Charles University in Prague
Faculty of Science

Department of Genetics and Microbiology

|
»9» 250
& fﬁf&

N AL : A;
U TR RIS
- e

%ﬁ‘fmn‘,ﬂ’ ~E‘ﬁﬁ

Magda MatouSkova

Mechanisms of endogenous retrovirus
control in the host cell

Supervisor: 3 Hejnar, PhD.

Department of Viral and Cellular Genetics

Institute of Moleculatenetics of the ASCR, v.V.i.

Prague 2011



First, | would like to thank my supervisottiJHejnar, PhD, for his help in the laboratory as
well as for the help with compilation of the textroy doctoral thesis. Further, | would like to
thank Yasuhiro Takeuchi, PhD, my supervisor dummg stay at the University College of
London, for his kind supervising and for opening the opportunity to participate in the
XENOME? program. | thank Katerina Trejbalova, PHa@r, collaboration and instruction. |
thank Giada Mattiuzzo, PhD. | thank Bc Petr Danighank Uncle Pavel Vesely, PhD, for
helping me with arrangement of my stay at the UrsiNg College of London and for his
school of life. | thank my mother Eva MatouskovdDR for her scientific and personal
support and her laboratory for the help with samgélection. | thank Assoc Prof Zdena
Vernerova for sample collection and helpful disewss. | thank my flat mate for the best
place to live. | thank Mgr Anna Lounkova for hempport in the hard times not only in the
laboratory. | thank everyone in the laboratorytfee very friendly atmosphere and my whole
family and my friends for support. | thank Mgr egMEvzen Boura, PhD, for staying with me

in the last hours. Finally, | thank Sarka Takacokw&D, for her invaluable help with the
English texts.



| hereby certify that | have written this thesidependently and that | have not used
other than the cited sources.This thesis has rest bebmitted for any other degree or
purposes.



1
2
3

INTRODUGCTION ..tttitt et iitiietee e e e ettt e e e s semn e e e e e sttt e e e e e s astbaeeaaeasasteeeeeeesasseaeaaesassbaeeeaeesassaseeaeesansbaneaaessns 9
F N S PP OPPRPRURPPRT 10
LITERATURE REVIEW ..ottt ettt ettt ettt e e e sttt e e e s s naaeeae s annneeeeas 11
3.1 ] = N o S PSP PPPR PP 11
R 700 0t 0 N1 4 T= 1 )Y =Yoo PR 12
3.1.2 Establishment of the methylation pattern in V@S ..o e 12
3.1.3 Histone modifications and chromatin funCtion ..., 16
3.2 RETROVIRUSES. ...ttt eitteteettttttt e oo e e e et e et ettt beeeaaaba oo oo 42 a2 e et et e et be bbb oe e e e e aeeaaaeeaeeeessbabnan e aaeeaaaaeas 17
3.2.1  The retroviral lIife CYCIE ...t e e e et e e e e e e e aaaaans 18
3.2.2 ERVS and Other retrOCIEMENLS.........ccoi i e e e e e e e e e eeeearaees 20
3.2.3 Silencing and regulation of retroviruses and retereents .............ccoo i 22
3.3 HERVS AND THEIR DOMESTIFICATION. ....ttttteetiutttteteeesanattteeeesaasstteeeessssseeeessannssseeeesssnnssseesesssnnsneees 26
0 T R o YA o I o] F= Vo= o - 27
0 T ¥ 0o = T T V7 03 Y 1] 0 PP 28
3.4 PERVS AND XENOTRANSPLANTATION ... .tttttteeesiitttteeessattteeeeesaantteeessssssseeesssssstsesessssnsseeeeesssnsssees 30
3.4.1 History of XenotranSplantation.............co oo eie et oo e 30
3.4.2 Problems and risks of XenotranSPIaNtAtioN ... e .eeeeeieeiiieiiiiieae e 31
3.4.3  HUMANIZALION OF PIGS . oiiiiii ittt ettt ettt e e e e e e e e e e e e e s e e nennbeeeeeeeeees 32
IO I S R o Yo a Lo (o3| 1 {=Tex 1 o] 1R UUSUPPPPPPRIN 33
I B T =l = £ PSPPI 35
MATERIALS AND METHODS ...ttt ettt e e e e sttt e e e e s ettt e e e e esnsssaeaeesansnaeeeens 38
4.1 CELL CULTURES ..t tuttttttee et suttteteee s s attteeeeaesaatbteaaesaatbb e e e e e s e s bbe e e e e e e aabbbeeeeeeasmbbeeeeesabaneeeeesannbeneeeenanns 38
4.2 HUMAN TISSUE SAMPLES ANDDINA SAMPLES ... .uuttiiieiiiiitittesaaititeeeesaantreeasssssteeeeesssnneeeeesssnnsnees 38
4.3 PIG TISSUE SAMPLES. ...cetitiitttieeee et itttteteeesastbteeeeeesstateeessasbbeeeeeesabbeeeeeeesastbeeeeeessantneeeessnnbbeeeeessns 39
4.4 PLASMIDS ...ttt ettt ettt e ettt e e ekttt e e e e e bbb et e e e e e R b bttt e e e e e bae e e e e e e b ba e e e e e e e nbreeaeeeennnreeas 39
4.5 BISULFITE CONVERSION OF GENOMI®NA FOR METHYLATION ANALYSIS ...vvvvieeiiiiiiineesesirieeeeeeenneeens 41
4.6 METHYL-SPECIFIC QUANTITATIVEPCR(MS QPCR)
4.7 BISULFITE SEQUENCING. . ..uituittitnttta ettt ittt setett s et ssansesaessasansetassansetnsstasran et eeasssnsasnessnsssnes
4.8 TREATMENT OFHELA AND ST-IOWA CELLS WITH AZAC AND TSA ... 44
4.9 SSH METHYL-ACCEPTING ASSAY....cetttttuuuuaaaaaaatataaeesstutunaaaaaaaaaaaaateeesstatann it aaaaaeeeeesssnnnnnnnnnns 44
4.10 RNAEXTRACTION AND REVERSE TRANSCRIPTION ....ctttttttuuuuaaaaaaaaeeeeeatststnnaaaaaeaasaaaaaeeeessssnnnnnnns 44
411  CDNA PCRAMPLIFICATION ..uttttttteeiittteteeesaauttseeesesasssseesssaasssessessanssseeseesanssseeeessasssseeeesamnsneees 44
4,12 INVITRODNA METHYLATION ...uuttiiieeesiitieteeeeaautteeeeessattteeeesssbeeeeesssansteeeeesasstseeaesssanssseesessnnnees a7
4.13 DNA TRANSFECTION AND REPORTER EXPRESSION ASSAYS......ccuutiieeeeiiitieeeeesaitteeeeesssneneasssnnnnnes 47
4.14  TRANSFECTION VIRUS PRODUCTION AND INFECTION. . .uutttteesiuttreeeeesaneeeeeeessnnsneeeesssassneeesssnssnneeess 47
415  FLOW CYTOMETRY ANALYSIS ...uitttiteeeiiittieteeeeaatteeaeesssttteeeessabeeeeesesantteeeeesaanstseeaesssansseeesssnnnsees 48
Y 1 I PP PRR ST 49
51 ROLE OFCPG METHYLATION IN THE REGULATION OF SYNCYTIN-1 AND -2 EXPRESSION..........cccceveenne 49
5.1.1 CpG methylation of ERVWE1 and ERVFRDEL in humanéisand cell lines ............cccueeveeeeeeen. 49
5.1.2 Stability of CpG methylation of the ERVWE1 5’ LRon-placental cells..................ccc.veee 51
5.1.3 CpG methylation suppresses the transcriptionah@gtof ERVWEL LTR in vitro .................... 3.5
5.1.4 Quantitative analysis of the ERVWEL methylatiotuMors...........ccccuvvviieiiiiiiiieeeee e o e 54
5.1.5 Analysis of the ERVWE1 methylation and expreSsidimOrS............cceeeeerieiieeeeenennnes mmmmeees 55
5.1.6 Analysis of the ERVFRDE1 methylation in the teatebstesticular tumors ................ccccv v 0w D8
5.2 CPG METHYLATION AND THE EXPRESSION OFPERY .....oiiiiiiiiiiiiiiee et 59
5.2.1 CpG methylation decreases the transcriptional dgtiof PERV LTRS. ..........ccoocecvvvivvininnnnns 59
5.2.2 The majority of PERV LTRs in porcine tissues arthglated. .............cccvvvveeiiiiiiii e iiceeeenee. 60



© 00 N O

5.2.3 Quantitative analysis of hypomethylated PERV LTR®orcine tissues and cell lines.............. 2.6

5.2.4 Methylation pattern of individual PERY PrOVIFUSES wu...vvvvveeieiiieiieeeeeeeiesieessecvieeeeeeeeaeaaaaeens 65
5.2.5 CpG methylation stability 0f the PERV LTRS..mae. oot 66
5.2.6 Methylation of PERV proviruses in human CelIS. . .uuiiiiiiiieeiiiiiii e 69
5.3 PERV-ARECEPTORS.....itttitte et itttttee e e s sttt ee e e e e ettt aessantbeeeeeeeaamtbeeeeeeeanbeeeeeeeaantbeeaeeaasbbeeeeesannsnnes 70
5.3.1 Comparison of PERV-A reCEPOr SEQUENCES ... cummmmmmerrerreeeeaeaeeeiieiiissinnsnsnnsnnreereeeaaeeaaseasnns 70
5.3.2 Functionality of human and rodent PARS ...... oo 71
5.3.3 Quantification of RatPAR receptor RNA ... et 72
D 1T O U515 [ ] PP ERR 74
CONCLUSIONS . ...ttt ettt e e e e e ettt e e e e s ettt e e e e sastbaeeeeesabaaeaaesastbseaeeessassaaeeeeesasbranaeenans 86
Y Y USROS 89
SOUHRN ...ttt ettt e e s ettt et e e 4o et bttt e e e e n e bt ee e e ean sttt e e e e e e nnbae e e e e e e nnre e e e e e e annres 89
REFERENCES .......oiiiiiieiiiitite ettt s+ 44ttt e+ 4kttt e+ 44ttt e et e e e e sabaee e e e s anbbbeeeee s annabbeeaeesannnnneeeeean 90



ABBREVIATIONS

al,3-gal
al,3-GT
AHXR
ACXR
Aza-C
BSE
BPTF
CHD1
DMEM
DAF
DMSO
DNMT
env
ERV

ES

FBS
FITC
Gag
GAPDH
GALV
GCMa
H
hASCT2
HAR
HIV
HDAC
HP1

al,3-galactose

al,3-galactosyltransferase

acute humoral xenograft rejection

acute cellular xenograft rejection
5-azacytidin

bovine spongiform encephalopathy
bromodomain and PHD finger transcription factor
chromodomain 1

Dulbecco's modified Eagle Medium

decay accelerating factor

dimethyl sulfoxide

DNA methyltransferase

envelope glycoprotein

endogenous retrovirus

embryonal stem

fetal bovine serum

fluorescein isothiocyanate

group specific antigen
glyceraldehyde-3-phosphate dehydrogenase
gibbon ape leukaemia virus

glial cell missing a

histone

human Na+ dependent neutral aminoacid toatesp?2
hyperacute rejection

human immunodeficiency virus

histon deacetylase

heteroprotein 1



HERV
HMTase
HUPAR
IAP

ICF

L1
LINE
LTR
MBD
MFSD2
MHC
MeCP2
MLV
MMLV
MS gPCR
MuPAR
NURF
ORF
PAR
PBMC
PBS
PERV
PHD
Pol

R
ratPAR
RBS
RT

human endogenous retrovirus
histon-methyltransferase

human PERV-A receptor
intracisternal A-type particles
immunodeficiency, centromeric instability, facialcanalies syndrome
lysine

LINE 1

long interspersed nuclear elements
long terminal repeat
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1 Introduction

Endogenous retroviruses (ERVS) are retroviruseshvinfected the host germ cells,
integrated into the host genome and are inherijetihd descendants together with other host
genes. First ERVs were discovered in the late 1@6@searly 1970s in mouse and chicken
(reviewed in Weiss, 2006). Since then, ERVs hawnbeund in all researched vertebrates. In
mammals, ERVs form about one tenth of the genontkimrhuman, retroviral sequences
represent 8% of the genome (International Humano@enSequencing Consortium, 2001;
Mouse Genome Sequencing Consortium, 2002). The tdclkselection pressure led to
accumulation of mutations and deletions in the pab\genomes. For example, the human
genome does not contain any complete replicatianpetent ERV; however, some open
reading frames (ORFs) remained untouched. In csmtia pigs a recently integrated
replication active family was detected (Patiencalg001). Thanks to long co-evolution, the
host organisms became adapted to the ERVs/@edversa ERVs are not pathogenic under
normal circumstances. Sometimes the co-evolutidriidesymbiosis and the host employs the
viral genes and proteins or the regulatory sequenthis is the case of syncytin genes
involved in the placenta development (Mi et al.p@0Blond et al., 2000). However, their
expression must be tightly regulated because ERMession in inappropriate tissues was
shown to be connected with neurodegenerative opiraotune diseases or cancer
development. Various mechanisms including DNA migiiyn, histone modifications and
other epigenetic mechanism are involved in ERhsilag.

Replication competent ERVs may be transmitted baftically and horizontally.
Transmission of viruses to new non-adapted spesiesually accompanied by pathogenic
symptoms in the new host. The best known examptetadvirus zoonosis is the transmission
of low-pathogenic simian immunodeficient virus S human, where its human derivative
HIV causes AIDS. Recently, substantial attentios haen paid to possible transmission of
porcine ERVs (PERVSs) to human because pigs areidemesl to be convenient donors for
xenotransplantation. Infection of human celsvitro was demonstrated (Patience et al.,
1997); however, no transmission to patients treatigldl porcine material has been observed.
It is still unclear what are the mechanisms enguhioman resistance to PERV despite the
close contact of human and pig tissues.

In my work, | studied the regulation of ERVs by DNnAethylation, particularly its
involvement in the regulation of human syncytinpression in placenta and tumors and in
the silencing of PERV expression in pig tissuesdiAdnally, | analyzed the resistance to
PERVs at the level of viral entry.



2 Aims

ERVs form a substantial part of the mammalian gezohowever, it is not yet clear
what benefits and drawbacks they represent forhtte# organism. Both these aspects are
subjects of my work. Even though some ERVs arengisgdor the host, their strict regulation
is crucial for the maintenance of genome integaityl for the protection against oncogenic
and fusogenic properties of ERVs and other pathogeanifestations. The main topic of my
theses is involvement of DNA methylation in regidatof human endogenous retroviruses

(HERV) and porcine endoenous retroviruses (PERV).

Recently, HERV proteinsyncytin-1and syncytin-2were shown to be involvedh
human placenta development. Their fusogenic and unusuppressive properties are
inevitable for placenta correct function a fetustpction. However, in other tissues the same
features could induce tissue impairment. In th&t ixperiments we examined whether DNA
methylation of 5’LTRs of ERVWE1 and ERVFRDE1 bearigyncytin-1and syncytin-2
respectively, is connected with their decreasedesgion. (1.1) We aimed to determine the
ERVWEL1 and ERVFRDE1 DNA methylation in placentastie with physiologic expression
of syncytinsand in other human tissues whesyacytinswvere not detected.

Increased expression of HERVSs, including ERVWE1 BRYFRDE1, was observed in
various tumors. Their immunosuppressivity and fesogty could influence cancer
development and prognoses. (1.2) We examined #gepce of ERVWEL RNA in various
tumors with special attention to the testis, whemak expression was observed also in
healthy tissue. We have focused on the efficierfdgRVWE1 RNA splicing in the screened
tissues because splicing is another regulatory stegetroviral expression and could be

important in the regulation of ERV proteins as well

Cell transformation is often accompanied by changete DNA methylation pattern.
We assumed that expression of syncytins should reeeged by demethylation of their
regulatory sequences and we compared ERVWE1 andFRR¥1 5'LTRs in tumors and

non-tumor tissues with particular orientation tstiular tumors.

Another group of ERVs that have recently been & ¢bnter of attention are PERVs
because of their possible threat for human in #mes where pigs were used as donors of
organs for xenotransplantation. The close contdctpig and human tissues in the

xenotransplanted patient could be ideal for zo@niofiection and evolvement of new human

10



viruses. It was shown that some PERVs are ablafexti human cell$n vitro and that in
contrast with most animal cells, human cells pasdesictional receptors. However, no
transmission was detected in patients treated wdicine material. This discrepancy is
probably connected with immune protection of themho organism as well as with
differences of virus production in the tissues amdell culture. We intended to examine
whether DNA methylation of PERVs plays a role ie tthetermination of the transmission
status of porcine cells. (2.1) We have verified RERV 5LTR sensitivity to DNA
methylationin vitro and (2.2) analyzed the PERV LTR methylation inumber of porcine
tissues from various pig breeds and in transmiting non-transmitting porcine cell lines.
We aimed to identify either tissue or pig with gidlip hypomethylated PERVs and increased
PERV expression or to identify particular highlypegssed hypomethylated PERV provirus.

Mammalian cells infected with retrovirus usuallycaognize the retroviral sequence,
silence its expression and gradually methylate ghevirus. The high permissiveness of
human cells to PERVs suggests that they are net tabinduce efficient PERV silencing.
(2.3) We aimed to resolve the progression of PERR Imethylation in infected human cells.

Human cell permissiveness to PERVs is largely dateed by the presence of
functional receptors. To date, only receptors fBRR-A have been identified. Despite that
PAR homologs were detected in all screened anirtieds, cells are not permissive to PERV-
A. The mouse homolog was identified as non-funeias PERV-A receptor. (3) We aimed

to identify the reason for mouse and rat resistan¢ERV-A entry.

3 Literature review

3.1 Epigenetics

Epigenetic mechanisms chemically modify chromatitheut changing the nucleotide
sequence and in this way regulate gene expredspmgenetic modifications are heritable and
remain through mitosis as well as meiosis. The mepgenetic modification of the DNA
molecule is cytosine methylation. Other epigenetieechanisms consist in various
modifications of the histone tails such as acetyhat methylation, phosphorylation,
ubiquitylation or sumoylation. These modificatioa® interconnected and together remodel

the chromatin into more or less open and transoriptly active form.
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3.1.1 DNA methylation

DNA methylation is a covalent modification of DNA atalyzed by DNA
methyltransferase enzymes (DNMTs). The DNA metlyhatis essential for the cell
differentiation, genomic imprinting, inactivationf athe proviral sequences and the
transposable elements and for the inactivatiomefsexual chromosome in the homogametic
sex. High methylation usually leads to transcripgiosilencing. Methylation is involved in
gene expression regulation in animals, plants all &g in fungi. In prokaryotes the
methylation was also discovered; however, distsequences are methylated there and its
function differs as well.

The level of methylation significantly varies irffégrent animal genomes. In vertebrates
the genomic DNA methylation is found throughout tpgnome predominantly within the
CpG dinucleotides. In contrast, several well-stddieodel systems such &accharomyces
cerevisiaeor Caenorhabditis elegartsave no recognizab@nmtlike genes and are devoid of
DNA methylation.Drosophila melanogastenas a DNMT which induces methylation of the
minority of cytosines. Unlike in vertebrates these part of the CpT and CpA dinucleotides.
In fungi that have genomic 5-methylcytosine, ordpetitive DNA sequences are methylated
(Antequera et al., 1984). The most frequent patitermvertebrate animals is the mosaic
methylation, comprising domains of heavily methgthDNA interspersed with domains that
are methylation free (Simmen et al., 1999). Thdégg levels of DNA methylation among all
eukaryotes have been observed in plants, with upOf6 of cytosine being methylated in
some species (Montero et al, 1992).

In vertebrates approximately 60% to 90% of CpG dieotides are modified. The
exceptions are CpG islands, CpG-enriched sequethetsfrequently coincide with gene
promoter regions and are generally unmethylatedthii&ion commonly suppresses the
transcriptional activity by recruiting methylatiaependent repressors. Among these
repressors belong proteins with the methyl-CpG ibmdiomain (MBDs), MeCp2 (reviewed
by Bogdanovic and Veenstra, 2009) and several tstialty unrelated methyl-CpG-binding
zinc-finger proteins of the Kaiso family (Kaiso/ZB33, ZBTB4 and ZBTB38).
(Prokhortchouk et al., 2001). Most of these prateassociate with histone deacetylase

activity and establish silent chromatin.

3.1.2 Establishment of the methylation pattern in vertebates
Although stable and inheritable in somatic cellobgl DNA methylation patterns are
dynamic during the mammalian life cycle. Global oeteling of DNA methylation occurs
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twice in mammals, during gametogenesis and preimtgii@n development (Morgan et al.,
2005). The first erasure of DNA methylation marékes place during gametogenesis, when
also the imprinted marks are reset, which is foddwby a wave of remethylation that is
needed for establishment of the parental imprifit® second demethylation event takes place
during preimplantation development and does nacafthe imprinted regions (Mann and
Bartolomei, 2002).

DNA demethylation is an active process. It is medtecally linked to the appearance
of single-stranded DNA breaks and the activatiorihef base excision repair pathway. The
genome-wide DNA demethylation is interconnectedhwehromatin changes. The histone
chaperones, which are implicated in histone exchaagcumulate in primordial germ cell
nuclei undergoing reprogramming. Therefore, it seetimat the mechanism of histone
replacement is critical for these chromatin reagesments to occur (Hajkova et al., 2008,
2010)

The fast demethylation after fertilisation in nobnemon for all vertebrates. For
example, in the Xenopus paternal genome chromdtinctare changes without active
demathylation were observed (Stancheva et al.,)2002

The global demethylation is followed by the de-noweethylation. The DNA
methylation mark is set by three DNMT family men$ddNMT1, DNMT3a, and DNMT3b.
DNMT3a and DNMT3Db fall in the group ale novomethyltransferases, enzymes that are able
to methylate previously unmethylated CpG sequenedsle DNMT1 functions as a
maintenance methylase, copying the preexisting ytetbn marks onto the new strand
during replication (reviewed by Jeltsch, 2006; Baguvic and Veenstra, 2009). Although
generally thought of as a maintenance methylaseMDNhas also been shown to function as
a de novoDNMT (Pradhan et al., 1999). In addition, two rzanonical family members,
DNMT2 and DNMT3L, have been discovered (Okano etl@98 9592134; Aapola et al.,
2000). The loss of DNMT1 proved to be lethal wille tmajority of embryos not passing
midgestation, although the embryonal stem (ES¥celinained viable and proliferative (Li et
al., 1992). The DNMT1-depleted mouse fibroblastevatd reactivation of placental and
germ line markers pointing out the role of DNMTI fessue-specific gene expression and
embryonic development (Jackson-Grusby et al., 2001)

DNMT3a and DNMT3b targeting in mice revealed thathbde novoDNMTs are
essential for early mouse development (Okano et9£9). Although the expression patterns
of DNMT3a and DNMT3b are largely overlapping, thadtions that they carry out do not
seem to be completely redundant since both knosktwrhed out to be lethal. DNMT3a-
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depleted mice appeared normal after birth but diddur weeks of age. On the other hand, no
DNMT3b knockouts were recovered at birth. The deukhockout induced a more severe
phenotype since the affected embryos showed dewelotal defects at E8.5 and died shortly
after gastrulation.

DNMT2 appears to be dispensable &t novoDNA methylation in mouse ES cells
(Okano et al. 1998), whilen vitro experiments detected only a weak methyltransferase
activity (Hermann et al. 2003). DNMT2 was foundftmction as a tRNA methyltransferase
that specifically methylates cytosine 38 in theé@udon loop (Goll et al. 2006).

DNMT3L is a catalytically inactive DNMT which is kmvn to associate with both
DNMT3a and DNMT3b to establish regions of matermaprinting (Hata et al. 2002).
Furthermore, DNMT3L is able to recruit histone deglases through its plant homeodomain
(PHD) zinc-finger-like motif and possibly directspression onto newly established imprints
(Aapola et al. 2002; Deplus et al. 2002, reviewgdBbgdanovic and Veenstra, 2009).

The establishment of the methylation pattern isymdtclear. One possibility is thde
novo DNA methylation in early mammalian developmentas indiscriminate process
potentially affecting all CpGs. Compatible with tefault model is the apparent absence of
intrinsically unmethylatable DNA sequences in mariama genomes. However, not all
regions of the genome are equally accessible to D&INDNMT3B in particular is known to
be required fode novomethylation of specific genomic regions, as micdnwman patients
with DNMT3B mutations are deficient in methylatiari pericentromeric repetitive DNA
sequences and at CpG islands on the inactive Xnabsome. DNMT3B may therefore be
adapted to methylate regions of silent chromagriéwed by Bird et al., 2002).

Another hypothesis to explain global methylation tisat the DNA methylation
machinery is preferentially attracted by certain MBkequences in the mammalian genome.
The presence of high levels of methylation in DNétside such a DNA methylation center
could be explained by spreading into the surroundNA. A hypothetical trigger for DNA
methylation is DNA sequence repetition, which camnpote de novo methylation in
filamentous fungi and plants under certain circianeses (reviewed in Martienssen and Colot
2001). The most suggestive evidence in mammalsecoaananipulation of transgene copy
number at a single locus in the mouse genome wsawpx technology (Garrick et al. 1998).
High levels of transgene repetition were found &oise significant transgene silencing and
concomitant methylation. As the copy number wasuced at the locus, the level of

methylation decreased and the efficiency of exjprasacreased.
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Several lines of evidence suggest that DNA metloflatioes not intervene to silence
active promoters, but affects genes that are ajfredent. De novomethylation of proviral
sequences in embryo cells depends on DNMT3A and D8B/(Okano et al. 1999), but
initial retroviral shutdown occurs as usual everewlboth thesee novomethyltransferases
are absent (Pannell et al. 2000). Cleadly,novomethylation is not required for silencing in
the first instance; reinforcing the view that me#tipn is a secondary event.

The new cell-specific methylation pattern is esslidd after blastula implantation
(Fig.l). The methylation level is quickly increagiim the embryoblast while it is supressed in

trophoblast (Santos et al, 2002).

B
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Figure |1 - DNA-methylation reprogramming during early mouse development (adapted
from review by Li, 2002). The methylation status of the bulk mouse genomehwbnsists
of repeats and unique genes but excludes most §lpf&ls and imprinted regions, undergoes
dynamic changes during early development. Aftetiligation, the bulk genome undergoes
demethylation through an active demethylation pl{§séollowed by a passive demethylation
phase (II). The methylation level of a blastocysiahes the lowest point at embryonic day
(E)3.5. After implantation, the bulk genome becorhggermethylated in the embryonic
ectoderm (green) and mesoderm (red) through ad@&enovomethylation, whereas the
genome of extra-embryonic cells, such as the priengndoderm (yellow) and trophoblast
(blue), remains hypomethylated. The parental matioyl imprints in imprinted genes
(orange) escape demethylation and de novo metbglatinterestingly, X inactivation is
imprinted in the primitive endoderm (yellow) ance ttrophectoderm-derived cells (blue),
whereas it is random in the embryonic tissues. |@Mer cell mass.

15



3.1.3 Histone modifications and chromatin function

DNA methylation is closely connected with modificais of? chromatin structure.
Chromatin is generally organized into silent hetBromatin and active euchromatin
containing most of the genes. Nucleosomes arbdbie units of chromatin consisting of 147
bp of DNA wrapped around a histone octamer. Twoieopf each of the following core
histones are present in a nucleosome: H2A, H2BahtBH4. All of them have a globular C-
terminal domain and an unstructured N-terminal fauger et al.,, 1997). Interestingly, a
variety of modifications are associated with thdads. Histone modifications include
methylation of arginine, methylation, acetylatiamiquitination and sumoylation of lysines,
and phosphorylation of serine and threonine. Lysaoetylation leads to transcriptional
activity. Lysine methylation may have different exfts in dependence on particular
methylated lysine and on the number of methyl gsolor example, trimethylation of H3K9
or H3K27 is a repressive modification, while tritmgation of H3K4 is associated with active
chromatin. Different combinations of modificatiolesad to different levels of transcription.
Most of the acetylated residues reside in the Niteal tails of histones except for H3K56,
which resides in the core domain (reviewed by Kodes et al.,, 2007). Histone
modifications are also connected with the altewsasiplicing regulation (Luco et al., 2010).

In many cases, chromatin modifications serve asgmtion sites for the recruitment of
effector molecules. Several distinct binding modut@ave been identified in various nuclear
proteins, coupling a particular histone modificatwith cognate effector proteins. Thus, the
composition of modifications on a given histone eéther recruit or occlude a set of proteins.
Effector proteins may alter chromatin structurebyding two or more nucleosomes as found
with heteroprtein 1 (HP1) and Polycomb group preeiEffector proteins can also act as
adaptors to attract additional chromatin-modifyiagzymes or remodeling complexes to
augment the chromatin alteration initiated by thadification. Such an example can be found
in HP1 binding to trimethylated H3K9 (Jacobs andhokasanizadeh, 2002) and DNMT1
(Smallwood et a., 2007). These initial interacticas recruit SUV39H1 and/or DNMT1 and
further promote H3K9 methylation, HP1 binding, dDNA methylation, which may in turn
result in further transcriptional gene silencingatwromatin repression (Fucs et al., 2003).
Also promoters marked by trimethylation of H3K27nfesquently become DNA methylated
during differentiation (Mohn et al., 2008). On tbentrary, methylation of H3K4 negatively
correlates with the DNA methylation. The interantis mediated by the DNMT3L, which
specifically binds the non-methylated H3K4 and tgycarboxyterminal domain interacts with
the DNMT3a (Jia et al.,, 2007). Reversely, the PHndin of bromodomain and PHD
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finger transcription factorBPTF), a component of the nucleosome remodellingiofa
(NURF) chromatin remodeling complex, recognizesnéthylated H3K4 and brings the
remodeler with it (Wysocka et al., 2006). Some pthiector proteins possess enzymatic
activities themselves, as exemplified by chromodamgCHD1) remodeling ATPase, which
binds to trimethylated H3K4 and introduces actieicture remodeling. Similar effector
proteins have been identified for DNA methylatidnseries of methyl CpG-binding proteins,
such as MBDs and MeCP2, have demonstrated theyatoliinterpret DNA methylation
marks in different biological contexts (reviewed Byrd, 2006). Specifically, it has been
demonstrated that interpretation of DNA methylatiorarks by MBDs and MeCP2 has
additional assurancea recruitment of histone deacetylases (HDACs) fonegsilencing
(Fuks et al., 2000).

Most of these epigenetic regulators and many monetionally diverse factors were
confirmed in an extensive study with small integfeze RNA library targeting 200 predicted
genes, including potential activators, silencelspmatin remodelers, and ancillary factors.
Interestingly, the study indicates little functibmedundancy as combinatorial knockdown of

factors was not required for reactivation (Polesékal., 2010).

3.2 Retroviruses

Retroviruses are RNA viruses that are replicatethénhost cell via the enzyme reverse
transcriptase to produce DNA from its RNA genomiee DNA is then incorporated into the
host genome by the enzyme integrase. The virugdfter replicates as part of the host cell
DNA. Retroviruses are enveloped viruses that belkanthe viral familyRetroviridae The
outer envelope is formed by a phospholipid membrab&ined from the host cell. The
envelope glycoprotein (&) is anchored in the lipid membrane. It consists thé
transmembrane glycoprotein (TM) essential for thamrane fusion and the non-covalently
bound surface unit (SU) responsible for the reaepioding. SU is highly variable and
largely decides on the viral host specifici6ag (group-specific antigen) proteins form the
capsid containing an RNA dimer in complex with thecleocapsid protein, proteins with the
enzymatic activity such as reverse transcriptasg),(RnaseH, integrase, protease, tRNA
molecules which serve as primers for the reveesestription and some cell proteins.

The retroviral genome is formed by an RNA dimertwat 5’ methylguanosine cap. In
the proviral DNA sequence both ends are formed H®y Ibng terminal repeats (LTR)
consisting of the unique 3’ end sequence (U3),aepequence (R) and unique 5’ sequence
(U5) (Fig. ). The RNA genome has the R and UStlea 5’ end and the U3 and R on the
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3’end. The U3 contains most of the regulatory seges such as the enhancers and
promoters. The polyA signal is in most mammal natigses and in all lentiviruses encoded
by the R sequence, in most avian retroviruses &yJb sequence. The U5 is followed by the
leader sequence with the encapsidation signal RBSEr-binding sequence) and at least
three genesgag pol andenv Apart from these basic genes retroviruses alsods some

additional regulatory proteins. (reviewed in Coféihal., 1997)

PBS
viralRNA ~ mSGIRIUS —P{ we [ pol [ H U3 TIRIH AAAAAAAA
SD SA
LTR PBS LTR
2 .‘ ‘p
proviralDNA [ U3 [ RT| US | gag |  pol | env HUI|R]|US |-
Figure Il - Structure of retroviral genome. R- short repetition, U5 — 5’ unique

sequence, U3 — 3’ unique sequenée; encapsidation signal, SD/SA — splice donor/atmrep
sites

3.2.1 The retroviral life cycle

Entry of the virus to the cell is the first steptbé retroviral life cycle and the presence
of a specific receptor on the cell surface largidgides about the cell permissiveness. The SU
domain is crucial for receptor binding whereas Tdreésponsible for the fusion. A wide
variety of surface molecules are used as recepiwisthe receptor molecule is specific for
each retrovirus. Sometimes a co-receptor is neddedhe entry. Receptor-independent
infection was observed as well (Wensel et al., 2003

After entry the capsid disassembles in the cytoplasd the reverse transcription can
be initiated. RT is a multifunction enzyme with RNA-dependent DNA polymerase activity,
RNase activity degrading the RNA in RNA-DNA hybrid3NA-dependent DNA polymerase
activity and 5-specific RNase activity. As a primi®r RT serve either tRNA or DNA.
Thanks to the intramolecular jumps the resultinglMDNA is longer than the original RNA.
U5 on 3’ end and U3 on 5’ end are added and inwhayg the LTRs are created. Reverse
transcription is rather inaccurate and causes mmghability of retroviruses. Therefore,
retroviruses rapidly evolve resistance againstvaatidrugs like in the case of HIV therapy.
Another result is the presence of many non-activéatad retroviruses in the host genome.

The viral DNA is integrated into the host DNA withe help of the viral integrase. The
integrated viral DNA is termed provirus. The seqeespecificity is an object of intensive
research. Different retroviruses exhibit differgmteferences for different sequences or

structures. For example, HIV integrates mainly ithi® GC-rich sequences where the majority
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of the genes are present (Elleder et al., 2008)pttrine leukemia virus (MLV) prefers active
promoters (Wu et al., 2003) and the avian sarcamia \sin vivo detected particularly within
or close to the genes broadly expressed in multipteies (Plachy et al., 2010). Generally,
retroviruses prefer the regions with open chromatin

The provirus transcription is catalyzed by the HRBIA polymerase Il and is regulated
by the 5 LTR which contains the binding sites tbe host transcription factors and the
transcriptional apparatus. More complex viruseshsas HIV bind also their own
transcriptional factors. The regulatory sequenogether with the Env are decisive for the
viral tropism. The enhancer must be effective goecdic for the host transcription factors.
Part of the viral RNA remains non-spliced and seras the genomic RNA and the capsid
proteins and enzymes are translated from it. Fram @f the RNAgag and pol genes are
excised and the Env protein is expressed. Bnsynthesized on the rough endoplasmatic
reticulum and cleaved by the cellular proteases T and SU proteins, which are exposed
on the cell surface.

Polyprotein precursor Gag is expressed on freesaim@s. During the translation in 5 to
20 % a frameshift occurs before the endjad In this way the stop codon it skipped, thed
gene is translated as well and the polyprotein Balgis synthesized. The rate of different
proteins is thus regulated. According to the typeetrovirus the viral particle is assembled.
C-type viruses and lentiviruses appear to assemhiglenternal structures of their particles
concurrently with envelopment at the plasma menrBntype and B-type viruses assemble
immature particles in the cytoplasm prior to enpebent at the plasma membrane.
Spumaviruses also assemble immature proteins incyt@plasm but do not undergo an
obvious maturation step after budding. Some ERV flAP particles (intracisternal A-type
particles), which are formed similarly as the C dypetroviruses except that they bud
exclusively into internal membranes. The phosplwlipembrane is acquired during budding.
In the complete viral particle the RNAs dimerisel éine polyproteins are cleaved by the viral
protease into functional enzymes (Coffin et al971)9
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Figure Ill - The life cycle of a retrovirus. Reproduced from Alberts et al., 1998.

3.2.2 ERVs and other retroelements

Retroelements are genomic sequences duplicatingNAR& intermediates that are
reverse-transcribed and inserted at new genomatitots. They are present in all eukaryotes.
In mammals retroelements and sequences derivedtfrem form nearly half of the genome
while the coding sequence forms only about 5 pergerternational Human Genome
Sequencing Consortium, 2001; Mouse Genome Segge@omsortium, 2002 We can
distinguish autonomous retroelements, which endbé& own RT, and non-autonomous
retroelements, which prosper from the RT of theomomous ones. There are two major
classes of autonomous retroelements, non-LTR tetr@nts long interspersed nuclear
elements (LINE), which are in mammals representadhiy by the LINE-1 family (L1), and
ERVs, and three major classes of non-autonomousetetnents, short interspersed nucleasr
elements (SINE) represented mainly by Alu eleme®t6)\ and processed pseudogenes (Fig.
IV) (reviewed by Goodier and Kazazian, 2008).
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Figure IV - Retroelement classes.

ERVs have evolved from the exogenous retrovirusasihfected the germ cells or the
embryonic cells in early developmental stage. Mdghe ERVs are not infectious and their
genes are defective thanks to accumulation of rangaitations. The most common retroviral
element is a solo LTR, which is a remnant after bloigous recombination with the second
LTR.

Autonomous non-LTR retrotransposons are 4 to 6ddyg land usually contain two
ORFs. ORF1 encodes an RNA-binding protein and ORJIR2odes a protein with
endonuclease and reverse transcriptase activitiemgration preferences have been shown
also for some non-LTR retrotransposons. For exanifleand R2 retroelements of drosophila
or bombix mori, respectively, integrate into partar ribosomal genes (Jakubczak et al.,
1990). Mammalian L1 integrates preferentially inTITTAA consensus site, which is cleaved
by its endonuclease. L1 reverse transcriptase gghstrongcis-preference, which ensures
preferential retrotransposition of its own RNA. Liigve a broad impact on the mammalian
genome diversity; beside retrotransposing themselhey are also involved in expansion of
Alu elements, which account for 10% of human geno®¥A elements, and processed
pseudogenes comprising about 0.5% of the humamgeno

Alu elements are the most successful retrotransosonsidering their copy number
per human genome is going beyond million. They w@lapproximately 65 million years

ago from 7SL RNA — component of signal recognitmarticle (SRP) (Ullu and Tschudi,
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1984). Similarly as SRP, Alu RNA is able to bindasome and with high probability
becomes the substrate for nascent L1 reverse tipiase. Alu activity depends mainly on
their primary sequence and on their RNA abilityinteract with SRP to form RNA protein
complexes (Bennett et al., 2008). They have malgsespanded in many primate genomes.
One new Alu insertion is estimated to occur forrgv0 live human births (Cordaux et al.,
2006). This activity makes Ll-mediated Alu retrasposition a significant mutagenesis
factor with impact on human genome complexity all asgea cause of heritable diseases such
as hemophilia, cystic fibrosis, Duchenne muscuiatrdphy and many others (reviewed by
Belancio el al., 2009). In mouse and rat genomendiogous Bl sequences have been
discovered. They form about 2.5% or 1.65 % of tleaogne, respectivelyRat Genome
Sequencing Project Consortium, 200Bifferent SINEs have been discovered in all gred
eukaryotes. In 2003 a new class SINE3 derived f&BrRNA have been revealed in the
Danio reriogenome (Kapitonov and Jurka, 2003).

SVA elements are much less abundant L1-depend&ntremsposons. According to a
number of recentle novodisease-causing mutations, SVAs are rather amtivetransposons
(Ostertag et al, 2003). Their ability to use the refrotransposition machinery is probably
connected with the presence of Alu-like sequence.

Another class of sequences copied with the helplofre the processed pseudogenes.
Processed pseudogenes have the structure of cDdWA dr cellular mRNA. They lack the
untranscribed part of promoter and introns and ey with a poly(A) tail. In most cases,
these pseudogenes are not functional, primarihalee of the uncomplete promoters and
secondarily because of mutation accumulation inldbk of selection pressure. However, on
rare occasions, the element had integrated dovamstie the vicinity of an active promoter
and such event resulted in a new expression patBaveral human genes emerged in this
way, for example PGK2 and PDHA2 are expressed iomat pseudogenes derived from
PGK1andPDHAL genes or protein-codingPS27pseudogene evolved from ribosomal gene
RPS27(Balasubramanian et al., 2009). Pseudogenes sarbalinvolved in regulation of the

original gene (Piehler et al. 2008).

3.2.3 Silencing and regulation of retroviruses and retroeements

Protection of the organism against retroviral itifet and against retroelement
amplification has many mechanisms in common. THerde against retroviral infection can
be multileveled, beginning with restriction of thentry into the cell, continuing with

transcription silencing, invalid RNA splicing, bkoof the RNA export or block at the level of
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polyprotein maturation. The retrovirus integrate® ihost DNA as a provirus and, therefore,
its expression is tightly dependent on cellulautagon mechanisms. Cells enabling the viral
replication are termed permissive, cells obstrggctire retroviral cycle at any level are termed
non-permissive.

One cell defence mechanism is represented by tiherfAPOBEC3G (apolipoprotein B
MRNA editing enzyme, catalytic polypeptide-like 3@hich deaminates the cytosines of the
nascent DNA strand of the retroviral genome. Byngeation, cytosines are converted to
uracils, which leads to mutation or degradatiothefDNA containing uraciles (reviewed by
Goff, 2003). Viruses can protect themselves agaimstmechanism by proteins such as Vif in
HIV that prevents integration of APOBEC3G into drparticles and inhibits its expression
(reviewed by Mangeat & Trono, 2005, Sierra et2005). APOBEC3G may serve as anti-
viral factor via a deamination-independent mechar(idonsson et al., 2007).

The retroelement amplification is restricted mostiythe transcription level. Retroviral
and retroelement transcriptional silencing is asged mainly with DNA methylation and
complement chromatin modifications. RNA interferemg also involved.

Retroviral gene silencing is achieved foremosttby. TR methylation. The methylation
pattern is not set at one distinct moment, butggr@ome of the silenced provirus is subjected
to DNA methylation for weeks and the density of hytdted CpG dinucleotides gradually
increases (He et al., 2005). It implies that theADMethylation machinery will be more
probably involved in the decrease of the stabiityexpression and gradual silencing than in
the early silencing events following integrationhel dependence of expression on the
methylation status has been demonstrated on nuseetnoviruses. For example, the 5'LTR
Moloney murine leukemia virus (MMLYV) is heavily nigfated in murine cells and the
provirus is silenced. DNA methylation is not theénper silencing mechanism in this case. In
embryonic cells the methylation independent trapon suppression is induced by the
repressor binding sequence (RBS) present in LT Jippression is in next steps confirmed
by the DNA methylation (Kempler, 1993). Also HM\atrscription is not primarily suppressed
by DNA methylation. HIV-1 methylation does not ditly correlate with its expression
suppressionn vivo (Pion et al., 2003); however, it is crucial fos lbng-term silencing and
stability of HIV-1 latent reservoir. The non-metatdd proviruses are easily reactivable
(Blazkova et al., 2009). The sensitivity of retmages to methylation varies in different host
cells. Non-permissive mammalian cells completelyppsassed expression of partially
methylated RSV, while its suppression in permissive fibroblasts occurred with significant

delay and heavy LTR methylation was necessary.
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Total increase of promoter DNA methylation redut¢esmnscription; however, some
CpGs are more important for the transcription desee For example, methylation of one CpG
in HIV LTR near to the NRB binding sequence disables binding of this trapson factor
and leads to significant silencing (Bednarik et H91). In Prague RSV strain, methylation of
a single Hpall site CCGG was sufficient for majgpeession decrease (Hejnar et al. 1999)

Methylation of the inserted provirus can influertike methylation status of surrounding
DNA. In our laboratory we performed the methylatianalysis of RSV and host genome
flanking sequences. Unmethylated active provirduaed demethylation of the originally
hypermethylated integration site. However, thistestavas only temporal and retroviral
silencing was accompanied by permanent hypermdibiylaf the whole DNA region. Its
suppression was not reversible either by DNMT oAd0nhibitors (Hejnar et al., 2003).

Often, weak methylation can be reversed by the teytegding agent 5-azacytidine
(Aza-C). With DNA methylation increase, the inhditof HDAC trichostatin-A (TSA)
becomes necessary for the activation (Lorincz eR@D1). According to Mclnerney et al.
(2000) long-term silencing of MMLV promoter cannm reversed even by combination of
AzaC and TSA, which means that additional factoesia play. Retroviral reactivation may
be in future used for treatment of HIV-1 positivatipnts to eradicate the latent proviruses.
Also for reactivation of heavily DNA methylated HIlthe HDAC inhibitor was necessary
(Blazkova et al., 2009). All these examples illagr cooperation between histone
modifications and DNA methylation.

Particular histone modifications are connected witroelement silencing. Mouse
genome analysis shows specific enrichment of metioyi of H3K9, H3K27, H3K20 within
all murine repetitive sequences in differentiatetisc(Martens et al, 2005).

For each histone methylation in different developtak stages a special histone-
methyltransferase (HMTase) is required. For exanfplemethylation of H3K9 six HMTases
are known, knockout of each is lethal at differemtbryonal stage. From the point of view of
ERYV regulation the most interesting HMTase is EQHEicial in days E3.5-E5.5, when ERVs
become inactivated (Dodge et al., 2004). Its iraduitty for silencing of both, endogenous
and introduced retroviruses in mouse has beenrooedi by Matsui (2010,) in double ESET
knockout. In contrast, H4K20 HMTases knockouts hadhparable retroelement expression
as wild-type animals (reviewed by Rowe and Tror@i 1). Association of heterochromatin
protein 1 was described in silenced proviruses gfftdo et al., 2008). Several studies
described an important role of the SWI/SNF comptexetrovirus expression (reviewed in
Iba et al., 2003).
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Finally, retroelement silencing is often connecteith its localization in a specific
nuclear compartment. Interestingly, retroelemenéy tioe directly involved in formation of
the silent compartment. Recently, L1 has been showparticipate in inactivation of the X-
chromosome by two diverse ways. Either the L1 aggpsessed and create a silent nuclear
compartment into which genes become recruited,hey tare transcribed and drive the
antisense transcription of the nearby genes, wlaatls to RNA interference (Chow et al.,
2010).

Some retrotransposons with chromodomain like Ty3#gyretrotransposons integrate
preferentially into silent compartmens (Gao et 2008,). Others, such as mammalian ERVSs,
prefer integration near to active genes; howevag, td negative selection, most ERVs remain
outside of genes or in antisense orientation.

It is not clear how the retroviral and other regrebnt sequences are recognized. After
methylation erasure methylation is re-establishgdDmmts. In mouse prospermatogonia
Dnmt3a mainly methylates short interspersed refasB1l. Both Dnmt3a and Dnmt3b were
involved in the methylation of IAP and L1. Only Di8b was required for the methylation of
the satellite repeats. Severe hypomethylation imi3h-deficient prospermatogonia indicates
the critical function and broad specificity of tHactor inde novomethylation (Kato et al,
2007). Different contribution of different Dnmts oetroelement silencing suggests that each
class is recognized by a distinct process. In SigtEbelement recognition overrepresentation
of approximately 8 bp spaced CpG may be in playthes Dnmt3a-Dmnt3L dimerized
complex recognizes specific histone code bindirggMNA by its two catalytic sites in the
distance of 8-10 bp (Ooi et al.,, 2007; Fergusont®rmand Greally). RNAI may also be
involved in repetitive element recognition and msdmg like in the case of the afore
mentioned L1 elements or yeast retroelements EngJ)i2002).

Retroviral sequences may be recognized thanks B thdcause repetitions often serve
as Dnmt targets. One of the mechanisms describetnliryonic carcinoma and embryonic
stem cells involves TRIM28, which recognizes thiener binding site of MMLV Pr&f™* and
triggers dimethylation of the H3K9. Dimethylatedsilye is recognized by heterochromatin
protein 1, which induces heterochromatinizationth&f region and retrovirus inhibition (Ellis
et al., 2007, Wolf & Goff, 2007).

In silencing of retroviral sequence immediatelysoon after retrovirus integration may
be involved protein Daxx, which represses gene esgion by recruitment of histone
deacetylases 1 and 2 (Hollenbach et al., 2002)raachcts with the ASLV integrase (Greger
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et al., 2005). It is not clear whether Daxx protaliso influences the expression of non-ASLV
retroviruses.

Retroviral sequences can be protected from metbyglailencing, which is of special
importance for the use of retroviral vectors. Vas@ntimethylation and insulation strategies
have been applied to increase the provirus exmmesgtability. For example, one protective
element was provided from the investigation of tttecken B-globin locus. The DNA
sequence at the 5’ end of the chiclerglobin locus can function as an insulator (Cheng
al., 1997, Zhao & Dean, 2004). Another promisingtective sequence is the core element of
the CpG island, Sp1l site. Its insertion into RSVRLas been shown to be highly protective
(Machon et al., 1998; Senigl et al. 2008, Hejnaale2001).

3.3 HERVs and their domestification

HERVs have been discovered for the first time imho placenta in 1973 (Kalter et al.,
1973a). Retrovirus-resembling particles were olekby electron microscope budding on the
basal membrane of syncytiotrophoblast. Similaripiag have been observed in placenta of
other primates and later in different cell linesltter et al, 1973b).

HERVs are classified according to the tRNA bindihg PBS sequence and dubbed
with the corresponding amino acid abbreviation. \@ehd thorough analysis of retroelements
and their phylogenetic relationship was enableatdaypleting the human genome sequence
(International Human Genome Sequencing Consortilda)2 It seems that all the HERVs
are defective; however, some have retained intactesORF or LTR and these can be
beneficial for human organism. On the other hahnely are also involved in carcinogenesis or
various autoimmune diseases. In every respect, HBRfe crucial in human evolution.

Many HERV LTRs are used as strong promoters fordrugenes (Buzdin et al., 2006).
Among others endogenous retroviral sequences quired for the tissue-specific expression
of a human salivary amylase gene (Ting et al., 1,98RV3 regulated kruppel-like H-plk
involved in human ontogenesis (Kato et al., 198@®ohol dehydrogenase C1 with U3 ERV9
region (Chen et al.,, 2002), proapoptotic p63 isofalrived by ERV9 LTR (Beyer et al.,
2011) and many others (reviewed in Cohen et al9R00

Retroviral sequences can also provide poly-A sgsath as in the caseldHLA2 and
HHLA3 human genes (Mager et al. 1999) or enable aligenaplicing (Kowalsky et al,
1999). Also haptoglobin-derived gene or placemaressed PLT have modified splicing due
to retroviral sequences (Hatada et al., 2003; Gaitatlet al., 1992
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Some tissues express originally retroviral protespecially placenta and tumor tissues.
DNA hypomethylation across the genome is commorttese tissues, which render at least
some HERVs and other retroelements transcriptipnattive. The presence of HERVS in
diverse tumors could be used for diagnosis as agelbr immunoterapy (Staufer et al., 2004).
The most pronounced changes in methylation levelthe same study were observed for
members belonging to younger families such as HERWERV-W, and HERV-K. Their
upregulation was observed in melanoma, breast calecdemia, testicular tumor and many
others (reviewed by Romanish et al, 2010). Thengiest evidence for direct involvement
of HERV proteins in malignancy comes from work omadl accessory HERV-K proteins, rec
and np9. The rec protein is a product of altereasplicing ofeny, and is a functional
homolog of the HIV Rev and HTLV1 Rex proteins. Mic@er-expressing rec develop

features similar to human germ cell tumors (Gdlhle, 2005).

3.3.1 ERVs in placenta

Out of all tissues, HERVs are most active in plaaewhich is probably connected with
its low DNA methylation. So far, protein expressiohretroviral families ERV1, HERV-F,
ERV3, HERV-W and HERV-FRD has been detected. HRERYV1, 9, HERV-H, E and K
retroviral RNA was detected as well (reviewed byiat al., 2004). HERV-W and HERV-
FRD were proved to be essential for placenta devedmnt.

ERVs are probably involved in several placenta fimns such as induction of
trophoblast cell fusion and their differentiationtd syncytiotrophoblast, suppression of
maternal immune reaction against the embryo, ptiote@gainst the exogenous retrovirus,
cytotrophoblast cell replication regulation, indoot of trophoblast invasiveness. Mostly the
Env glycoproteins are involved in the placenta dewvelept. Both, the fusion and the
immunosuppression are facilitated by their transtmame domain. In exogenous retroviruses
the immunosuppressor domain serves for suppresditile NK cells immune reaction and
induces the monocyte lysis and cytokine expressioi?2 lymphocytes (Harris et al., 1987).
Another way of immune suppression performed by erogs retroviruses is for example
replacement of major major histocompatibility (MHCylycoproteins by their homologs to
protect against the NK cells. Immunosupressive gntgs were shown also for ERVs. For
example, HERV-H expressed in cancer cells possesnimunosupressive domain which
might help to protect the tumor (Mangeney et &101). The immunosupression in placenta is
probably ensured by several HERVS, principally iy HERV-FRD (Mangeney et al., 2007).
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Best proved is the retrovirdtnv role in the trophoblast syncytialization. The ffirs
discovered viral protein involved in placenta deypshent was syncytin 1, tenvcoded by a
HERYV from the W family (Mi et al., 2000; Blond €lt,&2000). Retroviral family HERV-W is
present only in genomes of old world monkeys, gagas and human. Phylogenetic analysis
shows that HERV-W integrated into the primate geamwer 25 million years ago (Huh et
al., 2003). In human genome 654 copies with HER\WKIgin have been identified up to
now. Out of these 343 are short solo LTRs issuedhfprovirus recombination. Seventy
seven retrotransposed by the retroviral machinemtain at least some internal coding
sequences. The rest of HERV-W retroelements hasieaply replicated by the L1 replication
machinary (Pavlicek et al., 2002). Locus ERVWE11aelieg syncytin-1 is highly conserved
among people as well as among primates (Mallek ,e2@04), which suggests its necessity in
placenta development. This was rather surprisingffaer placental mammals lack the HERV-
W family and therefore syncytin-1. Further reseamlealed that othem\s are also involved
in human placenta development. ERV-3 was formemown to support trophoblast
differentiation (Lin, 1999). Next, the fusogenidiaity of HERV-FRD Env and its placenta-
specific expression has been proved. It was dukledytin-2 (Blaise et al., 2003). In other
mammals syncytins from yet other ERV families héeen identified. First, murinEnvs
with placenta-specific expression and fusogeniaviagtsyncytins A and B have been
described, both conserved in all teskédridae None of these is related to human syncytins.
The critical role of syncytin A was further confieth by preparation of mouse knockout
(Dupressoir et al., 2005; Dupressoir et al, 20@)ncytins were later discovered in rabbit
(Heidmann et al, 2009) and in sheep (Dunlap et2806) as well. It can be assumed that
every mammal, except for mammals with the most pie placentas, has at least daev

enabling its placenta development and correct fanct

3.3.2 Human syncytins

As mentioned above, two conserved placenta-spdeifiswith fusogenic activity have
been discovered, Syncytin-1 from the HERV-W fanaihd Syncytin-2 from HERV-FRD.

Syncytin-1 uses as receptor commonly expressedcaidrotein hASCT2 (human Na+
dependent neutral aminoacid transporter 2), whish serves as retroviral D receptor (Blond
et al., 2000). Receptor mRNA expression has besrodstrated in placenta by Northern blot.
The presence of receptor protein has been provedthen basal membrane of
syncytiotrophoblast (Kudo and Boyd, 1990), whemoibcalizes with syncytin-1.
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Syncytin-2 utilizes as receptor Major Facilitatoup®rfamily Domain Containing 2
(MFSD2) belonging to a large family of presumptis@bohydrate transporters with 10-12
membrane-spanning domains. It has been highly coedein evolution. In contrast with
hASCT2, MFSD2 has placenta-specific expressionclwias demonstrated by quantitative
RT-PCR analysis.

Placental dysfunctions are often accompanied vadrrant syncytin-1 expression. For
example, pre-eclampsia and HELLP syndrome, senbstetric complications, are connected
with decrease of syncytin-1 mRNA (Knerr et al., 2DAnother study demonstrates incorrect
localization of syncytin-1 on the apical membrahenccrovilli instead on basal membrane in
pre-eclamptic patients (Lee et al., 2001). Recertysshows that syncytin-2 levels were more
importantly impaired than syncytin-1 and presegtsgtins mRNA low expression level as a
marker of pre-eclampsia severity (Vargas et all120Reduced syncytin-1 expression also
correlated with insufficient or late syncytiotrogitast differentiation in Down's syndrome
pregnancies (Frendo et al., 2001).

On the contrary, upregulation of syncytins in ndaepntal tissues is suspected of
involvement in autoimmune diseases and tumor pssgra. Albeit in both cases syncytins
are not the only HERVs with increased expressiod arany other factors are in play.
Syncytin upregulation has been demonstrated ilohssof multiple sclerosis patients, which
could be connected with proinflammatory properta@sthe Env (Antony et al., 2004;
Komurian-Pradel, 1999). Further, in patients exg®ing their first manifestations of
schizophrenia or schizoaffective disordeol transcripts of HERV-W were observed in
cerebrospinal fluids (Karlsson, 2001). Syncytinrgased expression was also detected in
various cancers such as breast cancer (Bjerregaanid, 2006), colorectal cancer (Larsen et
al., 2009), endometrial carcinoma (Strick et abp?) or in leukemia and lymphoma cells
(Sun et al., 2010). Cell-to-cell fusion in tumorsyncontribute to aneuploidy and promote
gradual development of malignancies (Duelli anddbamik, 2003).

Expression of syncytins must, therefore, be tighthntrolled in order to avoid
pathogenic fusions or inflammation in non-placetisgues. Many factors are involved in the
regulation of syncytin expression. Especially ragjoh of syncytin-1 has been studied in
detail. The promoter region and transcriptioniation site of syncytin-1 were localized
within the 3 LTR of ERVWEL1 provirus by deletion analysis angader assay for the basal
promoter activity (Cheng et al., 2003). Mutagenesighis promoter region together with
Dnasel footprint analysis revealed that the CCAAGtifrand the octamer protein binding site

are critical for transcriptional regulation of sytio-1. Another study (Shen et al., 2002)
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showed that a transcription factor called GlialIQ¢issing a (GCMa) binds to two GCMa
binding sites upstream of théI5TR and enhances syncytin-1 expression in BeWoJ&id3
choriocarcinoma cells. The human choriocarcinomé licees have been widely used as a
relevant model of trophoblast differentiation. Cersely, mutation of the ecdysone receptor
response element slightly increases basal promatgvity, suggesting that this nuclear
hormone receptor is a negative regulator of thecyyml gene (Cheng et al., 2003).
Similarly, a correlation between the decreasedllef@xygen in placenta and insufficient
expression of syncytin-1 was also detected in Bedlis.

Considering the retroviral origin of syncytins tilluence of DNA methylation on its
transcription is highly probable. In this study e@mpare syncytin-1 and -2 DNA methylation
of 5 LTR in different tissues and cell lines, te@bility of 3 LTR methylation pattern and

the sensitivity of 5LTR promoter activity tan vitro methylation.

3.4  PERVs and xenotransplantation

PERV particles were for the first time observedetsctron microscope in 1971 in pig
kidney cell line PK15 (Armstrong et al., 1971). Timain reason for studying PERYV is the
possibility of the use of porcine cells, tissue®ans for xenotransplantation. In this context
it is important to ask whether PERVs would pose paplic health risk when transplanted
into a human host. The question became even messipg when in 1997 Patience et al.

described infection of human cells by PERNsitro.

3.4.1 History of xenotransplantation

Use of xenotransplantation for replacement of nowcfional organs was probably
considered since the beginning of medicine histdiye earliest reports of transplantation
concern human-to-human transplantation; howevangumimal organs was more frequent in
history. This had two reasons: first, it was eagapbtain animal organs, second, nothing was
known about the immunological interspecies barremsgl the major problem was to stop
bleeding and restore circulation (reviewed by Dasgbs, 2005). The oldest reported case of
xenotransplantation was done in Iran. It concemeptiicement of an osteomyelitic fragment
of scull with a dog one. Xenotransplantation expents were performed during the whole
history including blood transfusion, skin transpédion, pancreas transplantation to diabetic
patient and many others with no major success.

Significant improvement followed discovery of thest immunosuppressive drug

Imuran. In 1964 doctor Reemtsma transplantdurapganzee kidney to a 23-yr-old woman.
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She died 9 months later from acute electrolyte iari@®. This is the longest survival ever
recorded for the xenotransplantation of an organ. 1984, a very promising
xenotransplantation of baboon heart to 12 day aldylFae was done. The immune system
was not yet matured and cyclosporine A was avaladbwever, the child survived only for
20 days (Bailey et al., 1985)

The advantages of xenotransplantation successvagent, because it would help to
solve the organ shortage. After all the successts allotransplatations, trade with human
organs is becoming a serious problem. In 1985Fth&s Committee prohibited buying and
selling organs and tissues. However, no major ingment was achieved. In 1992 pig livers
were used at least to prolong the waiting timelierdonor of liver (Makowka et al., 1994). In
1995, a trial was accomplished to treat AIDS widbdon bone marrow (with HIV-resistant
blood cells); however, the cells survived only ddorief time (lldstad, 1996).

In 1960s porcine skin became popular for burn mneat and it is currently the most
widely used xenograft (Bromberg et al., 1965). kgn was long-term used in the Prague
Burns Centre at University Hospital Vinohrady. Fr@8i73 to 2005 porcine grafts were used
as a temporary cover, which improved the burn hgaignificantly (Broz et al., 1999). This
treatment is not used there anymore because oistteepotentially connected with the use of
porcine material. From this point of view use otlhdar xenodermis in combination with
human allogeneic keratinocytes is of interest. (Makova et al., 2006)

In 1997, in London in the laboratory of R. Weissvds shown that PERVs are able to
infect human cellsn vitro. This discovery led to a vast debate and partiafatorium of
xenotransplantation experiments until the safetthisf technique would be proven (Bach and
Fineberg, 1998; Vogel, 1998) The use of primagdanors was banned in 1999 because of

the known risk of cross-species infections (e.¢/)HButler, 1999).

3.4.2 Problems and risks of xenotransplantation

The main problems of xenotransplantation were direaaentioned above: the graft or
organ rejection and the risk of infection by anipathogens — zoonotic infection.

The acceptor immune system responds to the tramteplagraft by distinct types of
rejection. The immunologic response after allotpdenstation is reduced by careful donor
selection and life-long immunosuppression. Howetleg, response toward xenograft is more
complex and it is not yet known how to overcomé&eyveral types of rejection occur after the
xenotranplantation: hyperacute rejection (HAR),tadwumoral xenograft rejection (AHXR),
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acute cellular xenograft rejection (ACXR) and |degmn chronic rejection (reviewed by
Cozzi et al., 2006)

HAR damages graft within minutes to hours beforg graft function can be detected
(Pino-Chavez, 2001). It involves both immunologieald non-immunological factors. It is
initiated by xenoreactive natural antibodies, whachivate the complement cascade, mediate
complement deposition and endothelial cell actoratthat results in platelet activation,
coagulation and disruption of vascular endotheli@ut of all antibodies the most important
seem to be the antibodies againstdiie3-galactoseq(1,3-gal) epitope (Sandrin et al. 1993),
which is added bw1,3-galactosyltransferaseX,3-GT) expressed in all mammals except for
old world monkeys, apes and human. Antl;3-gal antibodies then activate the complement
pathway (Yin et al., 2004).

Acute humoral rejection starts more than 24 hotisr dransplantation. It has very
similar properties; however, the initiation of gréinction is observed. Ultimately, it results
in vascular thrombosis and edema. Deposits of aayiband complement are hallmark
features, causing endothelial cell activation, $mglor disruption (Pino-Chavez, 2001). Anti-
al,3-gal antibodies are important in the establigitnoé AHXR as well; however nooGal
antibodies may also play a role@$,3-GT -/- pigs still induce AHXR (Kuwaki et al.0@5).
The ACXR doesn't directly damage the graft; howewvemay elicit anti-xenograft humoral
immune response. Because of the problems with HARAHXR, little is known about the

chronic rejection.

3.4.3 Humanization of pigs

Pigs are considered to be the best source of organsenotransplantation for many
reasons. They are easy to breed and people atg bigberienced in pig breeding. The size of
porcine organs is quite similar to human. Pigsem@utionarily distant from human, which
decreases the probability of sharing pathogenso,Ads | have mentioned, there is already
some experience with pig-to-human xenotransplamtatihe low cost of pig breeding in
comparison with e.g. apes should also be takeraiextount.

However, organ rejection is a severe problem inubke of pig tissues and organs.
Therefore, there is an effort to develop pigs wikvered ability to activate the human
immune system when used for transplantation. Pigs mvodified genes crucial for rejection
would be much a better source of organs. To prefhea®ge, a cloning technique had to be
evolved and adapted to pigs. Cloning consists oleau transfer from cultivated somatic cells

to an enucleated oocyte. The cultivated cells camappropriately modified according to
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needs. In 1995 the first cloned mammal Dolly theeghwas born (Campbell et al., 1996). It
took five more years until the first cloned pigheis born (Pennisi and Normile, 2000).

To avoid the HAR the complement pathway has to Uggpiessed. One strategy to
inhibit this immunologic pathway is introducing ham complement inhibitors. Possible
interesting genes are human decay acceleratingrf&2b55 (DAF), membrane cofactor
factor CD46, or membrane inhibitor of reactive $ys&tD 59. The first transgenic pig
expressed human CD55 (Cozzi et al., 1997) andlgldamonstrated that this strategy could
overcome HAR in pig-to-primate heart (Schmoeckel akt 1998), kidney, and liver
transplants. Graft survival of days to weeks wakie@d depending on the degree of
immunosuppression. Subsequently, pigs expressthgrehuman CD46 or the combination
of CD55 and CD59 were produced, with similar resul More significant
immunosuppression led to median graft survival ®fdays (range 56—-113 days) with CD46
transgenic pig-to-baboon heart xenografts. HowevkRigh immunosupression was
accompanied by a high frequency of recipient cyigahavirus infection (Reviewed in Gock
et al., 2010).

The main activator of the complement pathway isahe-gal. Therefore, the key aim
was preparation of knockout pigs without the gemreafl,3-GT. This was achieved for the
first time in 2002 by Phelps et al. In 2008, ted@ns underwent xenotransplantation with
organs from miniature swine with transgenic humakFDr from al1,3-GT knockout pigs.
The graft survival was 32 to 179 days. The babastils had to be immunosuppressed;
however, with lower levels of immunosuppressiveanthad to be used after transplantation
of organs from non-modified pig. The graft surviwals also prolonged.

Considering the safety of xenotransplantation, direge of pigs with minimal numbers
of PERVs or without a few selected potentially yi$RERVs is debated. Another strategy is
introduction of PERV suppressing genes such as he\ROBEC3or PERV-specific SIRNA.

These topics will be discussed later.

3.44 Zoonotic infection

A close contact of porcine and recipient tissuammunosuppressed patients could
serve as an ideal environment for adaptation o€iperpathogens to the human organism.
The probability of infection of a xenotransplantedtient by animal pathogens (zoonotic
infection) is increased by several factors (revieviiy Fishman and Patience, 2004): the
xenograft serves as a permissive reservoir in wkimhor organisms bypass host defenses

without a need for a 'vector' to achieve diseaamstnission. Nothing is known about the
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behavior of organisms from the donor species in imosuppressed humans. Novel clinical
syndromes resulting from infection with such patg are not distinguishable. Donor-
derived pathogens may not cause disease in theerfaist species but may cause disease in a
new host ('xenotropic organisms’) and, also, thay acquire new characteristics by genetic
recombination or mutation. Donor-recipient inconiipiéity of MHC antigens may reduce the
efficacy of the host's immune response to infectutthin the xenogratt.

Recent human epidemics of viral infection have beaced to animal-derived strains
that have been adapted to human hosts. These éndladtavirus (mice), severe acute
respiratory syndrome (SARS) owing to a new coranavipossibly associated with civets,
BSE (bovine spongiform encephalopathy), and thetnkaswn HIV that evolved from
primate viruses SIV, which caused the whole-worldngemics. In each case, the
epidemiology was defined after the recognition ofnew clinical syndrome and the
development of new, rapid, molecular assays foctusative agent.

All these examples of recent zoonotic infection vghtheir impact on the entire
population, not only on the affected individual wimas in close contact with the infected
animal. This experience implies the importancéhefdiscussions about the possible animal-
to-human disease transmission during xenotranslant

A number of potential viral pathogens have beenntiied including porcine
herpesviruses (cytomegalovirus, lymphotropic herpeses), circovirus types 1 and 2,
porcine reproductive and respiratory syndrome vipmcine encephalomyocarditis virus,
swine influenza viruses, African swine fever virtgpatitis E-like virus, pseudorabies virus,
parvovirus, polyomaviruses of swine and also PER¥siewed by Scobie and Takeuchi,
2009)

It is possible to avoid the presence of most ok¢hpathogens by breeding pigs in
specific pathogen-free conditions. However, pigsdufor xenotransplantation still have to be
properly tested for the presence of all possiblygdaous pathogens. Samples of tissues and
serum from donors and recipients should be archiasdit has been mandated by FDA
guidelines for future use in tracking unsuspectechavel pathogens in clinical trials of
xenotransplantation. Although exogenous viruses lmamemoved from the transplantation
source by breeding pigs in specific pathogen-fragirenments, such techniques cannot

eliminate PERYV present in the pig germ line DNA.
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3.4.5 PERVs

The genome of domestic pig contains more than onered PERV copies (Patience et
al., 2001). About half of them belong to the yowstgeERV groupyl with many functional
full-length copies. Apart from this recent familgur morey and fourBPERYV families were
identified. Three subgroups BfPERVs are related to MMTV arféBis related to HERV-K.
PERVs known to be infectious belong to the gammawetis genus and gammaretroviruses,
such as gibbon ape leukemia virus (GALV) and ML\Anccause cancer, leukemia or
neurodegeneration. Ty PERVs evolved approximately 7.6 to 3.4 millioraggago, which
correlates with the time of separation between pig$their closest relatives, American-born
peccariesWithin the y1 group, there are three subgroups of infectiousnga retrovirus
families PERV-A, -B and -C, which utilize differentllular receptors. PERV-A, -B, and -C
vary in theenvsequence within the SU domain (Le Tissier etl&197). Analyses showed that
PERV-A and PERV-B have wider host ranges, includiageral human cell lines, compared
with PERV-C av, which infected only pig cells. Cell lines dervérom various small
mammal species, including mink, rat, mouse, anbitatere infected by PERV-B while only
human cell lines and mink cell line were infected BERV-A. In contrast, no vector
transduction was observed in nonhuman primate lices, casting doubt on the utility of
nonhuman primates as models for PERV zoonosis (ichkeet al., 1998; Patience et al,
1997). To date, only PERV-A receptors have beentified. Two paralog human PERV-A
receptors have been cloned and their homologs fwaral in all complete genome sequences
(Ericsson et al., 2003). However, most cell lines @ot permissive to PERV-A either due to
mutation in crucial amino acids or due to low réocegxpression (Mattiuzzo et al., 2007).

Short after the discovery that PERVs are able fecirhuman cells an extensive study
of patients treated with living pig tissue was peried. Blood samples were collected from
160 individuals of age from 2 to 77 years, who uneat extracorporeal splenic, kidney or
liver perfusion, bioartificial liver perfusion orgatment with pancreatic islet cells or skin
xenograft. Neither immunologic analyses nor PCRfiomed PERYV infection in any of the
patients. However, the presence of donor celleérécipient was observed in 23 patients for
up to 8.5 years (Paradis et al., 1999). Severalogous studies have been performed later
with similar results (Di Nicuolo et al., 2005, 20Mang et al., 2006, Hermida-Prieto et al.,
2007)

In order to evaluate the potential risk posed kg titansmission of PERVs an animal

model would be valuable. Although the infectionddferent species cells was successful, no
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productive infection of any PERV-inoculated aninoglcurred. In an attempt to establish a
small animal model, naive guinea pigs, non-immuppsessed rats, rats immunosuppressed
by cyclosporin-A and immunosuppressed rats treatgith cobra venom factor were
inoculated with PERVs produced from porcine kidri&¥-15 cells, infected human 293T
kidney cells and mitogen-stimulated porcine PBM@simals were also inoculated with
PERV-producing PK-15 and 293T cells. No antibodagminst PERV and no provirus
integration were observed in any of the treatednats (Specke et al., 2001). In 2006 mice
transgenic for human PERV-A receptor 2 (HUPAR-2kweeated. After inoculation with
infectious PERV supernatants, viral DNA and RNA eveletected at multiple time points,
indicating productive replication (Martina et aR006). Transient transmission was also
detected in thymectomized fetal lambs after pigtigenotransplantation (Popp et al., 2007),
but so far no symptoms were detected.

The greatest threat comes from PERV-A/C recombg@Mood et al., 2004). PERV-A
and PERV-B have been shown to infect human celis loiwv titers. A recombinant PERV-
Al14/220 with half of the SU region derived from PER and the remaining sequence
derived from PERV-C is approximately 500-fold manéectious than PERV-A. Chimeric
envanalysis suggests that the enhanced infectivithémnan cells is probably caused by the
novel juxtaposition oenvgene sequences of PERV-A14/220, perhaps by staioin of the
Env glycoprotein or increased receptor binding (Hamigt al. 2004). PERV-A14/220 is only
one example of many recombination events generatgvg PERVs. Phylogenetic analyses
between 16 full-length sequences revealed that sembmbination events generating more
active PERV-A appear to occur in pigs rather freglye It also indicated that PERV-@nvis
more prone to recombination with heterogeneous lmawk genomes than PERV-éhv
(Bartosch et al., 2004). In this context, pigs lagknon-human-tropic PERV-C would be
more suitable as donor animals for clinical xenmdpantation and even replication-deficient
expressed PERVs could generate human tropic vitusescombination.

There is a high level of PERX insertion polymorphism, and individual PERV capie
are heterologously distributed in unrelated pigs.f& all tested animals were positive for
PERV-A and -B, but the minority of pigs are PERWk€gative. The recombinant PERV A/C
were not detected in the germ line. The expressid?ERV RNA varies as well. Generally it
is very low and viral protein expression is notafed in some animals at all (Dieckhoff et
al., 2009).

Various restriction factors for protection agaimstroviruses are known. PERVs are
restricted by human APOBEC3G (Jonsson et al., 200i6)r release can be inhibited by
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tetherins (Mattiuzzo et al., 2010); on the contrd¥£RVs are insensitive to restriction by
divergent TRIM% molecules (Wood et al., 2009). PERV production amo be reduced by
introduction of small interfering RNAs (Dieckhoft @l., 2008), intracellularly expressed
single domain antibodies directed against PER¥g (Dekker et al., 2003) or sugar-
modifying enzymes to remodel PERBhv glycoprotein (Miyagawa et al., 2006)

In our study we will show that PERVs in porcinestiss are heavily DNA methylated,
which leads to expression silence.
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4 Materials and methods

4.1  Cell cultures

HelLa, PK15 and ST-IOWA cells were grown in F-12 av&M-D mixed 1:1 (Sigma)
supplemented with 1% NaHCOS3, 10% fetal calf serpenicillin-streptomycin mix (100
ug/ml each) and 2.5 pg/ml amphotericin B. Choriocemma BeWo cells and JEG-3 cells
were grown in the same medium supplemented with 1€%8 calf serum and 300g/ml
glutamine. Primary human skin fibroblasts were i from skin obtained after breast
reduction surgery from the Clinic of Plastic Suggdfaculty Hospital Kralovské Vinohrady,
Prague. They were cultured in Eagle's H-MEM, supgeleted with 1% NaHCO3, a mix of
nonessential amino acids, 0.12 g/l natrium pyruvi®8o calf serum, penicillin-streptomycin
mix (100 pg/ml each) and 2.5 pg/ml amphotericin Buman embryonic kidney 293T cells
were maintained in Dulbecco's modified Eagle Med(@MEM, Gibco) supplemented with
15% fetal bovine serum (FBS, BioSera). Quail QT8scenurine MDTF Mus dunnitail
fibroblast), rat NRK, HSN cells and XC were grommDMEM supplemented with 10% FBS.

4.2 Human tissue samples and DNA samples

Samples of placental tissues with a prevalence hafrignic villi were obtained from
Gynecologic Clinic, Faculty Hospital Kralovské Vimady, Prague. Breast cancer cells from
invasive ductal carcinomas were obtained from tepddtment of Gynecology and Obstetrics
of the Third Faculty of Medicine, Charles Univeysih Prague. Human ethics approval was
granted by the Committee for Ethics, Handling tleedtnbinant DNA and Clinical Research
at the Institute of Molecular Genetics, and infodhtensents were obtained from the patients.
DNA samples of peripheral blood mononuclear cé#BNIC) from ICF (immunodeficiency,
centromeric instability, facial anomalies) syndrompatients were a kind gift from Keith

Robertson, Epigenetic Gene Regulation and Cana#io8eNCI, NIH, Bethesda.

All samples of healthy testicular tissues and ¢esdr tumors were obtained from the
Department of Urology of the Third Faculty of Meidie, Charles University in Prague.
Biopsies taken from patients with hormone-sensifivestate cancer treated by bilateral
orchiectomy represented healthy testicular tisJude T2) with prevalence of spermatogenic
epithelium from which the tunica albuginea was dided. Histological inspection showed
normal testicular tissue with decreased spermatsgiemecause of the advanced age of these

patients. Seven testicular tumors were includedht® study; T, T3, T4, T7 and T10 are
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histologically at least partially seminomas, T @ns large fraction of embryonic carcinoma
and yolk sack carcinoma, T3 big component of gramatous multinuclear cells; T6 is a
mixed germinal tumor with embryonic carcinoma a@ctoma components, T9 is a testicular
lymphoma. Histologically normal testicular tissugrreunding the tumors was obtained by
macrodissection. Samples of suppository uterineimama, endometrial carcinoma, and
ovarian teratomawere obtained from the Department of Pathology,rd'hraculty of

Medicine, Charles University in Prague. Human ethapproval was granted by the
Committee for Ethics, Handling Recombinant DNA althical Research at the Institute of

Molecular Genetics, and informed consents wereiddafrom the patients.

4.3 Pig tissue samples

The samples of pig skin, pancreas, lung, hearinpbkadney, ovary, liver and muscle were
taken from three, testis from another four six-rheold large white pigs coming with the
veterinary certificate to the slaughterhouse frasmmercial breeds in the Czech Republic.
Small samples were taken immediately after slauiigethe animals and frozen in liquid
nitrogen. Samples of term pig placenta were obthfr@m two minipigs from the Institute of
Animal Physiology and Genetics, kithov, Czech Republic and frozen on dry ice. Samples
of PBMC were kindly provided by Linda Scobie, Depagnt of Biological and Biomedical

Sciences, Glasgow Caledonian University

4.4  Plasmids

Reporter vector pLTR-W-luwas obtained by amplification of the wholeL3R of syncytin-

1 from human genomic DNA using the Expand Long Tiewep PCR System (Roche)
according to manufacturer's instructions with folilog primers: forward 5
TTCAACATCCATTCCAACACCACC- 3 (nucleotides —202 to —179 upstream to the LTR)
and reverse 'BCTGAGTCTTAAGTCCGGTGGCAC-3 (nucleotides 913 to 936 from the
beginning of the LTR). In order to discriminate ween the LTR of syncytin-1 and LTRs of
other HERV-Ws present in the human genome, thedaivprimer is complementary to the
unique sequence immediately flanking th&eBR of ERVWEL1. PCR cycles were as follows:
5 min 95°C; 20 cycles, each consisting of 1 min@52 min 60°C, 1 min 72°C; 19 cycles,
each cycle consisting of 1 min 95°C, 2 min 60°Gnih 72°C plus a 20 s ramp per cycle;
finally 8 min 72°C. The blunted PCR fragment 1138ib length was cloned into the Smal
site of pBluescript (Stratagene). To generate pLTRWe cleaved the resulting plasmid with

Notl, blunted the Notl ends and digested again WitidIll. This DNA fragment was used to
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replace the Hindlll-Smal promoter region of theifieiase reporter vector pGL3-promoter
(Promega). In this way, the luciferase reporteregerresulting pLTRIuc was driven by thé 5
LTR of the human syncytin-1 gene.

Reporter vector pLTR-A-luavas prepared from plasmid 5’MAMBAL. This plasmicasv
prepared by amplifying half of MAMBAL provirus (aession number EU789636.With
primers for3 5-AGTGTCTGAGAATTGCTTGGACC-3’ and revl 5'-
CAAATGCCTTCTGGTGCTCA-3' from porcine chromosomal BNand cloning into
pGEM-T-easy vector. PCR was performed with londagise polymerase (Roche) according
to the manufacturer’'s recommendations in 35 cyol&5°C for 15 s, 61°C for 30 s, and 68°C
for 8 s. The LTR was excised from the MAMBAL1-5’ Byul and Hindlll. The Pvul site was
blunted by T4 polymerase. The Pvul-Hindlll fragmevds then used to replace the Smal —
HindlIll promoter region of the luciferase reportector pGL3-promoter (Promega, Madison,
WI). Vector pLTR-B-luccontains LTR of PERV60 which was excised from pEBRV60
(Bartosch et al., 2002) by Kpnl and HindlIl. The Kgite was blunted by T4 polymerase. The
Kpnl-Hindlll fragment was then used to replace twmal — Hindlll promoter region of
pGL3-promoter. Resulting pLTR-A-luc and pLTR-B-lptasmids were prepared using the
QIAGEN Plasmid Midi column (Qiagen, Hilden, Germany

Part of plasmids used for receptor analyses andirdelction were previously described:
MLV-based retroviral vectors pCNCG carrying #@FP gene(Neil et al., 2001), pPCFCR with
unique EcoRI sitéYlinen et al., 2005), MLV gagpolexpression plasmid CMVTowers et al.,
2000), G protein of vesicular stomatitis virus (VSV-Q)peession plasmid pMD®\aldini et
al., 1996), replication competent PERV-A 14/220 plasmid. PBR\s a chimeric construct
between A14/220 and PERV60 with LTRs of PERV60iar{@artosch et al., 2004).

HuPAR-2was tagged at the C-terminus with influenza viiéstag by PCR of the construct
pPcDNA3/huPAR-2 (Ericsson et al., 2003) using KOD HiFi polymerase (Novagen) and the
primers G3  5-GATTGATGAATTCACCACCATGGCAGCACCCACG-ahd G4
5-GATCTTGCGGCCGCTCAAGCGTATTCTGGAACATCGTATGGGTAAAGTTGGG
GCCACAGGGGTCTACACAGTCCTTTCTGCTTTG-3" and introducédo pcDNAS3 using
EcoRI and Notl restriction sites. These primersoiiticed the Kozak sequence at the ATG of
the receptor and the HA-tag in the C-terminus dakeasn of a Hindlll restriction site. Using
EcoRI and Notl restriction sites, the HA-taggedepor was introduced again into pcDNA3.
In this way the resulting plasmid pcDNA3/huPAR-2ldéntains two Hindlll restriction sites,
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one in pcDNA3 and the other introduced in frametngasn of the HA-tag using the G4
primer. HA-taggedhuPAR-1 and muPAR genes were obtained by PCR of constructs
pcDNA3/huPAR-1 and pcDNA3/muPAR [14] with the primepairs G3;G5 5'-
GAAGGTAAGCTTGGAGTCACAGGGGTC-3! uPAR-) and G6 5'-
GATTGATGAATTCACCACCATGGCAGCACCTCCG-3 and G7 5
GAAGGTAAGCTTGAGGCCACACTGGTC-3" (lnuPAR. Using the Hindlll restriction site
present in the reverse primehgiPAR-landmuPARwere cloned into pcDNA3/huPAR-2HA
upstream of the HA-tag. All the HA-tagged recepteese also subcloned into the retroviral

vector pCFCR using EcoRI and Notl restriction sites

The plasmid bearing HA-tagged C-terminal ratPARs prepared by amplification using
KOD HiFi polymerase and primers M1 5'-
GATTGATGAATTCACCACCATGGCAGCACC-3 and M3 5
GCAGGTAAGCTTAGGGCCACACTGATC-3' with PCR condition85°C, 30 s, 52°C 30 s,
72°C 90 s. Primers were designed to anneal to @héhamolog ofhuPAR-1[Genbank:
XM_343272]. The M1 primer introduced the Kozak semge in front of the ATG of the
receptor ratPAR. M3 introduced the Hindlll resioct site. The resulting product was
introduced into pcDNA/huPAR-2HA. This product wase subcloned into pCFCR.

4.5 Bisulfite conversion of genomic DNA for methylationanalysis

DNA samples for bisulfite analysis were isolateddhenol-chloroform extraction. Bisulfite
treatment of DNA was performed with EZ DNA Methytat™ Kit by Zymoresearch and
Qiagen EpiTect bisulfite kit according to manufaetts instructions

4.6 Methyl-specific quantitative PCR (MS qPCR)

Fifty ng of converted DNA was used for quantitatil€R based on the MESA GREEN
gPCR MasterMix Plus for SYBR Assay Kit (Eurogentanl Chromo4 system (Bio-Rad) for
real-time PCR detection. We performed quantificstiof the hypomethylated ERVWE1
together with the reference DNA sequence human BRI of the hypomethylated PERVs
together with the reference DNA sequence porcinEZIAll measurements were carried out
in triplicates. The negative controls included wabte converted DNA negative for the
analyzed sequence as a template. The specificitghef amplified PCR products was
confirmed by melting curve analysis and by sequenpthe PCR products. The number of
hypomethylated copies per cell was obtained by abtmation to the reference sequence

using the following formula; 2°t = 2(Ct sample- Ctrefrencé (| jy,ak and Schmittgen, 2001). The
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volume of the reaction mixture was abwith 300 nM final concentration of each primer.
PCR reactions were supplemented with 0.9 M betath9% dimethyl sulfoxide (DMSO).
To increase the ability of primers to distinguigiivieeen CpG and TpG, we have localized the
crucial complementary thymines in the reverse priaiethe very 3’end. To achieve high
specificity, all bases distinguishing the non-métgd CpGs were on the lock nucleic acid
backbone (LNA) (Gustafson, 2008). LNA bases arekethmwith + in the primer sequence.
The specificity for the hypomethylated LTRs was faomed by sequencing of representative

clones. Following primers were employed in apprajgrconditions:

primer sequence PCR conditions:

umwWw/F 5-GGATGAGGGTAAAATGTTTGGAGATAT-3'
95°C 5 min, 40x: 95°C 15 s, 60°C 1 min, plate read

umwW/R 5'-TTACCAACTC+AAATACCTAAATTTATATCCC+A-3'

GDISRPIF  5-GGGAGTAGTGTGAGAAGAAGGGTATATAT-3 95°C 5 min, 40x: 95°C 15 s, 60°C 1 min, 72°C 3@3s

. s/cycle) , plate read
gbisRPII/R  5-CAACATAATAATCTCAAAAACCCCCTTCATAA-3'

QbISPUHIV/F 5-TATT+TRGGGTCGTAGTTTTTTATTTTTG+T-3' 95°C 5 min, 40x: 95°C 20's, 56°C 1,5 min, 72°C it m

. . (+3 s/cycle) , plate read
gbisPuniv/R  5-AACAAACAAAAAAATC+AAAC+AAYC+ACHA-3'

gbisELF/F 5-GAAGGGAGTTGGGATAAGGTGGAGTAAATTT-3' 95°C 5 min, 40x: 95°C 20 s, 64°C 1 min, 72°C 30 s

. +2 slcycle) , plate read
gbisELF/R  5.cCCCAAATACCTCAATTCCCACTATACCATA-3'

4.7 Bisulfite sequencing

Fifty ng of converted DNA was amplified by Taq polgrase (Takara) according to the
manufacturer's recommendation. The supplied buifes supplemented with 0.9 M betain
and 0.9% DMSO and for some reactions with MgCl. Vokime of the reaction mixture was
25 ul with 300 nM final concentration of each primeros PCR products were obtained by
the semi-nested PCR using the primer marked withbaur 1 as first and the primer marked
with number 2 as second. The third primer was usedoth rounds of PCR. The second
round of PCR started with dl of the first round PCR product, and the PCR cbods were

identical. For DNA amplification the following priens were used in appropriate conditions:

primer sequence PCR conditions:
bisFRD/F1  5.GTAAGTAGTTTTATTAGGAGG-3' F1-R: 9x: 95°C 20s, 55°C 1 min (-0.5°C/cycle), 73€

s; 35x: 95°C 20s, 50°C 1min, 72°C 33s; repeateth wit
bisFRD/F2  5-TTTTAGTTTAGGAATGTTAGG-3' F2R
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bisFRD/R 5-AATCACTACACCATTTAAAAA-3'
bisW/F1 5-TTGGATAGTGAATATAGATA-3'
bisW/E2 _ . F1-R: 30x: 95°C 1 min, 52°C 2 min, 72°C 1 min;
5-AGATATAGTAATTATTTTGT-3 repeated with F2-R ; 5mM MgCl
bisW/R 5-CAAAAAAAAACTACTATTAC-3'
bisM1/F1 5-GTTTGAGAATTGTTTGGATT-3'
F1-R: 14x: 95°C 30s, 61°C 30 s (-0.5°C/cycle), 72°C
bisM1/F2 5 AAGAGGAGAAGTTAATTGTT-3' min; 36x: 95°C 30s, 54°C 30 s, 72°C 1 min; repatét
F2-R; 3.4mM MgClI
bisM1/R 5-CACCAAACTAAAAAACCAA-3'
bisM7/F1 5-GTAGTGTTTGAGAATTGTTTGGATT-3'
F1-R: 14x: 95°C 30s, 61°C 30 s (-0.5°C/cycle), 72°C
bisM7/F2 5-GGAAAAATAGGTTTTTGAGTATGTGT-3' min; 36x: 95°C 30s, 54°C 30 s, 72°C 1 min; repetét
F2-R; 3.4 mM MgClI
bisM7/R 5-CAAAAAAAATCCCTTTACCTCCAAA-3'
bis6SH/F 5-AGAGGGTGTTTATATTTTTGTTAAGT-3'
. F-R1: 30x: 95°C 30 s, 56°C 30 s, 72°C 1 min; repetat
bis6SH/R1  5.CAAACAACAAAAAAATTTTTATTCCAAA-3 with F-R2: 5 mM MgCl
bis6SH/R2  5.AACAACTTTTATAAAATTCACAACAAAA-3'
bisRW/F1 5-TTTTAAATAATTGAAAGGATGAAA-3'
. F-R1: 30x: 95°C 30 s, 63°C 30 s, 72°C 1 min; repetat
bisRW/F2 5.TTTTGAGTATATGTTTTTAGGT-3 with F-R2: 5 mM MgCl
bisRW/R 5-AAATATAAAACCAACAAAAAAAAC-3'
bis14/220/F1 5.TAGGTAAAAGATTAGGTTTTTTGTTG-3'
F1-R: 10x: 95°C 20s, 57°C 1min (-0.5°C/cycle), 72°C
bis14/220/F2 5 .GGGAGTTTTTAATTGTTTGTTTAGT-3' 30s; 30x: 95°C 20s, 52°C 1min, 72°C 30s; repeaiél w
F2-R; 3.4 mM MgCl
bis14/220/R  5-ACTAAAAACAAACACTCAAAACAA-3'
bis3a/F1 5-GTTGTTAGTAAATAGGTAGAAGGTT-3'
F1-R: 10x: 95°C 20s, 57°C 1min (-0.5°C/cycle), 72°C
bis3a/F2 5 TTTGGATTTTGTAAAATTGATTGGT-3" 30s; 30x: 95°C 20s, 52°C 1min, 72°C 30s; repeaiédl w
F2-R; 3.4 mM MgCl
bis3a/R 5-AAAAATCCCTTTACCTCCAAATC-3'
bisPuniv/F 5-GGTTTTGTTGTGAATTTTATAAAAGTTGTTT-3' 10x: 95°C 20s, 57°C 1min (-0.5°Clcycle), 72°C 288x:
. . 95°C 20s, 52°C 1min, 72°C 30s; 3 mM MgCl
bisPuniv/R  5.CTTAATACAAACAACAAAAAAATTTTTATTCC-3'

PCR products were subsequently cloned using thevpGEector cloning system (Promega).

Individual PCR clones were sequenced by GATC-bloteith universal pUC/M13 reverse

primer. Only PCR clones with at least 95% converb Cs outside CpGs were taken into

account..

http://quma.cdb.riken.jp/ websites.

Results were analyzed using ClustalX wewét and http://cpg.nw.cz and
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4.8  Treatment of HeLa and ST-IOWA cells with azaC and BA
HeLa and ST-IOWA cells were grown up to approximaté0% confluence and then
cultivated at indicated concentrations of azaC rfaigand TSA (Sigma). After 48 h, the

treated cells were harvested for DNA analysis.

4.9 Sssl methyl-accepting assay

We have used the slightly modified protocol of Wuag (1993). Analyzed samples of
genomic DNA were digested to completion overnigtihvs U Hindlll perug of DNA. DNA
concentration was determined spectrophotometricaily then verified on 1% agarose gel.
Three hundred nanograms of digested DNA was inegbaith 4 U of Sssl methylase (CpG
methylase, New England Biolabs),u® S-adenosyl-L-[methyl- 3H]methionine ([SH]SAM,
81 Ci/mmol, Amersham) and 1M non-radioactive S-adenosylmethionine (SAM, New
England Biolabs) in the buffer supplied by the nfanturer at 37°C for 17 h. The reactions
were stopped by adding 04l 32 mM SAM and spotted onto glass microfiber fidte
(Whatman). The filters were dried, washed twicd.@hml of 5% trichloride acetate acid for
10 min and twice in 10 ml of 70% ethanol for 10 ydned again and placed in a scintillation
vial containing 4 ml of scintillation mixture. Thszintillation was counted for 1 min, and the

results were normalized to the value of a controtkademethylated sample.

4.10 RNA extraction and reverse transcription

Total RNA was extracted from cultured cells or frdiesues with TriReagent (Sigma)
according to the manufacturer's protocol. The &@ssamples were first homogenized with
TissueRuptor (Qiagen). RNA samples were treated @lasel (Roche) before RT-PCR to
remove any contaminant DNA for 15 min in the M-MLMverse transcriptase buffer
(Promega). One microgram of RNA was reversely tabed into cDNA using random
haxanucleotides or oligo(dT)12-18 primer and M-MLl¥verse transcriptase (Promega)
according to the manufacturer's protocol. RNA foaumtification and cloning of ratPAR was
extracted using an RNeasy kit (Qiagen) and incubaith 5 U of RNase-free DNase
(Promega) for 30 min at 37°C. Two micrograms of RMAre reversely transcribed into
cDNA using random hexanucleotides and M-MLV revdraascriptase (Promega) according
to the manufacturer's protocol.

4.11 cDNA PCR amplification

Non-quantitative PCR of ERVWE1 was used for comparison of samples from Hela cells
treated with AzaC and TSA. The used primers wermpgementary to ERVWEIenv
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sequence syncytin-1 amplifying both, spliced andn-spliced RNA: forward, 5
AGGAGCTTCGAAACACTGGA-3 and reverse, '85TGAGCTAAGTTGCAAGCCC-3
(Kudo et al., 2003)B-actin, forward 5CA CCATGTACCCTGGCATTG-3and reverse's
GCCGGACTCGTCATACTCCT-3(Okahara et al., 2004). The expected sizes ofPGR
products were 494 bp for syncytin-1 and 190 bppfactin. cDNA samples were used for
PCR amplification as follows: 90 s 95°C, 30 cyabesh consisting of 15 s 95°C, 45 s 60°C,
50 s 72°C, and finally 2 min 72°C for syncytin-hda90 s 95°C, 30 cycles each consisting of
15 s 95°C, 15 s 55°C, 20 s 72°C, and finally 2 @#2AC forp-actin. The amount of template
cDNA was determined experimentally so that theregfee gene gives about the same amount
of PCR product. PCR products were separated ongd®®ose gel. As a negative control for
the absence of exogenous DNA contamination, ra@atian in the absence of the reverse
transcriptase revealed no amplified product.

Splice-specific quantitative PCRwas used for quantification of ERVWEL transcriptsich
were normalized to RPII housekeeping gene trartscri@pne microliter of cDNA was used
for the quantitative PCR based on the MESA GREENRMMasterMix Plus for SYBR
Assay Kit (Eurogentec) and Chromo4 system for tiead PCR detection (Bio-Rad). The
volume of the reaction mixture was A0with 400 nM final concentration of each primer.
ERVWEL1 non-spliced and spliced transcripts werentjfiad with the same forward primer
(5"-ACATTTTGGCAACCACGAAC-3’) and selective revergeimers, non-spliced reverse
(5"-AAAGTGGAAGCTGGCTTGAG-3") and spliced reverse {5
GGCCATGGGGATTTATGATT-3"). ERVFRDEL non-spliced asgliced transcripts were
quantified with the same forward primer (5-CAAGTBBGGCTGAACAGG-3") and
selective reverse primers, non-spliced revers&CEGAGCCACTGTGGTTGAGA-3") and
spliced reverse (5-TGTATTCCGGAGCTGAGGTT-3"). Primeaused for theRPIl gene,
RPII forward primer (5"-GCACCACGTCCAATGCACT-3") andrPlIl reverse primer (5°-
GTGCGGCTGCTTCCATAA-3"), were localized in differeetons. External standards were
constructed by PCR using BeWo cDNA and transcipeiegic primer sets. Resulting PCR
fragments of ERVWEL1 were cloned into the pGEM-TEgdByomega) and verified by
sequencing. Ten-fold serial dilutions of exterrtahslard plasmids containing the genomic or
spliced cDNA of ERVWEL, ranging from 10 to ®l@opies per reaction, were used for
construction of the calibration curves. Ten-foldiaedilutions of plasmid containing the
fragment of the humaRPII gene, ranging from 10 to 1@opies per reaction, were used for
the construction of RPII calibration curve. Cygliconditions for ERVWEL1 and RPII were 5
min at 95°C, 45 cycles of 15 s at 9&, 20 s at 58C, 30 s at 66C. The negative controls
included water as a template. All quantitative RTR3 were performed in triplicate. The

specificity of the PCR products amplified was canid by melting curve analysis and by
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sequencing the PCR products. To assess the amiocontaminating exogenous DNA, either
genomic or plasmid, we included reactions run m @gbsence of the reverse transcriptase as
negative controls. The background values of theggtive controls were subtracted from the

results of respective reactions with reverse tnapisse.

Quantitative PCR of PERV transcripts was performed with primers PERV_RNA forward
5-AGTCCTCTACCCCTGCGTGG-3' and reverse 5-CTCCAAGBGTTCTCGGGTGT-

3’ universal to amplify 16 different PERVs from allibgroups. Transcripts were normalized
to glyceraldehyde-3-phosphate dehydroger{@®PDH) housekeeping gene transcripts with
primers GAPDH forward 5-CGTCAAGCTCATTTCCTGGTACG-3 and reverse
5-GGGGTCTGGGATGGAAACTGGAAG-3'. QPCR was performstmilarly as described
before. The volume of the reaction mixture wagiPith 300 nM final concentration of each
primer. Plasmid with PERV-14/220 was used as eatestandard for PERV transcripts. The
external standards for GAPDH were constructed byR R@Sing ST-IOWA cDNA and
transcript-specific primer sets. Resulting PCR rinagts were cloned into the pGEM-TEasy
(Promega) and verified by sequencing. Calibratiomves were prepared by serial dilutions as
described above. Cycling conditions for PERV andPGA were 5 min at 98C, 40 cycles of
15 s at 95C, 30 s at 60C, 30 s at 7Z. Controls and background values subtraction were

performed as described above.

Quantitative PCR of ratPAR was performed with 2.pl of the RT reaction using Quantitect
Probe PCR Mix  (Qiagen) 0.4 uM of  each primers Q1  5-
TCAAGGTGTCTCCCATCAATTTC-3' and Q2 5-CGTCAACACCCAAAGAATGTG-3',
0.2 uM of Fam-Tamra labelled probes PR 5-CTGAGCGTTTCT&EE (Sigma). The
amount of RNA between each sample was normalizéty ube housekeeping gene 18S
rRNA, primers Q3 5-TCGAGGCCCTGTAATTGGAA-3' and Q4 5-
CCCTCCAATGGATCCTCGTT-3' and probe P18 5-AGTCCACTAARATCCTT-3"The
assay was performed in duplicate using the ABI RRIB00. Thermocycling conditions
were: 50°C, 2 min; 95°C, 15 min; 40 cycles of 9516,s and 60°C, 1 min. The numbers of
copies of each product were calculated from stahdarves obtained by serial dilution of the
plasmid pCFCR/ratPAR. Part of the 18S mRNA gene amglified using primers ZF;ZR
from human total RNA and cloned into TOPO BLUNT Rvjtrogen) following the

manufacturer's instructions.
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4.12 Invitro DNA methylation

The reporter vectors with LTR-driven luciferase gemas methylateth vitro by incubating
10 ug of plasmid DNA with 10 U of Sss1 methylase (Cp@tiyltransferase, New England
Biolabs) in the recommended buffer containing #BDSAM for 2 h at 37°C. To confirm that
the methylation was complete, we digested the ntetibry plasmid by methyl-sensitive
restriction enzyme Hpall and compared the reagtiaauct with the Hpall digest of the non-
methylated plasmid DNA.

4.13 DNA transfection and reporter expression assays

The methylated and mock-methylated LTR luciferasestructs were transfected into BeWo
HelLa cells or 293T cells. The cells were grown @& mBm Petri dishes to 50% or 70%
confluence, respectively, and g of plasmid DNA was applied using the FuGene-6
lipofection reagent (Roche) at a DNA/reagent migttatio of 1:3 in OPTIMEM (Invitrogen).
Equal amount of plasmid pCMdal (Stratagene) bearing the CMV promoter-driien
galactosidase pfgal) was cotransfected together with pLTRIuc, ghdal activity was
measured to normalize the transfection efficier@P.TI-MEM was replaced with standard
cultivation medium 24 h post-transfection. Celldies were prepared 48 h after transfection
using lysis buffer containing 150mM NaCl, 20mM Tgbl 7.5, 1% Triton X-100 and 2mM
EDTA. Luciferase activity was measured in the mixL0 pul of lysate and 3@l of luciferin
solution (Promega) using luminometer DLReady™ Pmganeletection system Berthold. To
measure th@-gal activity, the mixture of 3@l of cell lysate, 20Qul of 100 mM phosphate
buffer, 3ul of 100 mM magnesium buffer, 4l of p-mercaptoethanol and 6 of 0.4% o-
nitrophenyl B-D-galactopyranoside (Sigma) solution was preparédis mixture was
incubated at 37°C for 10—-20 min, and then the r@aatas stopped by adding 5000f 1 M
Na2CO3. The3-gal activity was measured spectrophotometricdiltha wavelength 420 nm
(Beckham DU 640).

4.14 Transfection, virus production and infection

Viral particles carrying the receptor genes werpced by co-transfection of 3u§ of three
plasmids, CMVi for MLV Gag-Pol, MDG for VSV-G and IW vector genome pCFCR
carrying the receptor gene (ratio 1:1:1.5) on agerit 293T cells in 100 mm-dish using (8
of FuGene- 6 reagent. Cells were washed 24 houes knd at 48 and 72 hours the
supernatant containing viral particles was handested passed through a 0.4 filter

(Millipore). Replication-competent PERV-A 14/220 pegssing the reporter gene EGFP,
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EGFP(PERV-A), was produced as follows. A similarettplasmid transfection reaction on
293T cells was performed using pCNCG instead of @& order to produce MLV/EGFP
particles. The virus-containing supernatant wasd uge transduce 293T cells. The stable
EGFP-expressing 293T cells were then transfecténlguSuGene-6 with the replication
competent PERV-A 14/220 plasmid. The titer of EGHERV-A) viral particles was assessed
by infection of 1 x 105 293T seeded in a 6-weltglasing serial dilutions of the supernatant.
After two months the titer was stable at 2 ¥ HIGFP 293T transducing units/mL. The
receptor transduction and EGFP(PERV-A) infectioravperformed as follows: 5 x 40
target cells were seeded in a 12-well plate andddne after, 500ul of virus-containing
supernatant was added. Receptor or EGFP expressam verified 48 hours post
transduction/infection by flow cytometry analys®ERV3a virus was prepared in 293T cells
transfected with PERV3a plasmid using FuGene-6. $hpernatant was collected and

filtrated 48 h later and used for infection.

4.15 Flow cytometry analysis

Cells transfected or transduced with HA-tagged R¥dRe detached with PBS-5 mM EDTA
and blocked by incubation for 30 min in PBS-10% Fd6ice. The cells were washed twice
in PBS, resuspended in PBS-2% FBS containing 1.di@ion of mouse monoclonal
antibody HA.11 (Covance) or g of mouse monoclonal antihuman CD71 antibody @ant
Cruz) and incubated for 1 hour at 4°C. After twosthwes with PBS-2% FBS, the cells were
incubated with 1:200 dilution of the secondary lamiily anti-mouse 1gG fluorescein
isothiocyanate (FITC)-conjugate (Jackson Immunamety in PBS-2% FBS for 45 min at
4°C. Cells were washed three times and resuspemd®&BS. To assess EGFP(PERV-A)
infection efficiency, 48 hours post-infection cellere harvested and resuspended in PBS. All
the samples were processed in a FACScan cytonisetdn-Dickinson) and analyzsed using

CellQuest software.
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5 Results

5.1 Role of CpG methylation in the regulation of syncyin-1 and -2 expression

5.1.1 CpG methylation of ERVWE1 and ERVFRDEL in human tissues and cell
lines

As transcription of vertebrate genes, ERV and otbgpelements is often regulated by
CpG methylation, we have compared the level of giation within the ERVWE1 and
ERVFRDEL regulatory region in the placenta, in otheman tissues and in cultured cells.
Using the technique of genomic sequencing afteulfitis treatment, we assayed the CpG
methylation pattern of five CpG dinucleotides withihe 5 U3 region of the ERVWE1
provirus bearing theyncytin-1gene and eight CpG dinucleotides within the wioIeTR of
ERVFRDEL bearing theyncytin-2gene (Fig. 1a). In order to distinguishLIR from the 3
LTR, as well as other members of the HERV familigs, have designed at least one primer
for the semi-nested PCR into the unique sequengeet to the 5LTR (Fig. 1a). The
nucleotide sequence of PCR products confirms tleahave selectively amplified thé I5TR
of ERVWE1 and ERVFRDEL. In all samples apart frolacpnta and choriocarcinoma cell
lines, ERVWEL1 promoter was found to be methylatleVFRDE1 was found to be heavily
methylated only in fibroblasts; however, its mettign was analyzed in fewer tissues. In
term placenta samples, all ERVFRDEL 5’ LTR sequemoéibited a low methylation level,
whereas the obtained ERVWE1 sequences were eitbavilljh methylated or almost
unmethylated (Fig. 1b). The bimodal methylationtgrai of ERVWEL1 is probably connected
with the methylation progress during the placergaetbpment. Further, we analyzed two
choriocarcinoma cell lines BeWo and JEG3 with heglpression of botByncytins In BeWo
cells we analyzed both HERV 5'LTRs, in JEG3 only\BRE1 5’ LTR was examined. Both
5’ LTRs were found to be completely demethylatedhoriocarcinoma cell lines (Fig. 1c). A
decreased level of methylation of the ERVFRDEL wlaserved in one sample of testis (Fig.
1le). Among a representative number of sequencesnebtfrom skin fibroblasts we have not
found any unmethylated clone, with most of thermbeiully methylated in both HERVs
(Fig. 1d). Furthermore, we analyzed the methylapattern of the ERVWE1 U3 region in
HelLa cells and PBMCs from methylation-deficient I6fdrome patients. Although these
cells display a decrease in the overall genome ytagibn level due to their transformed
character or a lack in Dnmt3b activity, we have fooihd any decrease in methylation density
within the ERVWE1 8. TR U3 region, and most of the clones were fullytmytated (Fig.
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Figure 1 - CpG methylation status of the U3 regiorof ERVWE1 and ERVFRDE1 %
LTR. (a) Schematic representation U3 regions of the exathERVWE1 and ERVFRDE1 5
LTRs provirus. Arrows show location of PCR primémllipops represent CpG within the U3
regions. (b) CpG methylation status of 83 ERVWEL and '5U3 ERVFRDEL regions
detected by bisulfite sequencing in placenta tissaraples (c) CpG methylation status 6f 5
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U3 ERVFRDEL1 in BeWo and 83 ERVWEL in JEG3 and BeWo choriocarcinoma ceddi
(d) CpG methylation status of the same sequencédroblasts (e) in testis and (f) 5’'U3
ERVWE1 methylatin status in cervical carcinoma Heet line and (g) PBMC from patients
with ICF syndrome. In parentheses is depicted #regntage of methylated CpGs from all
CpG dinucleotides. Methylated CpG dinucleotidesdepicted by solid circles; unmethylated
CpG sites are indicated by open circles.

5.1.2 Stability of CpG methylation of the ERVWE1 5’ LTR in non-placental cells

If CpG methylation ensures transcriptional suppoesf ERVWE1 and prevents
improper cell-to-cell fusion in somatic tissues,should be very stable and resistant to
accidental fluctuations. We therefore analyzed stability of the CpG methylation level
within the U3 region of ERVWEL1'RTR in HelLa cells treated with azaC and trichaseA
(TSA), inhibitors of DNA methylation and histoneesglation, respectively. We applied two
different concentrations of azaC alone or togethigh TSA. The higher concentrations of
both agents severely decreased the proliferatioielfa cells, indicating that we have
reached the maximum of tractable genome demetbglaffhe effectiveness of whole-
genome demethylation was checked by the methylgtioge assay using theSs$
methyltransferase. Low concentration of azaC albad no effect on the U3'3.TR
methylation level, although we detected a substhdtcrease in total genome methylation.
Higher concentration of azaC alone and particularlcombination with TSA resulted in
further decrease in total CpG methylation, but calglight decrease in methylation of the
analyzed U3 region. A small fraction of analyzedusnces were found to be demethylated,
but the majority of them remained untouched (Fa). Zurthermore, it seems that the third
CpG dinucleotide is less resistant than otherhi¢oazaC/TSA-induced CpG demethylation.
Furthermore, we analyzed whether the mild demetioylaof HeLa cells releases the block in
the transcription of ERVWEL. RNA from azaC- and F8éated Hela cells and from BeWo
cells, as a positive control, was isolated and sttbd to RT-PCR. After 30 cycles of PCR,
we did not detect any ERVWEL1 transcript in HeLBscg-ig. 2b). The increase in PCR cycle
number to 35 led to the detection of a very low antocof ERVWEL transcript in mock-
demethylated and in AzaC- and TSA-demethylated Heébs (data not shown). This
probably represents an accidental background trigtisnal activity of ERVWEL, which,

however, does not correlate with the decrease &f @pthylation.

51



methylated CpG ol sa total genome
U3 5'LTR methylation /all CpG aza demethylaton
vt (U3 5°demethylation | (LM) | (LM) (relative to A)
relative to A)
I — 38/50 o | o [Hf
(1)
—
—3
B 41/50
g 09) 50 ([ o [ Wll16
C i 100 | 0 [T
D
28/50 50 |0.03[ M 25
. (1.4)
' U3
b)
500bp
300bp
200bp
A B C D BeWo A B C D BeWo
syncytin -1 i B-actin

Figure 2 — Impact of the DNMT and histone deacetyke inhibitors, azaC and TSA, on
the CpG methylation and the expression of ERVWEL inHeLa cells. (a) Methylation
pattern of the ERVWE1'5U3 region in HelLa cells demethylated with increhse
concentrations of azaC and/or TSA. Micromolar conidions of azaC and TSA are
indicated on the right. Numeric representations @G methylation show numbers of
methylated CpG/numbers of all CpG. The relativerelese of CpG methylation in
comparison with mock-treated HelLa cells is givepanentheses. The relative extents of total
genome demethylation as estimated by the increbseethyl acceptance are given on the
right side of the figure. Methylated CpG sites ardicated by solid circles, unmethylated
CpG sites are indicated by open circles. (b) Exgpiees of ERVWEL was determined by RT-
PCR with ERVWEL1 env-specific primers in HelLa cel&methylated with increasing
concentrations of azaC and TSA as indicated belB®e¥Vo cells were used as a positive
control of ERVWEL1 expressiof-actin mRNA levels were used as an internal loading
control. M, 100 bp ladder with indicated fragmeizes.
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5.1.3 CpG methylation suppresses the transcriptional actity of ERVWE1 LTR
invitro

The tight negative correlation between CpG metigfain the U3 region of ERVWE1
LTR and transcriptional activity suggests that mttion could be the mechanism of
transcriptional suppression. In order to assessdigative influence of U3 CpG methylation,
we have fused together the complete ERVWELTR and the luciferase reporter gene. In
this way, we have created a new reporter vectorRiud. We methylated all CpG sites in
pPLTRIuc in vitro with the CpG-specifiSs$ methylase and measured the promoter activity
after transient transfection of methylated and mmethylated pLTRIuc DNA into HeLa and
BeWo cells. Both HeLa and BeWo cell lines displayleigh luciferase activity after
transfection by the mock-methylated reporter vectowvitro-methylated pLTRIuc vector,
however, induced only weak luciferase activity othbcell lines (Fig. 3). We conclude that
CpG methylation suppresses transcription of ERVVEERA the non-methylated U3 region of
ERVWEL is transcriptionally active in HeLa cells the absence of placental-specific

transcription factors.

5000

* ¥ *

X

Figure 3 — Effect of CpG methylation
4000 on the transcriptional activity of
ERVWE1 5’ LTR in HeLa and BeWo
cells. The complete ERVWE1 5TR was
fused with the luciferase reporter into
3000 pLTRIluc. This vector was in-vitro-
methylated with Sssl methyltransferase,
and 1ug of plasmid DNA was transfected
transiently into HeLa and BeWo cells
2000 grown on 35 mm Petri dishes. The
transcriptional  activity of  mock-
methylated (black columns) and
methylated (grey columns) constructs
was measured as luciferase activity two
days after transfection. Error bars
correspond to SE calculated from four
parallels in HeLa and from six parallels
in BeWo. *P < 0.05; *P < 0.01

Relative luciferase units
(normalized to -gal activity)

1000 4
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514 Quantitative analysis of the ERVWE1 methylation intumors

Upregulation ofsyncytinsin non-placental tissues is suspected of involvenretumor
progression (Bjerregaard et al., 2006; Larsen.ef@09; Strick et al., 2007; Sun et al., 2010).
ERVWEL1 demethylation in tissues with aberraghcytin-lexpression would confirm the
importance of DNA methylation in its transcriptidnsuppression. Using MSqPCR we
guantitatively analyzed the number of hypomethylatepies of ERVWEL in various tumors
in comparison with the healthy tissues (Fig. 4bg 8whalyzed samples from six patients with
different testicular tumors, one with cancer ofveeal carcinoma, one with endometrial
carcinoma and one with breast cancer. The quasat@aalysis was performed with bisulfite-
treated DNA samples with a primer specific for ti@en-methylated CpGs within the U3
region of 5’LTR (Fig. 4a). Results were normalizeda reference sequence encoding the
RNA polymerase 2A (RPII) with primers gbisRPII. iRdrs complementary to the reference
gene do not pair with any CpG dinucleotides to diynghe converted sequence independently
of its methylation status. MSgPCR revealed a dieaease of the number of hypomethylated
ERVWEL in several testicular seminomas, whereaslinother tumors including non-
seminoma testicular tumors and in healthy contrible, number of hypomethylated copies
was negligible. From patients T, T3 and T7 at less sample of seminoma and one healthy
testicular tissue was collected. From patient diatbma mixed with embryonic carcinoma
and healthy control was collected. From patientwietobtained two biopsies of seminoma
and one with diagnosed carcinomeasitu. From patients SU, EM1, OV and BR we collected
samples of cervical carcinoma, endometrial carcemorovarian teratoma, and breast
carcinoma. A healthy control sample was not avilalye have demonstrated that ERVWE1
LTRs obtained from seminomas are significantly iesthylated than the healthy control and
other tumors. An increased number of hypomethylatedies was also detected in the
carcinomain situ sample T4 is from a seminoma patient. The presence of hypometiyl
copies in this sample suggests that demethylaticcurs already in the early forms of
carcinonoma. The ERVWE1 RNA expression was sigaifity increased in all seminomas
including the carcinoman situin contrast with all other tissues and tumors .(Bay).
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Figure 4 - Quantitative analysis of 5° U3 ERVWEL1 mdylation in the tumor. (a)
Schematic representation of theLR U3 region of the examined ERVWEL1 provirusows
show location of PCR primers. Lollipops represept3within the U3 regions. Vertical lines
joining the arrow with U3 box mark the CpG dinudides decisive for amplification of the
converted non-methylated sequence. (b) The nundbdrgpomethylated 5 U3 ERVWEL in
various tumors and healthy controls were estimégeiS gPCR and normalized to reference
sequence RPIl. Results are shown as average pagemnif the hypomethylated 5 U3
ERVWEL in BeWo cells from three triplicates. Tursamples are marked with t, healthy
controls with h, seminomas with s, carcinoma im sitith cis. No healthy controls were
available for SU, EM1, OV and BR. Error bars copend to SE calculated from triplicates.
5.1.5 Analysis of the ERVWE1 methylation and expressiomi tumors

We have performed the bisulfite sequencing of ERAWE& confirm the MS-gPCR
results and the splice-specific real-time RT-PCRatwlyze the RNA expression in all
collected testicular samples. The bisulfite sequgnconfirmed the heavy methylation of
ERVWE1 5'LTR in non-seminoma testis. High methydatiwas detected in healthy tissues
(Fig. 5b, c) as well as in T6 sample of teratomaeaiwith embryonic carcinoma and T9
sample of lymphoma (Fig. 5b). We have also confdnstrong methylation of breast

carcinoma (Fig. 5d). In seminomas the ERVWE1 meitigth decrease was confirmed (Fig
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5c¢). The methylation level of all samples was glighower than the MS-gPCR results
suggest. The methylation decrease in most semirsangles was even more significant.
Only the low methylation in the carcinonma situ of patient T4 was not confirmed by this
technique. Certain differences are in agreemenh \lie different possibilities of both

methods. Whereas with MS-gPCR we are able to gaéimély analyze the methylation of

two 5 LTR CpGs, with bisulfite sequencing we at#eato qualitatively analyze all five U3

CpGs, although, however, only in a few represevgatopies in the DNA sample.

Further, we examined the ERVWE1 RNA expressionc&ithesyncytin-1protein is
translated only from a correctly spliced RNA, welgmed the expression of both, spliced and
genomic RNA. In all examined seminomas the expoassevels of both non-spliced and
spliced transcripts were increased compared to alaissues and other tumors (Fig. 5a). The
total expression varied from 39% to over 600% & #xpression level of RPII used as a
reference gene. The control non-tumor testiculanpgas collected from the seminoma
patients T7 and T10 express 2% and 4% of RPIl.easgely, which is ten times less than the
lowest expression in seminoma samples. The ERVW#ptession in lymphoma T9 and
embryonic carcinoma mixed with teratoma T6 was Isimn the tumor sample and in control
and varied from 1 to 3% of RPII expression (Fig.5@pntrol samples from non-tumor
patients T2, T5 and T11 varied from 2% to 16% oflIRPurther, we show that the splicing
was efficient in all seminomas with the ratio ofisgpd over non-spliced transcripts varying
between 1.7 and 3.9, while in the majority of otb@mples the spliced RNA was undetectable
and in the sample with highest ratio the expressim@pliced and non-spliced RNA was equal
(Fig. 5a). These results suggest splicing efficawype another control step syncytin-1
expression. The ERVWEL expression was variableapsies taken from different parts of
the same tumor, which is consistent with the higjimal heterogeneity of the tumors. The
increase of ERVWE1 RNA expression in different seamoes not correlate with the level
of LTR demethylation. While the most substantiameééhylation was observed in patient
T10, the RNA expression raised least and vice-yansgaamples with major expression we
measured only 12% methylation decline. This isgreament with the involvement of other
factors insyncytin-1regulation. Demethylation is a necessary but néficent prerequisite
for its expression. We conclude that spliced ERVWENA is present specifically in the
testicular seminomas and that methylation togeth#éh inefficient ERVWEL splicing
prevents impropesyncytin-lexpression in most tissues including many tumous,not in

seminomas.
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Figure 5 - Transcription, splicing and CpG methylaton of ERVWEL in tumors. Tumor

samples are compared with healthy control from shene patient when possible. Tumor
samples are marked with t, healthy controls witlséminoms with s, carcinoma in situ with
cis. (@) The levels of genomic (open columns) aittexl (black columns) transcripts of
ERVWEL in samples from two patients with endometaecinoma E1, E2, one patient with
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breast carcinoma B1, one with mix of embryonic remna and teratoma T6, one with
lymphoma T9, two samples of healthy testes T2ardLnine samples from four patients with
seminomas T3, T4, T7, and T10 were estimated byRg&t@ are shown as the average
percentage of the RNA polymerase Il expressidBD+from three triplicates. The y axis is
interrupted at the level of 10% of RPII and conéawn larger scale. The CpG methylation
status of the 5’LTR U3 ERVWEL1 region of (b) two-seminoma testicular tumors T6 and T9
with healthy controls, (c) six seminoma samplesnfiiour patients T3, T4, T7, T10 with
healthy controls, and (d) breast carcinoma was awath by the bisulfite sequencing
technique. Methylated CpG sites are indicated Hid sorcles, unmethylated CpG sites are
indicated by open circles. Numbers in parenthesgsctl the percentage of methylated CpG
dinucleotides.

5.1.6 Analysis of the ERVFRDE1 methylation in the testeand testicular tumors
Syncytin-2 expression in tumors would be of special interagie to its
immunosuppressive nature. In the study by Gimenezale (2010) almost complete
demethylation in a testicular tumor was shown. Véeennterested whether we could observe
differences between tumors similarly as in the cd¥#RVWE1 promoter. We have analyzed
four seminomas T, T3, T4 and T7 (Fig. 6a) and aeratbma combined with embryonic
carcinoma T6 (Fig. 6b). The tumor tissues were amexgb with healthy tissues from the same
patients. We have detected a decrease of methylatioall tumors including the non-
seminoma. Only in one seminoma biopsy T4s2 colieftem the T4 patient the observed
methylation was higher than in the control tisslieis pattern strikingly contrasts with the
completely demethylated second biopsy T4s1. Théytaton in tumor samples varied from
11 to 84%. The content of methylated CpG of ERVFRDlhe control testicular tissue
varied from 72 to 100%. Moreover, we detected RLU3 ERVFRDE1 of a non-tumor
patient with merely 59% of methylated CpG (Fig.. l¥9wever, the two CpG on the 3’end of
the U3 region were mostly methylated in all healttgntrols. This observation is in
agreement with the results in the study by Gimesieal. (2010). The high variability of
samples suggests that many factors can easilyemfki the LTR methylation pattern. The
methylation of two 3' CpGs seems to be more stHide the rest. Despite a clear decrease of
methylation in the tumor in comparison with the Itl@atissue from the same patient the
direct connection between ERVFRDE1 demethylatioth imor development is disputable,
as low methylation was observed in the non-tumstete too. Neither the demethylation of 3’
CpGs shows clear correlation with tumor developmalthough demethylated 3’ CpGs were

observed only in seminoma samples.
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Figure 6 - The CpG methylation status of the 5’LTRU3 ERVFRDE1 region of (a) seven
seminoma samples from four patients T, T3, T4 andith healthy controls and (b) one non-
seminoma testicular tumor T6 with healthy contwets examined by the bisulfite sequencing
technique. Methylated CpG sites are indicated Hid sorcles, unmethylated CpG sites are
indicated by open circles, and numbers in parerdbedepict the percentage of methylated
CpG dinucleotides.

5.2  CpG methylation and the expression of PERV

5.2.1 CpG methylation decreases the transcriptional actity of PERV LTRs.

We were interested whether DNA methylation playsode in PERV regulation.
Primarily, we examined the sensitivity of PERV 5RTregulatory sequences to DNA
methylation. In order to assess their sensitivily performed an experiment with vitro
methylated reporter constructs similarly as we esthe ERVWE1 5 LTR. We have
prepared constructs with firefly luciferase gdne drived by two different PERV LTRs:
plasmid pLTR-A-luc and pLTR-B-luc with LTRs from R¥ MAMBAl and PERV-60,
respectively. These plasmids were methylatedsitro by the bacterial CpG-specifi§s$
DNA methylase and transiently transfected into harkadney 293T cells. The luciferase
activity induced by the methylated plasmids was entbran five times lower than in cell
transfected by non-methylated plasmitise luciferase activity in cells transfected withiTR-A-

luc was about twice lower than in cells with pLTRtR. The decrease of activity after
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methylation was similar with both plasmids (Fig- We conclude that PERV-A and PERV-B
LTR-driven transcription is sensitive to CpG mettidnin vitro.

5‘LTR PERV-A (MAMBAL) 5‘LTR PERV-B (PERV-60)
%

100000 - VRV 200000

80000
150000

60000

100000

Relative luciferase umt
{normalized to (-gal activity)
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20000

. mock-methylated
[l methylated

Figure 7 - Effect of CpG methylation on the transciptional activity of PERV-A and
PERV-B 5 LTR in 293T cells. The complete PERV &TRs were fused with the luciferase
reporter into pLTR-A-luc and pLTR-B-luc. These oextvere in-vitro-methylated with Sssl
methyltransferase, and Ag of plasmid DNA was transfected together with p@GM¥l
transiently into 293T cells grown on 35 mm Petshdis. The transcriptional activity of mock-
methylated (black columns) and methylated (greyirook) constructs was measured as
luciferase activity two days after transfection amokmalized to-gal activity. Error bars
correspond to SE calculated from three parallef® € 0.01

5.2.2 The majority of PERV LTRs in porcine tissues are mehylated.

We have performed the global analysis of PERV LTRGOnethylation by bisulfite
sequencing. Using primers universal for most PER¥shave analyzed methylation of three
CpGs from the U3 region and seven CpGs from thedion in 11 different porcine tissues.
In order to obtain bisulfite sequences from moghefPERW1 proviruses, we have designed
primers complementary to 16 different PERVLTR sequences from all three subgroups
(accesory number$J279056.1, AY570980.1AF435967.1, AJ133817.1, AF435966.1, AJ293656.1, AY099323.1,
AJ279057.1, AJ293657.1, AJ133816.1, AJ133818.1, 99824.1, HQ540593.1, AF038600.1, AFOSSSQQ&WOiding the
CpG sites within the primers. We have used theseeps to amplify bisulfite-treated DNA

from 11 porcine tissues from one or two individyabs. The obtained PERV LTR
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methylation pattern is ambiguous. The scheme @agypresents CpG dinucleotides common
for all 16 PERV sequences depicted as white IgiigpaCpGs symbolized by grey lollipops
are missing in at least one sequence out of thé?HRBVsS. This variability of reference
sequences made it impossible in some cases togligh the converteded non-methylated
CpGs from the TpG dinucleotides. The majority oRRELTRS were prevalently methylated
in all tissues apart from one sample of placenth detreased methylation was observed in
the sample of lung (Fig 8b). Interestingly, thisnttasts with lower LTR methylation in
porcine cell line PK15 expressing a high level 8R¥ RNA and infectious PERV particles.
The high level of methylation was confirmed in themple of pig kidney despite that the
PK15 cell line is derived from kidney epitheliume&l’y methylation of the cell line ST-
IOWA derived from fetal swine testis is similar as our sample of testis. The
hypomethylation of PERVs in the placenta sample wamaticipated. We can assume total
lower methylation and expression of ERVs in por@ieecenta similarly as in other mammals.
The decrease of methylation in lung sample wasrisimg. However, in this case none of the
LTR sequences was completely demethylated; ragveidpGs were demethylated in each of

the obtained sequences, which may not have beé&aisuif for the PERV expression.
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Figure 8 - CpG methylation status of the U3/R regio of PERVs. (a) Schematic
representation of complete PERV provirus and ofitd TR region and leader sequence.
Arrows show location of PCR primers. White lolligapresent CpGs common for all PERV
sequences; grey lollipops represent CpGs presempiaim of the PERV sequences. (b) CpG
methylation status of the U3/R region of PERV LERected by bisulfite sequencing in pig
tissue samples, (c) CpG methylation status of tB&RUegion of PERV LTR in porcine cell
lines. The total number of CpGs per sequence vémes 8 to 10 CpGs. Numbers depict the
percentage of methylated CpGs from all CpG dinuaes. The lowest number is the
percentage of methylated CpGs from all CpGs indgdihe unambiguous, the highest
number is the percentage from all CpGs excludirguhambiguous CpGs. Methylated CpG
dinucleotides are depicted by solid circles, unmyletied CpG sites are indicated by open
circles, unambiguous CpGs are indicated by gregles.

5.2.3 Quantitative analysis of hypomethylated PERV LTRsm porcine tissues and
cell lines

Bisulfite sequencing allows us to detect the metiyh status of the majority of LTRs.
However, the porcine genome contains several teRERVs and expression of one or a few
demethylated proviruses could be crucial for th&Ri?Hransmission while the majority of
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methylated PERVs may not be important. Therefores decided to compare the
hypomethylated PERYL LTR copies in porcine tissues quantitatively dind out whether
we could detect significant differences betweenmhé&Ve used the MS qPCR for this
purpose. We designed primers complementary to fiéeint PERW1 sequences binding the
region rich in CpG dinucleotides (Fig. 9a). Primereye designed to be complementary to the
non-methylated CpGs converted to TpGs. To increlaseability of primers to distinguish
between CpG and TpG we localized the crucial complgary adenosines and thymines in
the forward and reverse primer, respectively, & tery 3’end when possible. All bases
distinguishing the non-methylated CpGs were onLiié& backbone. With these primers, we
have quantitatively amplified the hypomethylatedRRELTRS. Results were normalized to a
reference sequence coding the elongation fact®No& polymerase 2 (ELF2) with gbisELF
primers. Primers complementary to the reference giemnot pair with any CpG dinucleotides
to amplify the converted sequence independentlysomethylation status. We succeeded to
amplify the hypomethylated proviruses from evergraxed tissue from all pigs and from the
cell lines PK15 and ST-IOWA (Fig. 9b). According ttee results of MS gPCR the cell line
PK15 contains the highest number of the hypometbgl®#ERVs. One sample of placenta
contains about half of the hypomethylated PERV®daet in PK15. In other tissues the
number of hypomethylated copies of PERVs was thirees to ten times lower than in the
cell line PK15. We did not detect any significaiffedences between tissues common for all
pigs; neither did any examined pig display a ddfdérmethylation level of PERVs in its
tissues. The decrease of PERV LTR methylation id%Hetected by this technique is more
significant than what suggested the bisulfite saqung.

In representative tissues, we analyzed the PERV RK#&ession by quantitative RT-
PCR (Fig. 9c). The measured PERV RNA varied fressl|than 0.1 to 2.5% of GAPDH
RNA. In PK15, PERV expression reached 28% of GAPDHe to the poor quality of RNA
we were not able to measure the PERV expressidheirsample of placenta L3 with low
methylation. We conclude that the decreased PERthyiaion correlates with increased

PERV expression. PERVSs in porcine tissues are siielly methylated and silenced.
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Figure 9 - DNA methylation quantitative analysis of5’ LTR and leader sequence of
PERV proviruses in pig tissues and cell lines) Schematic representation of complete
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PCR primers are depicted in the scheme. b) The atsndf hypomethylated PERV 5 LTRs
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per genome in 12 pig tissues and two cell linesevestimated by MS gPCR and normalized
to the number of ELF2 DNA copies estimated by gPR&sults are shown as average
percentage of the number of hypomethylated PERNMTRs per genome in PK15 cell line
from three triplicates. Tissues were collected fitwra to four pigs. ¢) The levels of transcript
of PERVs in seven pig tissues and two pig celklimere estimated by gPCR and are shown
as the average number of PERV RNA molecule perQLBD0A molecules of GAPDH from
three triplicates. Each color represents individpay or cell line.

The differences between the data obtained fromfliessequencing and the MS qPCR
may have several causes. First, the results obt&iom sequencing demonstrate methylation
of the whole PCR fragment, whereas MS gPCR redel&nd only on the methylation status
of the CpG within the primers. Second, we sequettiicedR region of LTR whereas the MS
gPCR analysis targeted the sequence on the bofdeB and R regions and the leader
sequence. Third, via MS gPCR we are able to ammifiyl quantify specifically the
demethylated sequences despite their minor repeds®Enin the sample, whereas use of the

bisulfite sequencing enables identification of othlg prevailing methylation pattern.

5.24 Methylation pattern of individual PERV proviruses

Identification of particular transcriptional activeERV copies would be helpful in
selection of pigs with low PERV expression. Highmaogy between individual PERV
proviruses and insertion polymorphism in individyma$is disables identification of active
proviruses according to the expressed PERV RNAeiD@hation of the methylation status of
selected provirus can be used as confirmationsmodifirmation of proviral activity estimate.
We analyzed the methylation status of four prowsjswo PERVs from subgroup A termed
MAMBA1 and MAMBA7 and two from subgroup C termedi&nd RW. These proviruses
were selected on the basis of the estimate thaetRERVs might be transcriptionally active
(based on unpublished results of Hector et al. Bumtlin et al.). PERV-C 6SH was found to
be hypomethylated in about half of the analyzeduseges (Fig 10c), whereas the other
PERVs were fully methylated (Fig 10a, b, c). Seqasnof PERVs MAMBA-1 and -7 are
obtained from porcine skin samples, sequences \BESH and RW are obtained from
blood cells. MAMBAL1, MAMBA7, PERV-C 6SH and PERV-BW sequences originate
from four, one, four and three animals, respediivélll sequences were amplified with
reverse primers specific to the internal PERV saqeeand at least one forward primer
specific to flanking sequences to ensure the aroalibn of provirus from one integration
site. The analyzed part of the regulatory sequema® selected according to the available
knowledge of the provirus sequence and in ordeaviud the CpG positions. The bimodal
methylation pattern of PERV-C 6SH provirus reminasthylation of ERVWE1 promoter. It
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may be a result of imprinting or we may have detgatterns of more blood cell types with
different PERV methylation. Interestingly, the hypethylated pattern is restricted to the
PERV sequence. The CpG within the flanking sequéneeethylated in most sequences in
all animals. We conclude that the PERV-C 6SH isphty transcriptionally active.
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Figure 10 - CpG methylation status of the 5 LTR rgion of four individual PERV
proviruses. Schematic representations of the examined regiomst@own for each provirus.
Arrows show location of PCR primers. Lollipops repent all CpGs within the examined
regions. The CpG methylation status of regulateguences of (a) PERV-A MAMBAL1 in skin
samples from four animals, (b) PER-A MAMBA-7 im&ample from one animal, (c) PERV-
C 6SH in blood sample from four animals and (d) FPERRW in blood samples from three
animals was examined by the bisulfite sequenciaigniqgue. Methylated CpG dinucleotides
are depicted by solid circles; unmethylated Cp@ssdre indicated by open circles.

5.2.5 CpG methylation stability of the PERV LTRs

In clinical transplantation, ischemia-reperfusionjury induces oxidative stress.
Demethylation of cytosines is one form of DNA dama&gused by these conditions (Parker et
al., 2008 19104428). We therefore analyzed thalgyabf the CpG methylation level within
the PERV LTR in ST-IOWA cells. We treated them wiithibitors of DNA methylation and
histone deacetylation, azaC and TSA, respectiwdly.applied azaC alone or together with

TSA in two different concentrations (Fig. 1la). BJS qPCR we detected only minor
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demethylation with significant difference only beswn non-treated cells and the treated ones
independently on the agent concentrations and aaatibns (Fig. 11b). However, the number
of demethylated PERV LTRs was more than ten timme®t than in PK-15 cells. We did not
detect any decrease of methylation by bisulfiteuseging (Fig. 11c). All LTR sequences
obtained from the ST-IOWA cells treated with condtian of the highest concentrations of
azaC and TSA were nearly completely methylatedtheamore, we analyzed whether the
treatment influenced the expression. RNA from aza@ TSA-treated ST-IOWA cells was
isolated and quantified by RT-PCR (Fig. 11d). THe#amed values were related to the
expression of GAPDH. PERV RNA expression of the-treated cells was 1.6% of the level
of GAPDH expression. Surprisingly, we have obserdedreased PERV expression in the
treated cells. Considering the very low PERV exgm®@s in the non-treated cells we can
assume that the decrease of expression is a carsarof a misbalance induced in the cell

by the inhibitors rather than an effect specific fioe PERVs. Possible increase of GAPDH
would influence the results.
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Figure 11 - Impact of the DNMT and histone deacetgse inhibitors azaC and TSA on
the CpG methylation and the expression of PERVs STOWA cells. (a) Depicted
concentrations of AzaC and TSA and their combinatizwere used for treatment of four
cultures of ST-IOWA cells numbered 1, 2, 3 and¥The numbers of hypomethylated PERV
5 LTRs per genome in ST-IOWA samples from cetumd 1-4 treated with increasing
concentrations of AzaC and TSA were estimated bgRCR and normalized to the number
of ELF2 DNA copies estimated by gPCR. Results hosvs as average percentage of the
number of hypomethylated PERV 5’ LTRs per genorR&irb cell line from three triplicates.
Horozontal line represents average values, errorsbi@present 95% confidence intervals,
boxes represent upper and lower quartiles. AccaydmANOVA test ST-IOWA 1 differs from
other samples at the level of probability p < 0.(d5.The levels of transcript of PERVs in ST-
IOWA samples from cell cultures 1, 2, 3 and 4 vestanated by gPCR and are shown as the
average number of PERV RNA molecule per 10000 RdlAcoles of GAPDH from three
triplicates. (d) CpG methylation status of U3/Rimegin ST-IOWA sample 4 detected by
bisulfite sequencing. Converted DNA was amplifigd nisP_univ primers (Fig. 8a).

68



5.2.6 Methylation of PERV proviruses in human cells

Host cells often protect themselves against retabinfection by silencing of the newly
integrated proviruses by methylation. We were ggted whether human cells are able to
silence in this way PERV proviruses in case ofcdtita. To examine this, we infected the
highly sensitive human cell line 293T with PERV-A220 or PERV-3a. Infected cells were
collected after different intervals from two days to two months. We have observed a very
slow slight increase of 5'LTR methylation (Fig 1®).the long-term-infected 293T cells used
as a source of PERV-14/220 virus we have not dedeahy methylated PERV LTR (Fig
12b). Low methylation of proviruses in this celhdi could be connected with high PERV
expression and frequent new integrations into thset DNA. These results suggest that at
least at the transcription level human cells hagey \poor protection against PERVs. An
interesting phenomenon of changing the repetitiomimer within the U3 region was observed
in the replicating PERV-3a (Fig. 12a). Despite tthet virus used for infection was collected
from cells transfected with one plasmid isolaterimgathe PERV-3a with three repetitions
within the LTR, in the infected cells we detecte@Rs with one, two or three repetitions.
Repetitions are marked by gray rectangles. Thgssit®ns have significant influence on the
efficiency of LTR as promoter (Sheef et al.,, 20@knner et al., 2003). Fast changes of

repetition numbers demonstrate the inaccuracywarse transcriptase.
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Figure 12 - Progression of CpG methylation of the '5LTR and leader sequences of
PERVs after infection to human 293T cellsUpper schemes represent 5’ LTR regions and
leader sequences of the examined PERVs. Arrows kltatvon of PCR primers. Lollipops
represent CpGs within the depicted regions. Lowetsprepresent the CpG methylation
status of indicated regions. Numbers on the rigih sndicate the time of cell collection after
infection and in parentheses the percentage of ytatd CpGs. (a) PERV3a-infected cells
were collected in three terms and (b) PERV14/228eted cells in four terms. Last plot
represents the examined region in 293T cells uSedy rectangles indicate position of U3
repetitions. Methylated CpG dinucleotides are diguicby solid circles, unmethylated CpG
sites are indicated by open circles.

5.3 PERV-A receptors

5.3.1 Comparison of PERV-A receptor sequences

The majority of tested cells including mouse andcedl lines have been shown to be
resistant to PERV-A infection (Takeuchi et al., 89Wilson et al., 2000). The host range of
gammaretroviruses is often determined by the fonelity of their receptor genes (Tailor et
al., 2000). Transfection of cDNA for human PERV-éceptors huPAR-1 and 2, but not their
murine homolog, muPAR, conferred PERV-A infectivity otherwise resistant rabbit and
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murine cell lines (Ericsson et al., 2003). Basedtlugse results we hypothesized that the
PERV-A resistance of mouse and rat cells may betdwefective mutations for PERV-A
receptor function in muPAR and the rat homologPAR, and that such mutations may be
shared in these two rodent species. We set ouindial experiments to test this hypothesis
and first cloned a cDNA for rat PAR from PERV-A-stant NRK cells. Its predicted amino
acid sequence is almost identical (only 2 a.aetbfiice in 450 a.a.) to that in the rat genome
database [GenBank: XM_343272] and differs fromrthd®?AR sequence by 9.6% (Table 1).
MuPAR and ratPAR are similarly distant from huPARyid -2, about 20% mismatch and
share 43 rodent-specific mutation (a.a. presetiiermouse and rat but different from human)
in 450 a.a.

Table |: Amino acids identities

RatPAR
MuPAR 90.4%
HuPAR-1 81.1% 79.3%
HuPAR-2 86.1% 79.6% 79.0%
5.3.2 Functionality of human and rodent PARs

Next, we tested the receptor function of rodent BARRcomparison with human PARs.
In this assay, all receptors were expressed asndral HA-tagged forms using an MLV-
based retroviral vector. This allowed stable PARpression in various target cells and
guantification of their surface expression by immstaining with an anti-HA antibody.
Human 293T, murine MDTF, rat NRK and quail QT6 sellere transduced to express
various PARs, so that 50 to 70% of the cells exqg@sPAR on their surface. PERV-A
infection of cells with or without various PARs wadssted using high-titer PERV-A
containing an MLV vector genome encoding EGFP [EEERV-A)] (Bartosch et al., 2004)
(Fig 13). The overexpression of any PAR in humaB8T26ells did not increase the infection
efficiency, suggesting that endogenous huPAR egmessupports maximal PERV infection
in these cells. Despite no PERV-A infection beiegarded in MDTF, NRK and QT6 cells
without exogenous PAR, these resistant cell linesalne susceptible to PERV-A infection
upon expression of huPAR molecules (Fig. 13). Téslt suggests that PERV-A infection is
blocked at the entry level and that expression d&firectional receptor can overcome this
block. MUPAR, unlike huPARs, could not rescue PERMction when expressed in resistant
cell lines (Fig. 13). This result, consistent witle previous report (Ericsson et al., 2003),
confirmed that muPAR expressed on the cell surfiacelefective in PERV-A receptor

function.
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Figure 13 - PERV-A receptor function of HUPARs andheir rodent homologs The

different cell lines were transduced with the sam®unt of retroviral vector encoding the
HA-tagged receptor genes. Transduced cells wereitifected with EGFP(PERV-A). Forty-
eight hours post-infection cells were analyzeditwy tytometry and the efficiency of infection
was determined as percentage of EGFP-positive.CHtfis histograms represent the average
+ SE from three independent experiments. The ariodisate an infection below detectable
levels.

5.3.3 Quantification of RatPAR receptor RNA
RatPAR, like huPARs and unlike muPAR, allowed PERMnfection in all the

resistant cell lines, including rat NRK cells frowhich it was derived (Fig. 14). It was
suspected that the ratPAR expression level iscatifor sensitivity to PERV-A entry. Due to
the unavailability of an anti-PAR antibody, it wast possible to investigate endogenous
protein expression. Therefore, the amount of ratPARNA was measured by real time RT-
PCR in three rat cell lines, NRK, HSN, and XC, vefand after exogenous expression of
ratPAR. PERV-A infectivity of these cultures is il against the ratPAR mRNA level in
Fig. 14. Rat cells became PERV-A sensitive whenekiel of ratPAR mMRNA was increased
40-500 fold by exogenously expressing ratPAR. Tiaogenous expression level of ratPAR
therefore appears to be too low to support PERWAdtion, whereas exogenous ratPAR was
overexpressed to the level high enough to allowY8BRentry into rat cells. To demonstrate
the dependence of PERV infection on the rat-PARrasgon level, we produced QT6 cell
clones with various expression levels of C-termiH&l-tagged ratPAR. PERV-A infection
efficiency was dependent on the ratPAR expresstoerllas measured by anti-HA surface
staining. Overall, the mechanism of resistanceERY-A entry differs between two rodent
species, mouse and rat, and the molecular basisuBfAR defect was further investigated

(Mattiuzzo et al., 2007).

72



O HsN W HSNRatPAR
O nrk @ NRK/RatPAR

30 1 ﬁ XC ‘. XCRatPAR |

............................................................

Y% Intection
N
o

L3

105 10 105 108 107

ratPAR mRNA copies{100 copies of 188 rRNA

Figure 14 Quantification of RatPAR receptor RNA. NRK, HSN and XC rat cells were
transduced with a retroviral vector encoding thetRAR gene. Two independent
transductions were performed in NRK and HSN cellse RNA from transduced and
untransduced rat cells were extracted. The amo@imat®’AR was determined by real-time
RT-PCR and normalized to equalized copies of 188ArR he results were correlated with
the efficiency of EGFP(PERV-A) infection. All themples were run in duplicate and the
experiment repeated at least two times.

73



6 Discussion

In the first part of our study, we focused on tlegulation of HERVs involved in
human placenta development, ERVWE1 from family HE®Moearing the gensyncytin-1
and ERVWFRD from family HERV-FRD bearing the gesyacytin-2 In the second part we
focused on the regulation of a recent family of RERL. In both cases, we were interested
mainly in the regulation by DNA methylation. We leashown that methylation is involved in
the regulation and silencing of all examined ERMsyever, the differences in the expression
cannot be explained purely by DNA methylation arttleo factors are needed for their
activity. For example, chromatin modification anofrect mRNA splicing are other factors
necessary for Env protein production. Expressiorsyafcytin-1and syncytin-2is strictly
placenta-specific and their expression in othexuss is not physiologic. In contrast, PERVs
neither fulfil any particular role in the host cetior induce any visible pathology in pigs. Low
expression of PERVs is detectable in various perciissues, suggesting that PERV
expression in general is not harmful for the pacorganism and silencing is important
mainly for keeping the genome integrity and moderatof insertional genotoxicity.
However, silencing of some particular PERV loci nmisgy crucial, similarly as silencing of
particular HERVs. A certain variability of the PERVmethylation pattern and expression is
probably connected with their recent integraticevigwed in Reiss et al., 2007). In the last
part of our study we focused on the resistancevofrodent species mouse and rat to PERV-
A. We have demonstrated that both species aretaesito the viral entry; however, the
mechanisms of this resistance are diverse. Resoltgerning the DNA methylation of
syncytin-lwere published in 2006 (Matouskova et al., 20@)r results concerning PERV
methylation have not yet been published. The PERM@eptor study was published as a part
of the study performed by Giada Mattiuzzo (Mattizt al, 2007)

The regulation of thesyncytin-1transcription has been so far studied in terms of
transcription factors and their binding sites, honal levels and oxygen level in the placenta.
GCMa is the best candidate for the role of mastévator of syncytin-lbecause it interacts
with two GCMa-binding sites upstream from the 5’R-&nd increases the level gincytin-1
transcripts in BeWo and JEG3 choriocarcinoma @#lsut 4- and 3-fold, respectively (Yu et
al., 2002). Furthermore, it is specifically syntized in the developing placenta (Basyuk et
al., 1999). Ecdysone receptor response elementidessified as a negativeis-regulatory
sequence within theyncytin-15" LTR Cheng et al. (2003). Regulation ®yfncytin-2has not
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yet been studied in great detail. In the ERVFRDHEIR, several regulatory elements such
as two Spl sites, GATA, E2, CAAT box, NF-B or HSEre identified (Gimenez et al.,
2009).

Provided that HERVs as well as other transposaldments are transcriptionally
suppressed by methylation, as recently shown e.the HERV-K family (Lavie et al 2005),
and that placenta, where tegncytinsare expressed, contains hypomethylated tissuegederi
from trophoblast and primitive endoderm (Li, 20@# the review), we analyzed the CpG
methylation pattern a§yncytinregulatory sequences and its influencespmcytinexpression.
In accordance with our assumption, we have detettgobmethylated or completely
unmethylatedsyncytin-1 promoter in the placenta, although only in parttieé obtained
sequences. The obtained sequences of ERVFRDEL1L LarR all found to be completely or
partially demethylated (Fig. 1b). The bimodal médkipn pattern could have reflected an
imprinted regulation of ERVWE1 (Smallwood et alQ03). Methylation of one allele in a
parent-of-origin manner is often related to geme®lved in placenta morphogenesis (Reik et
al., 2001).However, later analyses of trophoblast in differstages of pregnancy revealed
that the methylation increases from complete deytetibn in the first trimester placenta to
the highest methylation at term, which argues againe proposed imprinting hypothesis
(Gimenez et al., 2009). The apparently increaseduigncy of hypermethylated sequences
from the first trimester to term is consistent wilie decrease in ERVWEdnv expression
observed between 37 and 40 weeks of gestation (Ehalh, 2006)In contrast, ERVFRDE1
is unmethylated throughout the whole gestationrandulation of its expression is apparently
dependent on the transcriptional factors. In cloatioinoma-derived BeWo and JEGS3 cell
lines, we found complete or nearly complete denlatlton of promoter sequences of
syncytin-1 Methylation of syncytin-2was analyzed only in the BeWo cell line and all
obtained clones were completely or almost compledemethylated as well (Fig. 1c). These
results are consistent with the expressionsyfcytinsin both cell lines. In HeLa cells
containing heavily methylatedyncytin-1LTR, the expression was silenced. In all tested
tissues we detected heavily methylated ERVWE1 LWRich is in consistence with its
restricted expression (Mi et al, 2000). The impocand stability ofyncytin-1methylation
also confirms the methylation of the promoter inda cells from ICF patients who have
decreased overall methylation thanks to the mutatéf T3b (Hansen et al., 1999) (Fig. 19).

Syncytin-2which is also restricted to the placenta (Parcetval., 2003), was found to
be methylated in fibroblasts (Fig. 1d) but not céetgdly methylated (59%) in the testis (Fig.

le). Half of the sequences obtained from this sar@re completely demethylated apart
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from two CpG at the 3’end. These two CpGs weregpegitially methylated also in biopsies
of healthy testicular tissue from patients withtitzdar cancer and in some tumor samples.
These results are consistent with the results iofe@ez et al. (2009), who also described
precise and accurate methylation of these CpGe ¢tmshe TATA box. Similar impairment
of the transcriptional induction by disturbing thigachment of the TATA binding protein was
observed for the RANKL gene promoter (Kitazawa le2807). It is tempting to speculate
that low methylation oSyncytin-2in the testes enables its expression there aryd glame
role in the testicular immune privilege. Howevdéristpartial demethylation was identified by
Gimenez also in blood cells. Therefore, we canrasstinat the precise CpG methylation and
transcription factors are sufficient to regulate &xpression agyncytin-2

Treatment of HelLa cells with high doses of DNA nydltion and histone deacetylase
inhibitors AzaC and TSA affected tgncytin-Imethylation just slightly, and it had no effect
on thesyncytin-lexpression (Fig. 2). This indicates that the hyphylation of thesyncytin-

1 promoter is very stable because such treatmeniciegffly demethylates and
transcriptionally activates most sequences exam{redewed by Karpf et al, 2002). This
resistance ofyncytin-1 methylation to the DNMT inhibitor strongly supp®rits role in
transcriptional suppression.

It would be interesting to compare these resulth Wie resistance @lyncytin-2as its
methylation seems to be considerably more variabds in healthy tissues. Different stability
of methylation of 3' CpG dinucleotides would implyreir importance. The variable
methylation pattern ofyncytin-2in similar samples could be connected with itsyeas
modification by diverse factors influencing epigeoemarks such as age, environmental
factors, diet, hormonal levels or injury (reviewsgdRodriguez-Rodero, 2010).

A similar experiment to analyze the methylatiorbdity was also performed with the
porcine cell line ST-IOWA. Neither here have we exded to decrease the level of
methylation of retroviral promoters (Fig. 11b, @he stability of PERV methylation is of
special importance for xenotransplantation becatls® xenografts undergo stressful
conditions of ischemic and reperfusion injuries.ribg the reperfusion, oxidative damage
occurs by generation of oxygen and hydroxyl fresicas. Overproduction of these reactive
oxygen species is a common underlying mechanismagiang various cellular components,
including proteins, lipids, and DNA. Free radicafe known to cause extensive damage to the
cell membranes in transplanted organs (Kosieraelzél., 2003) that may then form acceptor
surfaces for the alternative pathway of complenaetivation and deposition (Thurman et al.,

2005). It has been shown that progressive oxidatibthe methyl group of methylated
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cytosines could result in permanent aberrant deytagibn of 5-methyl cytosines in the DNA
of transplanted organs (Parker et al, 2008). Hegestwow that the methylation of PERV
sequences is resistant to 48-hour-long treatmetit whibitors of DNA methylation and
deacetylation in concentrations up to 100 uM AzaQether with 0.03 uM TSA. For
comparison, considerable transgene reactivationokasrved in pig fibroblast cells treated
with 0.5uM AzaC for 48 h and the CMV methylation levels weeemased markedly after
AzaC, TSA or combined treatment (Kong et al., 20Thjis experiment suggests the PERV
DNA methylation stability in stress conditions. Byantitative RT-PCR we have detected
decreased PERV RNA levels after the inhibitory timent (Fig. 11c). This unexpected effect
is probably connected with a complex effect of éhigghibitors on the cell and the toxicity of
AzaC and TSA rather than specific for their silegcieffect on the PERV expression. A
complex effect of the treatment was shown on thg firoblasts whose viability was
markedly decreased after 48 h treatment wiiiM2AzaC (Kong et al., 2011).

Further, we focused ayncytinmethylation in cancer cells. A global disordeiDi{A
methylation is often observed in various cancelsaahd simultaneously, HERV expression
increase and demethylation was detected (Gimened.,e2010). Our results show high
methylation and very low expression of ERVWEL il ahalyzed tumors except for
seminomas despite that other laboratories sha@yedytin-lexpression in many other tumors
as well (Fig. 4, 5). For example, we identifiedlyuimethylated promoter and negligible
expression in breast cancer in contrast to theydbydBjerregaard et al. (2006). In addition,
we have demonstrated a similar methylation pat@nd expression in one sample of
endometrial carcinoma or lymphoma in contrast \thih studies by Strick et al. and Sun et al.
(2007; 2010). This discrepancy could be explainga high variability of tumor tissues. The
guestion is whethesyncytin-1 has any importance for cancer development or veneth
activation of various HERVs in the tumor is a pamncidence. One theory suggests that
fusion induced by retrovirdtnvis a critical event in cancer development. Modisaeade by
accidental fusion are likely to be abnormal. Teisupported by what is known about hybrids
made by treating cells with inactivated viruses fosogenic chemicalsn vitro, which
essentially recapitulates accidental fusion ocogrin the body. The abnormalities of these
hybrids include an unstable genome, unstable gepeession and properties not found
together in a normal cell, which are features shavith cancer cells. Accidental cell fusion
can contribute to cancer development in two ways:dbstabilizing the genome and by
changing gene expression (reviewed by Duelli anzebaik, 2007). This model argues that

cells can become cancerous by first becoming teich@and then undergoing a period of
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chromosomal instability resulting in aneuploidyviesved by Ganem et al., 2007). Breast
endometrial cancergloidy falls into two groups, nearly diploid andptoid to tetraploid
(Pradhan et al., 2006; Kronenwett et al., 2004)wduld be interesting to test whether
syncytin-1lis predominantly expressed in the aneuploid canaes the hypothesis predicts.
Interestingly, testicular seminomas, where we hdetected hypomethylatexyncytin-1 are
prevalently aneuploid tumors (Hittmair et al., 199%e have shown thalncytin-1promoter

is completely methylated in all tested testiculaneers, such as lymphoma and mixed
embryonic carcinoma with teratoma, apart from semias.

The germ cells neoplasms are conventionally deviigkedtwo major cathegories:
Seminomatous and non-seminomatous germ cell turSerminomatous tumors are composed
of cells that ressemble primordial germ cells ahyegonocytes. Non-seminomatous germ cell
tumors include trophoblastic tumors, embryonal icamas, teratomas, choriocarcinomas and
other rare trophoblastic tumors and yolk sac tunf@aewed by Winter and Albers, 2011).
However, it is not clear from which stem cells thierent tumors are derived.

We hypothesize thasyncytin-1 methylation is increasing during the germ cell
differentiation. That would explain the low methyten of seminomas and higher methylation
of the non-seminomas. Complete demethylationsyficytin in choriocarcinoma-derived
BeWo cells is in accordance with this theory beeatisoriocarcinoma is also derived from
early progenitor stem cells. To show tiscytin-1methylation occurs during germ cell
differentiation it would be interesting to analyae identical seminomatous tumor arising in
the ovary where it is called dysgerminoma.

The decreased methylation in seminomas and higlnyha¢ion in other types of
tumors and in healthy tissues was confirmed by t®ahniques, methyl-specific gPCR and
bisulfite sequencing. MS gPCR allows detection @fion methylation patterns. In contrast
with bisulfite sequencing, it enables comparisonnaoéthylation of a larger number of
samples. It can be used for comparison of samplesdt for identification of the exact
methylation pattern. This result depends on thehyhation status of CpG dinucleotides
within the primers. The technique could lead tofasimg conclusions in case only some
particular CpG dinucleotides within the analyzedioa are crucial for the silencing. To
ensure maximum specificity of the PCR, we used Lpimers. LNAs are nucleic acid
analogs that contain d-@, 4-C methylene bridge within the ribose ring that impaatrigid
conformational structure enhancing thermal stabdind improving bp discrimination. LNAs
can be substituted into DNA oligonucleotides atesie sites to enhance hybridization

performance and have been used in applicationsiohamismatch discrimination is critical,
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such as single nucleotide polymorphism genotypsiggiallele-specific PCR and fluorogenic
probes (Ugozzoli and Hamby, 2004). Despite that ENBave demonstrated superior
performance in many molecular applications; theg aot yet widely used for DNA
methylation analyses. MS gPCR is not sufficientisegise to identify the number of
hypomethylated copies per cell; however, we dematestthe use of MS gPCR in
combination with LNA primers as a potent method fguantitative comparison of
methylation of a particular sequence in differearnples. The results obtained via MS qPCR
were in most samples similar to bisulfite sequegeasults. Only sample T4sddentified as
carcinomain situ was identified as hypomethylated, whereas bisugquencing revealed
complete methylation. In this sample, the advantageetect the minor methylation pattern
could play a role. This result suggests that alraadhe early stages of tumor development
the non-methylatedyncytin-1is present.

RNA splicing analysis revealed the lack of splicERVWE1 RNA in all tissues apart
from placenta and seminomas (Fig. 5a). We suggék Rplicing to be an additional
mechanism oknv expression regulation. Detection of low levelssghcytin-1in cells with
strongly methylated promoter suggests #atcytin-lepigenetic suppression syncytinsis
not absolute and additional mechanisms, e.g. sgliand processing of ERVWE1 mRNA,
must be involved in their control. Splicing of geme ERVWE1 mRNA was already shown
to be inefficient in the testes as only the nonegpl form could be seen on the Northern blot
(Mi et al., 2000). Smallwood et al. (2003) demoaistd the increasing level of non-spliced
ERVWE1 mRNA in term placenta and suggested thatrétetive amounts of spliced and
non-spliced mMRNAs could regulasgncytin-lexpression during pregnancy. The regulatory
potential of retroviral splicing generally resuftem the need of balance between genomic
MRNA and spliced subgenomic mRNA(s). HIV-1 traretaits own trans-activator, Tat, from
a spliced mRNA transcript and downregulation of Hi\splicing is observed during the
provirus persistence in memory cells (McLaren et 2008). Another example of specific
splicing control is the suppression erfivsplicing of RSV in mammalian cells (Berberich et
al., 1990). It was suggested that mammalian catlks thicken-specifioransfactor(s) binding
to cisregulatory sequences, which could explain the saggion ofenvsplicing (reviewed by
Arrigo and Beemon, 1998; Mc Nally, 2008), and tlmm4permissiveness of these cells for
RSV replication (reviewed by Svoboda et al., 2008)replication-defective HERVS, the
balance of non-spliced and spliced transcriptsoisimportant any more, but thas splice
signals can be adopted for cell-specific controlspficing and expression of retroviral

glycoproteins. Cell-specific splicing in ERVs remsito be studied systematically, but in the
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light of our recent findings it might be a usefatlicator of the biological activity of HERVs
with intactenvgenes, which do not fulfill the criteria feensu stricto syncytin8laise et al.
(2005) identified a new four-member family of HERVSERVP( b), with one full-length
syncytin-2like env gene fusogenic in HelLa cells. Its expression waseted in many
healthy tissues without any significant specifidity the placenta. Out of six full-lengénv
genes of the young HERV-K(HML-2) family, thenv encoded by HERVK108 was also
shown fusogenic in human embryonic kidney cellsvalt as in mouse, hamster, and cat cells
(Dewannieux et al., 2005). Similarly, the rest 6fifitactenvORFs, which did not score yet
in cell fusion assays, might be proven as bioldtyiaelevant in the future. Description of
their splicing in various tissues could identifyrgoeular cell types where these retroviral
glycoproteins play any role in cell functioning.

We have shown that in tissues and cell lines watlv kyncytin-1expression the
detected expressed ERVWE1 RNAs were all or almbatrespliced (Fig. 5a). This result
suggests either a lack of some splicing factohasé cells or that the splicing efficiency is
connected with the transcription level. Splicingdatmanscription are closely connected
processes. RNA polymerase Il and transcriptiorvatdrs associate with splicing factors and
slow elongation through the intron-exon boundaryewen stalled RNA polymerase Il gives
more time to recognize the splicing signals, whgcparticularly important for the suboptimal
signals used for alternative exons inclusion (DeMata et al., 2003; Luco et al., 2010,
reviewed by Bentley, 2005). The rate of splicechdm-spliced RNA is similar in all samples
with increasedsyncytinexpression despite the variability of expressioymf 39% to over
600% of the expression level of RPIl. This contcgslithe hypothesis that the efficient
splicing credits only to the efficient transcripti@and supports the presence of a splicing
factor in these seminomas. It would be interestiingnalyze splicing of other HERVs in these
samples. For further evaluation of the rolesyficytin-1lin seminomas, a proof of the presence
of the function glycoprotein on the cell surfacessential. However, the glycosylation of the
protein makes the immunodetection difficult and dig not obtain sufficiently unambiguous
results using any of the tested antibodies

The methylation of ERVFRD 5’LTR U3 in the testisn®re variable than ERVWEL1
(Fig. 6). In most samples the CpGs at 3’ end ar¢hyteted in both healthy and tumor
samples. We cannot observe any difference betweannemas and the non-seminoma
tumors either in overall methylation or in the mggiion of 3’ end CpGs. Even the healthy
controls are considerably variable, only the 3’ e prevalently methylated in all heathy

controls. These results suggest, similarly as thsults from non-tumor patients, that

80



ERVFRDEL U3 is easily modified. It should be takenaccount that neither the healthy
controls are from healthy patients and that thesgmee of tumor in the testis may induce an
immune reaction or change the hormonal balanceanmhole organ, which could influence
the LTR methylation. Gimenez et al. (2010) alsovet a clear decrease of ERVFRDEL
LTR methylation in testicular tumor and its rath@w methylation in healthy testis. However,
they demonstrated methylation of only one patiertich is not adequate considering the
variability of the tumors. It would be interesting study the ERVFRDEL1 expression in
tumors in more detail because its immunosupresiiveain could be beneficial for the tumor
protection and may influence their prognoses.

To confirm the causality of high methylation andvlexpression we performed the
test of LTR sensitivity to methylatioim vitro. Similar experiments were used to confirm the
sensitivity of syncytin-1 5'LTR as well as the PERV 5LTRs. All tested LTR$how
significant sensitivity to methylation. Mock-methyed ERVWE1 5'LTR induced similar
luciferase activity in both tested cell lines, BeWud HelLa (Fig. 3). The LTR is functional in
HeLa cells despite that they do not naturally egpranysyncytin-1 This suggests that no
placental-specific transcription factors are neagssfor the basalsyncytin-1 promoter
activity. High luciferase expression in HelLa cetlsuld also be an effect of transient
transfection, which enables expression from manpiesoin one cell. Further, transient
transfection does not reflect the chromosomal ocantd the analyzed sequence. The
chromatin plasmid modifications partially diffelofn chromatin of chromosomes. Therefore,
the transcription factor demands may differ as welable transfection would better imitate
the chromosomal gene structure; however, the nuaibyl of stably transfected plasmid
would probably change during the selection andefioee it cannot be used to test the
sensitivity to DNA methylation. Further, we canndistinguish the influence of the
methylation of the whole plasmid and the luciferagne from the influence of 5’LTR
methylation. However, the gene bodies of the exg@@gienes are often methylated, and this
dispersed CpG methylation may have a positive effactheir activity (reviewed by Suzuki
and Bird, 2008). Results by Gimenez et al. (20@®)¥icn our experiment and show that both,
ERVWEL LTR extended with enhancer sequences andesteal version, are sensitive to
CpG methylationn vitro as well.

The sensitivity of PERV LTR was examined using tdibferent plasmids with
luciferase driven by LTR from PERV-A and by LTRindPERV-B. The measured luciferase
activity in cells transfected with PERV-A LTR wabaut twice lower than the luciferase
activity driven by PERV-B LTR (Fig. 7). According tthe analysis of PERV LTRs, the
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transcriptional activities of the PERV-A, PERV-B)JAAPERV-C LTRs relative to each other
differ in 293T cells. The increase in activity dade largely on the 39-base-long directly
repeated sequence in U3 of PERV LTR. Our constsittt PERV-B LTR contains three and
half repetitions while the construct with PERV-A RTcontains no repetition. Although
Wilson et al (2003) showed that a significant iase of activity can be observed only in
LTRs with more than four repeats, it is crediblattthe difference in the activity of promoter
with zero and three and a half would be significastwell. Our results confirm that 293T
cells contain the transcription factors necessaipnteract with the elements found within the
repeat sequences. The estimated promoter streggiticomparable withsyncytin-1LTR
because the experiments were not performed sinadtesty and thg-gal activity was not
measured after the same interval. We can assumattteast most PERV LTRs are sensitive
to CpG methylation. This result is consistent wRlark et al. (2010), who showed the
influence of Ss¢ methylase-mediated methylation on the activity folir different LTR
elements.

Having demonstrated that DNA methylation plays & rm PERV silencing, we
compared PERV methylation in different porcineuss Our approach enables analysis of
the vast majority of PERV proviruses from all theedgroups. Low methylation of PERVs in
some tissue would suggest higher PERV activityheirteasy reactivation and potential risk
for the xenotransplantation. We have performedctiraparison by bisulfite sequencing and
by MSqg PCR similarly as we have analyzed the matlon ofsyncytin-1(Fig. 8b, 9b). Both
techniques show that the level of PERV methylatosimilar in all tissues except for one
sample of placenta, where we have detected higheibars of hypomethylated PERVs.
Further, we have demonstrated PERV hypomethylatiathe cell line PK15. According to
bisulfite sequencing, the PERVs in PK15 cell linergvpartially demethylated in about half of
the analyzed sequences and the methylation watgtlgligigher than in the placenta sample
L3. The quantitative analysis shows PK15 to contout three times to ten times more
demethylated PERVs than most tissues and nearbetmiore than the placenta. The relative
differences in the outcome of these two approachag result from different parts of the
analyzed regulatory sequences. For comparison, neé/zed the boundary of U3 and R
regions and the R region of PERV LTRs by bisuléiggluencing and the U3/R boundary of 5’
LTRs and the leader sequence by MS gPCR (Fig. &g, T™he selection of the analyzed
regions of LTR was notably limited by strict crierfor the primers. First, to obtain
information about the methylation pattern of thejority of PERVS, all primers had to be

complementary to all PERV subgroups and therefacethb be designed in a highly conserved

82



region. Second, for bisulfite sequencing we hadvmid all CpG dinucleotides, while for MS

gPCR we had to include as many CpG dinucleotidgmssible, preferentially at the 3’ end of
the primer. These limitations in the choice of LT&jions to be analyzed could lead to
confusing results if methylation of some CpGs wdshmher importance than others.

However, bisulfite sequencing of LTR and leaderusexge of particular PERV integrations
showed uniform methylation in the whole sequencgigesting that no CpGs have higher
impact (Fig. 10).

Low methylation of PERVs in PK-15 is consistenthwitigh expression of PERVs in
this cell line. Surprisingly, we did not detect danjly methylated sequence from PK-15. This
could mean that partial demethylation is sufficiior PERV expression. We have
demonstrated high PERV RNA expression in PK-15 ByFCR (Fig. 9¢). PK-15 cells were
the first where PERV expression was shown and xipeession on PERV was sufficient to
infect human 293T (Patience, 1997). However, higpression of this cell line cannot be
explained merely by methylation decrease. Spet#iescription factors are necessary for the
full LTR activity. Transcription factor-binding &tsearch has identified potential protein
binding sites, including binding sites for SOX5sHt, Evil, GATA, v-Myb or CEBP. Within
the U3 direct repeats, protein binding sites for-WRand GATA were identified. The
necessary transcription factors are absent for pkaim IOWA cells (Wilson et al., 2003).

Interestingly, in samples from kidney from whicletRK-15 cell line is derived we
have detected the fully methylated PERV LTRs. Twdhfer pig kidney cell lines (IB-RS-2
and SK6) also express viral particles, while nalvparticles could be seen in preparations
made from primary or secondary cultures of pig kilrcells (Armstrong et al., 1971). We
have demonstrated that long-term cultivated kidrel/lines have changed their methylation
pattern in contrast with primary kidney cells.

The placenta samples are highly variable becauge lpave diffuse epitheliochorial
placenta, which in contrast with human discoid hehneoial placenta forms thin extended
layers that are not easily separable. It is prab#idt each sample represents a different layer
of placenta (Fig. 8b, 9b). As in other mammals,expected placenta to be hypomethylated
and to express more ERVs that other tissues (LO22®alter et al., 1975). It would be
interesting to find out whether pigs use some epelglycoproteins of ERVs ayncytin
However, pigs have a primitive type of noninvaspacenta and neither syncytium nor
binucleated cells as were observed in other unggildd occur. Syncytialization is apparently
not part of their placenta development. Due to nbeinvasive type of placenta the env-

mediated immunoprotection of the fetus is not caiti either. However, binucleated cells
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were detected in very close taxon peccaries. Tiggnaty observed syncytial epithelium was
not confirmed (Santos et al, 2006). Differences FERV expression in the placenta
accompanied by placenta structure differences let\leese two taxons could be interesting
from the evolutionary point of view.

In other tissues we have not detected any samplemarkedly increased number of
hypomethylated PERVs confirmed by both techniqueg. (8b, 9b). This is consistent with
rather low PERV expression. However, the low PERpression is probably not only due to
methylation silencing because few hypomethylate@R$ Tvere detected in most tissues. The
lack of transcription factors and the presencenbihitors may represent another silencing
mechanism. This is in consistence with low actiafytransiently transfected PERV LTRs in
porcine cells in contrast with cells from other raal species. Perhaps this reflects the
evolutionary pressure to select for LTRs with restlctranscriptional activity once a
retrovirus becomes an endogenous gene (Wilson.,eR@D3). The similar methylation of
PERYV sequences in various tissues reflects sirntolal genome methylation in these tissues
(Yang et al., 2011). Our methylation analysis ssggéhat none of the tested organs or tissues
is prone to produce PERYV particles more than theroin would be interesting to extend our
methylation and PERV RNA expression analysis toegeally modified pigs which will be
used as organ donors. Further, similar analys@@dns xenotransplanted to primates should
be performed.

Although genome-wide methylation analysis cannot used for detection of a
particular active provirus, it can be used for aonétion of the transcriptional activity. Out of
four tested proviruses from subgroups A and C weslsghown one to have hypomethylated
LTR (Fig. 10). The PERV-C 6SH provirus was predici@s active after wide PERV-C
integration site analysis and comparison of it¢ridbistion in pigs of different breeddn vitro
co-culture analysis was also carried out to asHessability of pigs to transmit PERV to
human and/or porcine cells. By looking at the plenee of PERV-C loci in transmitting
animals, active loci could be identified (Hectoradt, to be submitted). Demethylation of
5'LTR in about half of obtained sequences suggisiisthis locus may indeed be capable of
expressing significant levels of PERV-C. The oW was predicted by the same methods
as the locus 6SH; however, the high methylatiorellesuggests that expression of this
provirus at any significant level is unlikely.

Foreign species often defend themselves againsivietl infection by silencing the
integrated virus by DNA methylation. We have shawat human 293T cells are unable to

effectively methylate any of the two PERVs we ukedheir infection, neither PERV-3A nor
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the high-titer PERV14/220 (Fig. 12). After two mbatPERV14/220 proviruses contained
14% of methylated CpGs while the PERV-3A less tB& In contrast, RSV or MMLV
LTRs become silenced by methylation within weeksn{§l, 2008, Stewart et al., 1982, He et
al., 2005). Senigl et al. showed slower progreseidRSYV silencing in the 293T cell line than
in the other tested cell line NIL2. It is possilileat 293T methylate retroviral sequences
generally less efficiently than other cells. Othaman cell lines should be tested to verify the
PERV resistance to methylation. It is not clear hamNs distinguish the retroviral sequences
to methylate them. High content of CpG islandshia tetroviral genome may have influence
on its protection against methylation (Park et &010). We have shown inefficient
methylation of PERV; however, other protective madbms of human cells were described.
For example, the human APOBEC3G protein reducesPBRYV transmission to nearly
undetectable levels (Jonsson et al, 2007). Huntaeria and its porcine homolog are able to
inhibit the release of PERVs by an order of magtet(Mattiuzzo et al., 2010). Interestingly,
none of these protective mechanisms are potehei293T cells.

Despite the slow increase of PERV14/220 methylatioe long-term culture of
infected 293T cells remains completely unmethylatedy. 12b). This proviral protection
could be ensured by a chromosomal positional efé@bling some clones to be fully
protected against methylation. However, the PERMcion of 293T is productive, and
presumably many different integration sites weralyed by bisulfite sequencing. We
hypothesize that the high PERV titer results imfient new integrations, and therefore, most
analyzed proviruses may represent newly integratatdmethylated proviruses despite the
long time of cultivation.

During the passages of PERV-3a we have observetlfition of the number of 39-bp
repeat boxes (Fig. 12a). This fluctuation durinyj celtivation has been observed before. It
was shown that this increase of repeat number latesewith PERV expression (Sheef et al.,
2001; Denner et al., 2003). Multimerization of emter repeats was described not only for
exogenous retroviruses, but also for endogenouses: (Wolgamot and Miller, 1999). These
data indicate that recombinant PERVs generatechgldine infection of human cells can adapt
and subsequently replicate with greater efficiency.

In contrast with human cells, rodent cells arestasit to PERV-A infection. The
resistance to PERV-A is at the level of viral entmpwever, the mechanism differs between
mouse and rat cells: the murine homolog of PAR (ARIPis defective in PERV-A receptor
function, whereas the rat cell encodes a fully fiomal PAR protein. RatPAR can rescue

PERV-A infection in non-permissive cell lines, inding the resistant rat cell lines from
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which it has been cloned (Fig. 13, 14). The PERMection of rat cells upon
overexpression of ratPAR is reminiscent of the Iltesiuom a previous study which shows
that overexpression of amphotropic MLV and GALV eptors from Chinese hamster cells
and FeLV-C receptor from MDTF cells supports virdection in the cell lines of their origin
(Tailor et al.,, 2000). This type of resistance twalv infection can be explained by
subthreshold levels of receptor expression or Biometrically limited masking or
interference mechanisms (Eiden et al., 1994; Maled Miller 1993; 1992). The mechanism
which determines the threshold level of ratPAR egpion for PERV-A infection is currently
unclear. However, our results suggest that othempoment(s) on the cell surface may be
responsible for a successful interaction betweensvand receptor, as has been previously
proposed for other gammaretroviruses (Pizzato.et9819; Chung et al., 1999; Wang et al.,
1991).

Although we cannot exclude the possibility thatsthechanges are a stochastic
evolutionary outcome, it is more likely that centaelective pressure, at least partly, caused
these changes. It is tempting to speculate tharsespidemics of PERV-A-like viruses may
have selected 'PERV-A-resistant' rodents by twepetdent mechanisms.

In this study we have been investigating diffeleRVs from various points of view.
ERVs present indispensable parts of the genomeetisaw potentially dangerous elements.
The resulting effect on health condition of thethdspends on the exact regulation of their
expression. We have shown methylation to be an itapbsilencing mechanism regulating
HERV as well as PERV. It seems that methylatiompastially responsible for low PERV
expression in the tissues and notably reduces ike af zoonotic transmission during
xenotransplantation. However, the risk remains bgean contrast with mouse and rat cells,
some human cells are permissive to porcine reuses thanks to functional receptors and
lack of antiviral protective molecules. Furthermdneman cells silence incorporated PERVs
inefficiently. We can conclude that we have furdtethe understanding of co-existence of
ERVs and their hosts as well as the interactioBRYs with a potential new host.

7 Conclusions

ERV silencing is largely mediated by DNA methylatiorhe expression of ERVWE1 and
ERVFRDEL encoding proteirs/ncytin-land 2 was shown to be restricted to the placenta,
where they are essential for its correct develogmaie have demonstrated that 5’ LTRs of
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both HERVs are hypomethylated in the term placeBRVWE1 5’ LTR displays a bimodal

methylation pattern, whereas ERVFRDEL 5’ LTR is ddmglated in all obtained sequences.
ERVWEL1 5'LTR is completely methylated in all othanalyzed tissues. Methylation of
ERVFRDEL 5'LTR in non-placental tissues is remalkatore variable and only two CpGs
near to the TATA box are methylated consistentliNADdemethylation was shown to be a

necessary prerequisite for expression of both gymy

Resistance of ERVWE1 5'LTR methylation to DNMT adBAC inhibitors AzaC and TSA
further stress out the importance of syncytin-1psagsion by DNA methylation. The
sensitivity of ERVWEL1 5'LTR to CpG methylation weaenfirmedin vitro as well.

Expression of syncytins in inappropriate tissuaseated with some pathogenic effect would
be the best proof of the relevance of their DNA hygikettion-mediated suppression. We have
shown a significant increase of ERVWE1 RNA exprassin testicular seminomas in
comparison with healthy controls, whereas in o#xamined tumors the RNA levels were
negligible. Furthermore, we have shown that onlyseminomas ERVWEL is efficiently
spliced andyncytin-1can be expressed. Similarly, efficient splicingsvadserved in placenta
and chorioma cell lines. The increased transcmptiorresponds with hypomethylation of
ERVWE1 5'LTRs. The decrease of ERVFRDE1 5LTR mietign in tumors was not
remarkable.

Silencing of PERVs was studied in connection whieit possible transmission from pig
tissue to a xenotransplanted patient. PERV trarsomdo human cells was obseniad/itro;
however, transmission to a patient treated wittciper material was not detected. We have
shown that the PERV expression largely correlatiéis tve number of hypomethylated PERV
LTRs. By a quantitative approach we estimated tmaber of hypomethylated PERVs in all
tissues to be several times lowers than in the REBRWmitting cell line PK15 except for one
sample of placenta with more than half of hypomietieg PERVs in comparison with PK15.
We have not detected any pig with generally deed&ERYV methylation. We succeeded in
identifying one hypomethylated PERV-C provirus detd in PERV-transmitting porcine
blood cells. We can conclude that the methylatitatus plays a substantial role in
determination of the transmission status of thés@ld that PERV LTRs are mostly strongly

methylated in the porcine tissues.

We have demonstrated that the high permissiverfesaman 293T cells is partially caused

by their inefficiency in silencing of the integrdtPERVSs.
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Finally, we have shown two different reasons fatemt cell resistance to PERV-A entry. The
mouse receptor is deficient due to amino acid rariaf whereas the rat receptor is
functional; however, its expression in all the eksed rat cell lines is insufficient.
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8 Summary

In my thesis | am dealing with human endogenousovetises (HERVS), which are
involved in placenta development, and with por@neogenous retroviruses (PERVS) in the

context of the risk of their transmission to a @atixenotransplanted with a pig organ.

We have shown DNA methylation to be an importatgnsing mechanism regulating
HERYV as well as PERV. (1) Whereas in placenta #raathylation of HERVs ERVWEL1 and
ERVFRDEL is crucial for its correct function, inethestis it is connected with seminoma
development. (2) It seems that methylation is pHytiresponsible for low PERV expression
in tissues and notably reduces the risk of zoornoénsmission during xenotransplantation.
(3) However, the risk remains because in contratbt nvouse and rat cells, some human cells
are permissive to porcine retroviruseitro thanks to functional receptors and their inability

to efficiently silence the integrated PERVSs.

9 Souhrn

Ve své praci se zabyvam lidskymi endogennimi rétyofHERV), které se &astni vyvoje
placenty a prasémi endogennimi retroviry (PERV) v souvislosti orep&im jejich grenosu

naclovéka i transplantaci praséch orgari.

Ukazali jsme, Ze methylace DNA jaildzity umkujici mechanismus regulujici expresi
HERV i PERV. (1) V placest je demethylace dvou HERV, ERVWE1 a ERVFRDEL1,
nezbytna pro jeji spravny vyvoj, zatimco ve vadatge spojena se vznikem seminianf2)
Methylace PERV je iejm¢ zodpowdna za jejich nizkou expresi v tkaniatimz zn&né
snizuje nebezp@¢ zoonotického fenosu P xenotransplantacich. (3) &ité riziko vSak
zastava, protoze na rozdil od mySich a potkanichebysou lidské biky in vitro vysoce
permisivni wi¢ci PERV, a to pedevsSim diky funénimu receptoru a neschopnosti tel

integrovany PERV.
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