in clonal populations was performed. The clonal approach
was also successfully applied in the studies focused on the stochastic nature of gene expression (Skupsky
et al. 2010). The method is thus relevant for the studies of gene expression.

In our work, we evaluated the time course of GFP expression and collected and categorized the
phenotype profiles of proviruses. Enhanced GFP has a half-life of about 26 h and less stable variants are
available (Corish and Tyler-Smith 1999). GFP stability can thus mask quick stochastic changes in the
expression of the gene. This, however, does not matter because our goal was to observe the long-term
stability of proviral expression. By day 30 after viral transduction, which was the minimal time-point at
which we examined the proviral expression stability, there should be no effect of GFP stability on the
results obtained. The last time-point at which we examined the proviral expression stability was set to
60 dpi. As we did not follow the expression any longer, it may be a subject of debate whether the period
of two months is sufficient to pronounce proviral expression to be stable. However, for most proviruses,
only mild changes in the expression stability and subsequently in proviral integration site distribution
was observed between 30 and 60 dpi. An exceptional situation was observed in ASLV-transduced cells,
where strong signs of late silencing events were observed. In the case of ASLV such observation could
be meaningful. Based on our results, we, however, conclude that most silencing events, if occurring,
happen early after proviral integration. It is also important to mention that our definition of stable
expression allows infrequent but noticeable silencing of proviral expression. Even in the most stably
active vectors, some GFP-negative cells were observed during the experiments. Whether this was an
artefact of the measurements or the result of stochastic silencing of gene expression is not clear. It is
thus questionable whether something like absolutely stable expression can be observed. Yet we believe
that our approach is satisfactory for the identification of low-frequency silenced proviruses.

Bioinformatic pipelines useful for the analysis of integration sites were also developed as a part of the
studies. Unlike in the most of the studies concerning proviral integration sites where frequency in
distance windows were analyzed, the main metric in our analysis is the distance distribution to the
studied feature. This allows us to show the full picture of the distance distribution and its changes during
the selection of proviruses. Throughout the whole study, publicly available data about expression of
TUs or epigenome for the particular cell line were used. Data thus do not come from the same cells that
were cultivated in the lab. Moreover, the K562 cell line used in most of the experiments is hypotriploid,
with many aberrant changes compared to the reference genome (Naumann et al. 2001). Since we did not
perform sequencing of the K562 genome and relied simply on the reference genome, the last two factors
may have introduced inaccuracy into the analysis and the results, and should be taken into account when
drawing the conclusions. To assess the effects of retroviral integration and selection on the distribution
of proviral integration sites, we applied in silico created integration sites. The application of random
sites shows the probability of feature targeting without any biological bias to be present. We presented
several possible ways of generating random controls. Matching the methodological and biological
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features of proviral integration sites became an important part of the work presented. Uniquely mapped
random controls (umMRCs), which match the filters applied during the integration site mapping, were
generated to avoid genomic loci to which the integration sites can hardly be assigned. Although the
effect of umMRC application was not tested, we believe that application of unique-mapping criteria is
an important part of the random control generation. Moreover, we generated MRCs matching the
integration sites in targeting of the features of interest. These MRCs helped us to define the probability
that targeting of one feature affects the targeting of another feature. Finally, sets of proviral integration
sites corresponding to proviruses resistant to silencing over the experimental period were obtained and
the results bring new facts to the discussion on the importance of integration site in proviral activity.

Retroviral integration was previously shown to be nonrandom and targeted toward the features of
transcriptionally active chromatin. HIV-1, MLV, and ASLV became model retroviruses for integration
targeting, showing differential distribution of proviral integration sites (Mitchell et al. 2004). HIV-1 was
shown to preferentially target the bodies of active TUs (Elleder et al. 2002, Schroder et al. 2002), MLV
active promoters and enhancers (Wu et al. 2003, De Ravin et al. 2014, LaFave et al. 2014), and ALSV
was shown to display a mild, non-significant preference for the genes otherwise being close to random
distribution of integration (Narezkina et al. 2004). Mechanistically, the targeting of certain features in
the genome are mostly assigned to interactions of IN and CA of proviral PIC with cellular proteins that
preferentially localize to the genomic loci later targeted by retroviral PIC (Ciuffi et al. 2005, E1 Ashkar
et al. 2014, Winans et al. 2017). While the mechanisms behind the nonrandom targeting of retroviral
integrations are known, the impact of the targeting preference on the expression of proviral genome is
still unclear. In the work presented here, we utilize replication-deficient retroviral vectors to study the
stability of retroviral expression and distribution of integration sites of proviruses selected for stable
expression.

Our main experimental model was an ASLV-derived vector transducing human cells. Previously it was
shown that ASLV is extensively silenced when infecting mammalian cells (Wyke and Quade 1980,
Chiswell et al. 1982, Hejnar et al. 1994). Our group has shown that the mechanism of ASLV expression
silencing is dependent on the environment of proviral integration and that rarely found unsilenced
proviruses are found in TSS-proximal areas marked by H3K4me3 (Senigl et al. 2012). Together with
more or less random distribution of integration, ASLV represents a good model for searching the
features affecting proviral expression. Here we corroborated the previously obtained results with an
ASLV-derived vector transducing the human K562 cell line when we showed that only a few percent of
ASLV proviruses found active after integration keep stable expression as far as to 60 dpi and that these
proviruses are preferentially found inside transcriptionally highly active TUs in close proximity to their
TSSs. Furthermore, owing to extensive data about the K562 epigenome available, we were able to define
new associations between the expressed proviruses and histone modifications.

For the first time we showed that ASLV integration was enriched in active chromatin compared to
random sites. After selection for GFP+3% and GFP+5T proviruses, the ratio of proviruses in active
chromatin remained the same, but the percentage of proviruses integrated in promoter-associated
chromatin was increased, corroborating the importance of active TSS-proximity for ASLV proviral
expression in mammalian cells. Selection for expressed proviruses established association with the
H2A.Z histone variant in the proviral population. This association remained at the same level throughout
all next stages of selection. H2A.Z represents an open chromatin marker that has been found in
association with active TSSs and enhancers (Soboleva et al. 2011). Association with H2A.Z thus
represents transcribed proviruses but does not distinguish between lately silenced and stably expressed
proviruses. Transcribed ASLV proviruses were more closely associated with characteristic markers of
active TSSs and enhancers — all three methylation states of H3K4, acetylated H3K9 and H3K27.
Remarkable association was observed between ASLV proviruses from the GFP+5T population and
H3K79me2 and H4K20mel. The histones methylated at H3K79 and H4K20 were described to be
associated with several chromatin states, including either active or transcriptionally silent chromatin.
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Our results, however, show the association of H3K79me2 and H4K20me1l with transcriptionally active
chromatin forming a transcription-permissive environment for proviral expression.

When LTR of ASLV was equipped with the CpG island core element, striking changes of GFP
expression in proviral populations were observed. First, the expression of the modified vector was
stabilized without any increase in expression intensity being observed. Second, proviral populations of
GFP+3%! and GFP-+T proviruses were released from TSS-proximal areas toward the distal parts of the
bodies of active TUs. Notably, the frequency with which proviruses found in active TUs were expressed
was comparable with the frequency observed in the unmodified ASLV populations. The bodies of active
TUs are the genomic regions where ASLV is silenced by the mechanism dependent on DNA methylation
(Senigl et al. 2012). The CpG island was shown to protect the ASLV proviruses from DNA methylation
and subsequent silencing of its expression (Hejnar et al. 2001, Senigl et al. 2008). The DNA methylation-
protecting attribute was assigned to Sp1 binding sites of the CpG island (Machon et al. 1998). Based on
the results presented here and elsewhere, we hypothesize that the Sp1 binding site-containing CpG island
stabilizes the expression of ASLV-derived vector in gene bodies through protection from DNA
methylation. The mechanism of this attribute of Sp1 binding is unknown. Although GFP+5T proviruses
of the CpG-modified ASLV vector were found further away from TSS-proximal areas, they were found
to be associated with the H3K4mel peaks and enhancer chromatin segments. As discussed later in this
section, the proximity to enhancers seems to be a general feature of silencing-resistant long-term
expressed proviruses.

Active TUs seem to be the genomic features associated with expressed proviruses. About 80 % of
GFP+5T proviruses of both ASLV vectors and of all experimental groups of HIV-1 vectors presented in
this work, were observed to be integrated in active TUs. As epigenetic environment, the bodies of TUs
are generally considered to be repressive for the initiation of transcription thanks to the action of
H3K36me3-driven DNA methylation of gene bodies (Neri et al. 2017). According to the data obtained
from the experiments with CpG island-modified ASLV, we suggest that retroviruses can defend
themselves against the intragenic DNA methylation. It was also reported that mammalian retroviruses
contain CpG-rich Spl binding sites (Harrich et al. 1989, Wahlers et al. 2002). Finding that DNA
methylation acts on HIV-1 LTR as a locker of the already silenced state of promoter induced by other
epigenetic mechanisms (Pion et al. 2003, Blazkova et al. 2009, Trejbalova et al. 2016) supports the
theory that DNA methylation does not act at Sp1-equipped provirus as primary silencing factor. For the
transcription of mammalian retroviruses, bodies of active TUs thus seem to be an epigenetically
permissive environment. However, the distribution of MLV and HIV-1 expressed proviruses in the
bodies of active TUs in respect to the TSSs were observed to be different from random. MLV GFP+5"
proviruses were concentrated around TSSs. Targeting of areas proximal to TSSs is, however, a general
feature of MLV integration (Wu et al. 2003, LaFave et al. 2014), and we did not observe any shift of
proviral integration sites toward the TSSs during the course of selection for the expressed proviruses.
On the other hand, HIV-1 distribution of proviral integration sites of GFP+5T proviruses was observed
to be wider, reaching more distal parts of TUs. However, HIV-1+5T proviruses were observed to be
nonrandomly close to active TSSs and enhancers. Unlike the proximity of HIV-1 proviruses to TSSs,
which we assign to the natural preference of HIV-1 for short TUs driven by HIV-1 CA interacting
partner CPSF6, no preferential integration to the proximity of enhancers was observed in the NS
population of HIV-1-transduced cells, and it appeared only after selection for the population of
expressed proviruses. Moreover, in silico simulation of TU-preferred integration revealed no shift of
integration sites toward enhancer regions. HIV-1 and CpG-modified ASLV vectors were thus
preferentially observed to be expressed in the bodies of active TUs and at the same time close to the
enhancers. Notably, none of the two vectors showed any preference for enhancers.

Another feature of active TUs acting repressively on the establishment and maintenance of de novo
transcription in gene bodies is transcriptional interference. The transcriptional interference driven by
convergent endogenous transcription was proposed to be one of the mechanisms silencing the proviral
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expression (Han et al. 2008, Lenasi et al. 2008, Shan et al. 2011). Our data, however, suggest limited
action of transcriptional interference on proviral expression. Senigl et al. (2012) described a mild
correlation between the distance to TSSs and orientation of the expressed provirus. In the data presented
here, we also see a slight increase in the ratio of proviruses integrated in sense orientation to targeted
TU transcription during the selection of expressed ASLV proviruses. However, no conclusion about the
role of proviral orientation in the stability of expression can be made from the data, as the differences
between the selection steps are not significant. MLV and HIV-1 show no preference for proviral
intragenic orientation in the populations selected for expression. Our data thus show that proviruses
integrated in TUs are capable of stable transcription in either orientation relative to the transcription of
the targeted TU. Kaczmarek Michaels et al. (2015) also reported the cases where silent HIV-1 proviruses
integrated in active TUs were capable of reactivation without affecting the activity of targeted TU. We
thus conclude that in our data, no relation between stable expression and proviral orientation in the
targeted TU was observed.

Enhancers came out of our study as an important feature for proviral expression. Except for ASLV,
GFP+3%! and GFP+5T proviruses of CpG-modified ASLV, HIV-1, and MLV vectors were enriched in
the proximity to enhancers and enhancer-associated features. Chen et al. (2017) also reported that HIV-
1 transcriptionally active and reactivation-prone proviruses are integrated closer to enhancers than their
silenced and unreactivable counterparts. Enhancers are defined as regions capable of activation or
enhancement of transcription from promoters with which they interact. At the level of functional
genomics and epigenomics, enhancers are characterized by the presence of bound transcription factors,
acetylated histones (especially H3K27ac), H3K4mel, and bidirectional transcription giving rise to
enhancer RNAs (Kim and Shiekhattar 2015). The importance of enhancers in the biology of retroviruses
is stressed by the fact that BET protein family interaction-directed targeting of enhancers is conserved
among y-retroviruses and is also the feature of piggyBac transposon integration (Gogol-Doring et al.
2016). It is, however, unclear what role endogenous enhancers play in proviral transcription. A general
feature of enhancers is their ability to activate transcription of TUs close to which they are positioned.
This positive position effect may also apply to closely integrated proviruses. Interestingly, while
positioned close to enhancers, the majority of CpG-modified ASLV and HIV-1 proviruses were also
found in active TUs, meaning that intragenic enhancers may play a role in establishment of a
transcription-permissive intragenic environment. Indeed, about half of identified enhancers can be found
inside active TUs (Andersson et al. 2014, Cinghu et al. 2017). Interestingly, beside their enhancing effect
in transcription of the TU in which they are positioned, intragenic enhancers were also found to attenuate
transcription from the TU, most likely by the mechanism of transcriptional interference (Cinghu et al.
2017). Intragenic enhancers thus offer an epigenomically transcription-permissive environment and also
act as endogenous transcription attenuators. The effect of endogenous enhancer activity may be an
important topic for studies of the relation between proviral integration and proviral expression activity.

Of all the retroviruses studied, MLV displays the sharpest integration preference, with proviruses being
concentrated at active TSSs and enhancers. Since TSSs and enhancers were identified as features
associated with proviral expression, we questioned whether integration preference is the cause of the
very stable expression of MLV that we also observed. A BET-independent IN mutant of MLV showed
stability of expression similar to a BET-utilizing MLV vector despite the shifted integration toward
TSS- and enhancer-distant positions. No shift toward any active-chromatin feature was observed for
either vector after the selection for stable proviral expression. The results suggest that the expressional
stability of MLV lies in the strength of MLV LTR-encoded promoter. Results proposing stable
expression of BET-independent MLV -derived retroviral vector were also presented by El Ashkar et al.
(2017). In the study, the authors, however, used a self-inactivated vector utilizing an internal promoter
different from MLV LTR to drive the transgene expression. High multiplicity used by the authors may
also mask the transgene silencHowever, the results presented so far signal that BET-independent MLV -
derived vectors may still be targeted to the loci permissive for proviral expression. One of the factors
that may shape the distribution of MLV integration is p12 — the product of the y-retroviral gag gene.
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p12 was identified as a proviral chromatin-tethering factor responsible for the attachment of MLV PIC
to chromosomes during cellular division (Elis et al. 2012, Wanaguru et al. 2018). The next generation
of BET-independent vectors utilizing heterochromatin-binding peptide-fused IN (El Ashkar et al. 2017)
may help to answer the question whether y-retroviral vectors are stably expressed in heterochromatin-
proximal regions.

From the experiments conducted with HIV-1-derived vectors, we conclude that once proviral expression
is established, very weak silencing of HIV-1 expression is observed in human T-cell-derived lines. The
late silencing events observed in the K562 cell line were probably a cell-line specific phenomenon.
Despite the stable expression of HIV-1 vectors we observed a dramatic decrease of GFP+ cells in the
population of cells transduced by the replication-deficient NL4-derived HIV-1 vector. This lack of
transduced cells seems to be dependent on the expression of Gag, since a Gag-deficient NL4 vector
(N14-RG) demonstrates stable expression in the population. So far, HIV-1-induced death of CD4+ T-
cells was attributed to reverse transcription products and unintegrated DNA detection-triggered
programed cell death (Doitsh et al. 2010, Mufioz-Arias et al. 2015). To our best knowledge, no toxic
effect of HIV-1 genome expression on infected cells has been reported. Therefore, whether the Gag
expression causes cell death, arrest in cell cycle, or there is another yet unknown effect in play, we
cannot say. Our results give the impression that in vivo, HIV-1 expression may be toxic to infected cells
and thus may hardly be observed. The integration site experiments suggest that the main wave of
silencing is present early after integration. This observation is in line with the observations of others
suggesting that the latent reservoir of HIV-1 is established rapidly and early after infection (Chavez et
al. 2015). The main feature of HIV-1 active proviruses is the shift toward the enhancers. Interestingly,
we also observed nonrandom accumulation of HIV-1 proviruses near to TSSs, yet this is, according to
our observations, rather the result of CPSF6-directed short gene targetResults leading to a similar
conclusion can be found in the study conducted by Achuthan et al. (2018). These authors, however, do
not discuss shorter gene targeting, and the mechanistic explanation of the phenomenon is thus still
missZhyvoloup et al. (2017), authors of the study of which we used data for in silico gene-targeting
experiments, reported that CPSF6-utilizing HIV-1 PIC preferentially target tissue-specific genes. If
tissue-specific genes were found to be shorter in length, then targeting tissue-specific genes would
explain the observation. Since CPSF6 is a component of the complex acting on polyadenylation of
mRNA, it is unclear how CPSF6 could conduce to PIC-targeting of short genes.

Retroviral integration site selection studies were fueled by the concerns over genotoxic stress caused by
retroviral vectors used for gene therapy. Indeed, dysregulation of endogenous gene expression upon
retrovirus integration was observed in the gene therapy trials using both y-retroviral (Hacein-Bey-Abina
et al. 2003) and lentiviral vectors (Cavazzana-Calvo et al. 2010). The most often observed perturbation
induced by proviral integration is clonal expansion of provirus-containing cells. Unlike in y-retroviral
trials, no pathological events raising from clonal expansion was observed in lentivirus-utilizing trials.
Interestingly, clonal expansion is also observed in the CD4+ cell population of HIV-1-infected patients
(Maldarelli et al. 2014). It is, however, still subject of discussion whether the clonality is caused by
provirus-induced genotoxic stress or by homeostatic proliferation of infected cells (Chomont et al.
2009). As reported by Suerth et al. (2012), a-retroviral vectors provide an alternative to the y-retroviral
and lentiviral vectors, offering stable expression together with less genotoxic stress, supporting genome
targetGenomic positions supporting sufficient transgene expression while not affecting genomic
integrity were called “safe harbors”. From the definition, such safe harbor should meet several criteria
covering the minimal distance to TSS (50 kb), distance to the cancer-related gene and miRNA (300 kb),
and location outside TUs and ultraconserved regions (Papapetrou et al. 2011, Sadelain et al. 2011).
Integrating vectors, including those derived from retroviruses or transposons, are challenged by the
criteria for targeting the safe harbors. In the study concerning integration sites vectors derived from
retroviruses and transposons, Gogol-Doring et al. (2016) stated that retroviral vectors have a very low
frequency of integration into the loci meeting criteria for safe harbors (about 3 % for HIV-1) and that
the most random-integrating of vectors — the one derived from piggyBac transposon — has a frequency
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of integration into safe harbor about 20 %. The data were, however, obtained using cells that were not
selected for expression, and it is thus unclear whether the expressed vectors displayed the same
distribution of integration sites as unselected vectors. Another study concerning safe harbors conducted
by Papapetrou et al. (2011) reported that about 17 % of lentiviral vector integration sites meet the criteria
and that the chance of retrieving the expressed provirus in safe harbor loci is about 7 %. Our data show
that the xpressed proviruses of a-, y-retroviral, and lentiviral origin expressed from the viral LTR
promoter would hardly meet the criteria of stable expression in safe harbors. Although we did not
directly test the targeting of the safe harbor criteria-meeting loci, it is quite clear that stably expressed
proviruses are frequently found in active TUs and in the proximity to regulatory elements. However, the
chances of such proviruses, e.g., in an intron of active TU close to an active enhancer, to dysregulate the
gene expression and cause changes in the cellular physiology are unknown. Based on our results we
propose that the integration sites and target site-affection risks should be examined after the selection
for proviruses meeting the criteria for stable expression.
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