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Summary. - Porcine xenograft transplantation raises concerns in humans about the risk of infection
with porcine endogenous retroviruses (PERV) as they are an integral part of the pig genome and are
therefore very difficult to exclude. In this study, for the first time, a relationship between the provirus
genes sequences and released virions from pig cell line and the embedded sequence of this retrovirus in
infected human cells was analyzed. PERV infection of human cells HEK-293 and HeLa and detection of
PERV in pig PK-15 cells and supernatant were assessed by QPCR or RT-QPCR using primers specific for
envA, envB, gag, pol genes and LTR region. Sequence analysis was performed at the DNA level and changes
in the amino acid sequence were deduced in silico. Fifty nucleotide substitutions (45 in pol, 3 in gag and
one each in envA and envB) were detected and most of these were heterozygous (42), which were present
mainly in PK-15 cells. Our results show that sequence of the pol gene and the Pol protein is less conserved
compared to the other PERV genes and PERV with some polymorphisms were not released from pig cells
or/and do not infect human cells. PERV virions with a homozygous allele system were released from PK-
15 cells, although their sequence replicated on the basis of the heterozygous PERV provirus sequence in
PK-15. The newly discovered selective transduction of human cells with PERV will be helpful in studying
the characteristics and genetic variability of the retrovirus genes to ensure safe xenotransplantation.
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Introduction

Xenotransplantation has become recognized as an al-
ternative method of response to theincreasing shortage of
organs for allotransplantation. Due to physiological, ana-
tomical, economical and ethical reasons, pigs constitute
the most suitable organ and tissue donor species (Yoon
et al., 2020). While the most common pathogens in pigs

E-mail: sgalka@sum.edu.pl; phone: +48-(32)-364 1257.
Abbreviations: env = envelope gene/protein; gag = group-speci-
ficantigen gene/protein, GAPDH = glyceraldehyde 3-phosphate
dehydrogenase, HERV = human endogenous retroviruses; LTR =
long terminal repeat; NTC = no template control; PBMC = pe-
ripheral blood mononuclear cells; PERV = porcine endogenous
retroviruses; pol = polymerase gene/protein

can be eliminated by breeding, treatment and contain-
ment, porcine endogenous retroviruses (PERV) cannot, as
it could be integrated into the genome of all pig strains.
PERVareverydifficult or evenimpossible to eliminate due
to a large number of integration sites in the animal's ge-
nome. In the pig genome, between 10 to 100 copies of the
PERV provirus with a high degree of polymorphism can
become embedded (Denner, 2016; Kriiger et al., 2020a,b).
However, recent studies have indicated that the pig ge-
nome contains fewer endogenous retroviruses compared
to many other vertebrates, including humans and mice,
and these sequences, for the most part, have been addi-
tionally characterized as damaged (Groenen et al., 2012).
In pigs, PERV virions are actively produced in the kidney,
skin, heart, liver, pancreas, spleen, thymus, lymph nodes,
lungs, endothelial cells,and most importantly peripheral
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blood mononuclear cells (PBMC). The number of released
virions depends on the organ, individual, and even breed
(Machnik et al., 2010; Mazurek et al., 2013, Semaan et al.,
2013; Sypniewski et al., 2005). Moreover, at least two
subtypes of PERV, that is PERV-A and PERV-B, can infect
human cellsin vitro. Endogenous pig retroviruses in a xe-
nograft can be transmitted to human cells, integrate into
the genome, leading to changes causing various types of
mutations,including point mutations, deletions, duplica-
tion, inversions and recombinations, especially when the
cells are infected by two unrelated or related, exogenous
or endogenous retroviruses (Denner, 2017; Kuddus et al.,
2003). Such genomic rearrangements often result in ina-
ctive genomes of embedded retroviruses and changes in
theregions of non-coding sequences. Inthe long terminal
repeat (LTR),nucleotide sequences can dramatically affect
retroviral replication and pathogenicity (Xie et al., 2019).
The integration of a retrovirus can silence or activate
nearby genes and trigger oncogenesis. In addition, it can
also affect the activity of human endogenous retrovi-
ruses (HERV) or induce recombination in these viruses,
leading to the formation of PERV/HERV viral hybrids
(Denner, 2016; Lopata et al., 2018). In the genome of HEK-
293 cells, 189 sites of PERV integration were observed.
This integration was unevenly distributed throughout
the whole set of chromosomes and most frequently oc-
curred near transcription start sites and CpGislands, less
often within genes. Additionally, it was shown that PERV
integration was not completely accidental, since it most
often took place within the human genome with the TG
(int) GTACCAGC sequence, as was the case with the mu-
rine leukemia virus, suggesting that gammaretroviruses
have acommon integration pattern and that mechanisms
for selecting target location within the retrovirus family
may be similar (Mager and Stoye, 2014). Endogenous ret-
roviruses are categorized as “not harmful” since most of
them do notinduce diseases in their natural hosts. PERV
transmission from pig cells to human cells may result in
the conversion of the endogenous nature of PERV in pigs
into an exogenous state in humans. The loss of endogene-
ity and, at the same time, “not harmful” character may be
associated with pathogenic potential occurring in closely
linked, PERV-related exogenous gammaretroviruses, such
as feline leukemia virus (FeLV), murine leukemia virus
(MLV) and gibbon leukemia virus (GALV), which are ca-
pable of inducing tumors and immunodeficiency in the
infected host (Mager and Stoye, 2014). Integration of the
MLV vector near the promoter region contributed to the
activation of the LMO2 proto-oncogene in patients and
induced leukemia during gene therapy trials. The results
showed that a similar risk of tumor induction may occur
inthe case of PERV integration that takes place during xe-
notransplantation (Moalic et al.,2006). The introduction

of new antigens onto the cell surface constitutes another
veryimportant consequence of numerous viral infections.
This is particularly important with regard to enveloped
viruses, including retroviruses, which are released from
the surface of the infected cell and induce the presenta-
tion of foreign intracellular antigens. Since these antigens
are virus-specific and not host cell-like, they change the
infected cell so that it becomes sensitive to cytotoxic T-
lymphocyte attack, which is an important element of the
immune response (Collier and Oxford, 2001).

PERV from pig PBMCs (coculture, inoculum) (Machnik
et al., 2004), different cell lines, miniature pig PERV-NIH
(NIH, National Institutes of Health) (Ritzhaupt et al.,
2002), MvlLu PERYV, 293 (32) PERV (Specke et al., 2002),
and most often the supernatants from PK-15 cells (porcine
kidney epithelial cell line) (Kim et al., 2019; 2020, Scheef
et al.,2002; Yu et al.,2005) were used to infect various hu-
man cell lines, including PBMCc, HEK-293 (Specke et al.,
2002;Yuetal.,2005), HeLa (Ritzhaupt et al.,2002), C8166 C
lymphocytes, THP-1 monocytes (human acute monocytic
leukemia cell line), WIL2. NS.6TG (spleen lymphoblasts),
HPAEC (human pulmonary artery endothelial cells),
HAEC (human aortic endothelial cells), HCASMC (human
coronary artery smooth muscle cells) (Specke et al.,2002).
Infection, genome integration, replication and release of
new PERV virions from human cells infected in vitro were
confirmed (Machnik et al.,2004). In this study, for the first
time with regard to the literature data, the relationship
between the proviral gene sequences and virions released
from the pig's PK-15 cell line, as well as the embedded
sequence of this retrovirus in infected human cells HEK-
293 and HeLa were analyzed. These findings will facilitate
research on the characteristics and genetic variability of
the retroviral genus (envA, envB, gag and pol) of the PERV
provirus from PK-15 cells, in released virions and of the
provirus in infected human cells: HEK-293 and HelLa. In
order to perform safe xenotransplantation, it is necessary
to select animals characterized by a low expression of
PERV-A and PERV-B, and not harboring PERV-C (Semaan
et al., 2013). Moreover, retroviral gene sequences should
be taken into account, since retroviruses with polymor-
phisms were not released from pig cells or/and do not
infect human cells. The obtained results may also help
to improve the application of genetic engineering tech-
niques based on the retroviral genomic sequence used to
reduce PERV infection in xenograft recipients.

Materials and Methods

Infection-competent cell culture model. Human embryonic
kidney cell line HEK-293 (ATCC: CTL-1573) and HeLa cell line
(ATCC: CCL-2) derived from human cervical cancer, were in-
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Table 1. Primers used for PERV and control pig and human genes for QPCR/RT-QPCR analysis

Genome Gene/region Primer® Sequence (5'-3') {; :;;tc (tbp) Location (bp)  Acc. No.
PERV gag gag F TGATCTAGTG AGAGAGGCAGAG 262 2230-2251 AY099324
gagR CGCACACTGG TCCTTGTCG 2491-2473
envA env A-F GAGATGGAAAGATTGGCAACAGCG 364 6572-6595 AY099323
envA-R AGTGATGTTAG GCTCAGTGGGGAC 6935-6912
envB env B-F AATTCTCCTTTG TCAATTCCGGCCC 270 6508-6532 AY099324
envB-R CCAGTACTTTAT CGGGTCCCACTG 6777-6754
pol POLI1F® TACCCCTTGAGTAGAGAGGCTCGA 600 3128-3151 AY099324
POLIR® CCTGCAAATCTGGGCCTTCTTAGC 3727-3704
POL2F® GAGCATTCAGTGCTGCTACAACCA 588 2675-2698
POL2R® TCATTGGTCCCAGGCTTCCTAACC 3261-3238
POL2RNA2F**  AGACTTACTGACCAAGATGGGAGCT 407 2854-2878
POL2R® TCATTGGTCCCAGGCTTCCTAACC 3261-3238
PRTE2 GAGAGGTCAATAAACGGGTGCAGG 379 3285-3308
PRTR2 TGCCTTCGTGCCTTCCTAAGCAGTC 3664-3641
POL3E® CGGGAGCCACCAAACAGGAC 558 3624-3643
POL3R® CTGCGATAGCCTTCAGACATACGG 4181-4159
POL4E® GGAGACCTGTTGCCTACCTGTCA 541 4104-4126
POL4R® GCTTGCGTGAGGGCCATGA 4626-4644
POLS5F® CAGCCTGCCGGAAGGAACTT 537 4588-4607
POL5R® TGGGTGAGACGATGTATCTGTTGGA 5124-5100
POL6F GGGACCTGCTATACCTCATATGGGAAG 561 5039-5065
POL6R® CCTCTCTACCTGTCCTGAGCTTTGG 5599-5575
POL7E® TGGGGATTGATTGGAAACTGCATTGTG 661 5538-5564
POL7R® GGGTTCGAGCTGTCTATAAGGCGTTTA 6199-6173
POL7E® TGGGGATTGATTGGAAACTGCATTGTG 323 5538-5564
POL7RNA2R*  CTTCCACGCTCGTTGCCTCAC 5860-5840
LTR PLTRE ATTACAGACCCTGCTGGCTGCCAGT 500and/or  6-30 LTR5, AY099324
539and/or  8138-8163 LTR3'
PLTRR TCACTCACAAGAAGCGGTCTTGAT every539  503.480 LTR5,
8677-8654 LTR3'
Pig mitochondrial PMITF1 CACCCGTTCATCATCATCGGCCA 547 15196-15218 NC_012095
cytochrome B p 1yrgy GGTGGTGATATGCATGTTGACTG 15740-15717
GAPDH PGAPDH-F TGTCGCCATCAATGACCCC 116 (RNA)  30-48 exon 3
PGAPDH-R TGACAAGCTTCCCATTCTC 195(DNA) 504906 E}Sﬁ:‘fs‘a‘r"l
Human  f-actin AKT-F TCACCCACACTGTGCCCATCTACGA 295 560-584 NM_001101
AKT-R CAGCGGAACCGCTCATTGCCAATGG 830-854 exon 4

°F = forward primer, R = reverse primer, "pol gene primer walking, ‘primer specific for RNA from PK-15 supernatant.

fected by PERV spontaneously released from the porcine kid-
ney cell line PK-15 (ATCC: CCL33). Infection assays were made
accordingto Sypniewskiet al. (2012). After the first passage, the

DNA isolation from cells was performed.

DNA and RNA isolation. After 3 days post infection, DNA
from the 1x10° HEK-293, HeLa and PK-15 cells was isolated
using the lysis buffer with proteinase K and RNase A. The

subsequent steps involved the method of salting out proteins
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and DNA precipitation with isopropanol. RNA was isolated by
phenol-chloroform method using TRI-Reagent according to
the manufacturer's protocol, from 800 pl of supernatant used
for infection, which was collected from PK-15 cells. To remove
DNA from RNA extract, 1 pg of isolated RNA was hydrolyzed
with 1U of DNAse L.

Detection of PERV genes. PERV infection of human cell lines,
HEK-293 and HeLa, and detection of PERV in PK-15 cells was
evaluated by QPCR using primers specific for PERV envA, envB,
gag, pol genes and LTR region (Table 1) (Sypniewski et al.,2012)
and new additional designed primers used for overlapping
primer-based PCR pol gene walking. Detection of viral RNA
from supernatant of PK-15 cells was performed by RT-QPCR
with the same primers. To avoid false-positive results induced
by remaining porcine cellular DNA or RNA in the human's cells
andinthe supernatant from PK-15 cells, a control QPCR or RT-
QPCR using the primers for pig cytochrome B mitochondrial
DNA (mtDNA), and pig GAPDH (pGAPDH, to detect both DNA
and RNA) was performed (Table 1). Amplification was carried
out in 25 ul with SYBR Green QPCR or RT-QPCR Master mix
(Stratagene, USA) using 0.2 uM primers, and 100 ng of DNA
or RNA in standard conditions as stated by Sypniewski et al.
(2012).

Sequence analysis. The obtained amplicons from PERV genes
were separated onthe 1% agarose gel and were isolated and puri-
fied by use of the Agarose Gel Extract mini kit (5 Prime/ Enzo
Life Sciences, USA) according to the manufacturer's instruc-
tions. The sequences of the PERV DNA and RNA amplimers
were obtained with commercial DNA sequencing services
(using ABI Prism™ BigDye™ terminator cycle sequencing kit)
at the Institute of Biochemistry and Biophysics of the Polish
Academy of Sciences in Warsaw (Poland). Sequence analysis
was performed using the Chromas 1.45 software. The sense
and antisense sequences were compared among themselves
and with the reference sequences AY099323 (for envA) and
AY099324 (for envB, gag, pol) using the BLAST Clustal Omega
software. Comparisons of the obtained gene sequences with
all available sequences contained in the NCBI database were
made using the MEGA BLAST software. At the protein level,
changesintheamino acid sequence were deduced in silico and

compared with the reference sequences AAM29191.1 (for envA),
AAM?29193.1 (for envB), and AAM29194.1 (for gag, pol).

Results
Real-time PCR detection of PERV genes

The Real-Time™ PCR/RT-PCR method revealed dif-
ferencesinthe presence of envA, envB, gag, pol and LTR
coding sequences in the PK-15 cell supernatant and PK-
15, HEK-293 and HeLa cells. According to previous data,
PERV proviruses in PK-15 and HEK-293 cell lines, as well
asvirions released from PK-15 cells contain envA, envB,
gag, and pol sequences. As expected, HeLa cells have
become infected only by the PERV-A subtype, however,
they did not contain an LTR region in their genome.
Human kidney cells (HEK-293) were susceptible to in-
fection with both PERV-A and PERV-B subtypes. Correct
detection of human -actin and the lack of amplification
of pig GAPDH (neither DNA nor RNA), pig mtDNA and
NTC reagent controlin the PK-15 supernatant, HEK-293
and HeLa cells indicated no contamination of the su-
pernatant and human cells with genetic material from
pig cells (Fig. 1).

Characterization of genomic variation

According to reference sequences AY099323 (of the
envA gene) and AY099324 (of the env B, gag and pol genes),
26 nucleotide substitutions (including most, thatis 21,in
pol, three in gag, one in envA and one in envB) were de-
tected. Duetoalarge number of polymorphisms obtained
inthe amplimer of the pol gene, it was decided to analyze
the complete sequence (3441 bp) of this gene in PK-15, HEK-
293 cells and the supernatant from PK-15 cells. The primer
walking strategy adopted in the sequence analysis of the
pol gene revealed another 24 polymorphisms.

Out of all 50 substitutions, 18 were non-synonymous,
15 of which occurred in the pol gene, two in the gag gene,

Table 2. Number of substitutions of the PERV genes in in the PK-15, HEK-293, HeLa cell lines and the supernatant of PK-15 cells

PERV genes/polymorphism DANN (polymorphism protein)

Cell/supernatant

envA envB gag pol
PK-15 cell 1HT (1) 1HT® 1HM, IHT (1) 39HT (13), 5HM (1)¢
PK-15 supernatant - - 1HMP 3HT, 8HM (3)°
HEK-293 cell - - 1HMP 3HT, 8HM (3)°
HeLa cell® - - 3HM (2)° 2HMP

*The numbers in parentheses represent non-synonymous polymorphism - amino acid substitution refers to a *part or to the ‘complete

sequence of a gene.
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Polyacrylamide electrophoretic separation of PCR products of PERV genes
Polyacrylamide electrophoretic separation of PCR products of PERV genes, LTR region, pig pGAPDH, pig mtDNA, human f-actin and NTC
reagent control in PK-15 cells (a), PK-15 cell supernatant (b), HEK-293 (c) and HeLa cells (d).

and one inthe envA gene. Moreover, the majority of these
polymorphisms were heterozygous (HT) (42 of 50), present
primarily in PK-15 cells, and eight were homozygous (HM)
(Table 2 and 3).

PERV envA gene polymorphism

One substitution, in the heterozygote form [6716 A>G];
[6716=], was identified in the envA gene, but it was only
present in the PK-15 cell line. The allele [6716 A>G], in
addition to the wild variant coding for isoleucine, could
code for methionine at position 224 of the amino acid p.
[1le224Met]. This heterozygote was not detected in the
envA gene of the virions from the supernatant taken
from the aforementioned PK-15 cells and the provirus in

the infected HEK-293 and HeLa cells, which revealed the
presence of a wild-type homozygote [6716=] encoding
isoleucine p. [Ile224=] (Fig. 2, Table 3). The observed poly-
morphic variant was located in the region of structural
proteins (surface SU and transmembrane TM glycopro-
teins) corresponding tothe location of the TLV coat region.
Based on the comparison of obtained DNA sequence
fragments of the envA gene with all 3,307 sequences of
PERV nucleotide available in the NCBI/BLAST database
(14. December 2020), their similarity to 65 sequences was
demonstrated. The presence of adenine was detected in 14
cases (ininfected HEK-293 and HeLa cells, and in PERV vi-
rionsreleased from PK-15 cells) while guanine was found
in 51 other cases. The heterozygote [6716 A>G][;[6716=] was
identified only in the PK-15 cells.
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Table 3. Substitutions in the PERV genes in PERV provirus from pig PK-15 cells; PERV-virions released from pig PK-15 cells and in
PERV provirus from infected human cells HEK-293 and HeLa

Analyzed gene/ Allel. nucle.o tide/ PK-15 cell - changes PK15 supe}-na.tant " HEK-293 cell - changes HeLa cell - changes
GenBank reference amino acid se- eirs . changes within the ei1s . Y. .
5 2 b within the provirus .. within the provirus within the provirus
gene's Acc. No. quence nt*/ aa’ released virions
envA 6716° A 6716A>G; 6716= 6716=
AY099323 (DNA) [nt]
AAM?29191.1 (Protein) R
[aa] 224 Ile p.lle224Met;I1e224= p.lle224=
envB 6740 A 6740A>G; 6740= 6740=
AY099324 (DNA) [nt]
AAM29193.1 (Protein)
[aa] 232 p.Thr232=
gag 2331 G 2331= 2331G>A
AY099324 (DNA) [nt] B :
AAM291941 (Protein) 44] p.Argh4l= p.Arg44lHis
[aa] 2398 A 2398A>G
463 p.Argh63=
2400 A 2400A>G; 2400= 2400= 2400A>G
464 Glu p-Glu464Gly; Gluk6k= p.Gluk64= p-Glu464Gly
pol 2916 T 2916T>C; 2916= 2916=
AY099324 (DNA) [nt] - - -
AAM2919%4.1 (Protein) 636 Val p-Val636Ala; Val636= p-Val636=
[aa] 3091 A 3091A>G;3091= 3091A=
694 Glu p-Glu694= 694
3243 G 3243G>A;3243=
745 Arg p.Arg745Lys; Arg745= 745
3299 A 3299A>C
764 Dp.Arg764=
3310 C 3310C>T; 3310=
767 p.Asp767=
3322 G 3322G>A;3322=
771 p.Thr771=
3347 A 3347A>T; 3347= 3347=
780 Ser p.Ser780Cys; Ser780= p.Ser780=
3349 C 3349C>T; 3349= 3349=
780 Ser p.Ser780Cys; Ser780= p.Ser780=
3352 C 3352C>T; 3352= 3352=
781 p.Ala781=
3358 G 3358G>A;3358= 3358=
783 p.Pro783=
3361 T 3361T>C; 3361= 3361=
784 p.Pro784=
3362 G 3362G>C;3362= 3362=
785 Glu p.Glu785GIn;Glu785= p.Glu785=
3369 A 3369A>G; 3369= 3369=
787 Asn p-Asn787Ser;Asn787 p.Asn787
3376 C 3376C>T; 3376= 3376=
789 p.Tyr789=
3394 A 3394A>G; 3394= 3394=
795 p.Lys795=
3416 T 3416T>C; 3415= 3415=
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Table 3. Continued 1

Analyzed gene/ Allel. nucle.o tide/ PK-15 cell - changes PK15 supe}-na.tant " HEK-293 cell - changes HeLa cell - changes
GenBank reference amino acid se- eirs . changes within the ei1s . er s .
gene's Acc. No. quence nt*/ aa® within the provirus released virions within the provirus within the provirus
803 p.Leu803=
3421 C 3421C>T; 3421= 3421=
804 p.His804=
3467 A 3467A>G; 3467= 3467=
820 Thr p.Thr820Ala;Thr820= p.Thr820=
3490 C 3490C>T; 3490= 3490=
827 p-Thr827=
3496 C 3496C>T; 3496= 3496=
829 p.Thr829=
3517 G 3517G>A; 3517= 3517=
836 p-Lys836=
3553 G 3553G>A;3553= 3553=
848 p.Arg848=
3583 T 3583T>C; 3583= 3583=
858 p.Pro858=
3655 T 3655T>C
882 p.Gly882=
3703 T 3703T>C; 3703= 3703=
898 p.Ser898=
4021 C 4021C>T, 4021= 4021=
1004 p.Aspl00t=
4024 A 4024A>G; 4024= 4024=
1005 p.Vall005=
4082 A 4082A>G; 4082= 4082=
1025 Thr p.Thr1025Ala; Thr= p.Thr=
4090 C 4090C>T; 4090= 4090=
1027 Thr p.Thr1025Ala; Thr= p.Thr=
4348 T 4348T>G; 4348= 4348=
1113 p.Thrll13=
4735 A 4735A>G; 4735= 4735=
1242 p.Lysl1242=
4869 T 4869T>C; 4869= 4869=
1287 Leu p.Leul287Pro; Leu= p.Leu=
4876 T 4876T>C; 4876= 4876=
1289 p.Serl289=
4923 C 4923C>G; 4923= 4923=
1305 Ala  p.Alal305Gly; Alal305= p.Alal305=
4942 A 4942A>G; 4942= 4942 =
1311 Ile p.Ilel311Met; Ilel311= p.Ilel311=
4951 G 4951G>A; 4951=
1314 p.Thri3l4=
4970 A 4970A>G; 4970= 4970A>G
1321 Arg  p.Argl321Gly; Argl321= p. Argl321Gly

5119 C 5119C>A
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Table 3. Continued 2

2::};’: :;(l f:; :t/ance A;ﬁz:‘::izt ::/ PK-15 cell - changes cP}lf;f Se‘;l:::‘tl;fl;ag:e HEK-293 cell - changes HeLa cell - changes
gene's Acc. No quence nt*/ aa® within the provirus relegase d virions within the provirus within the provirus

1372 His p.His1372Asn

5431 A 5431A>G; 5431=

1474 p.Lysl474=

5438 C 5438C>T; 5438= 5438=

1477 p.Leul477=

5503 T 5503T>C;5503= 5503T>C

1498 p-Phel498=

5455 G 5455G>A

1482 p.Prol482=

5479 c 5479C>A

1490 p.I1e1490=

5665 A 5665= 5665A>G

1552 p.Ilel552= p.Ilel1552Met

5695 T 5695T>G; 5695=

1562 pVall562=

ant - nucleotide, Paa - amino acid, p - protein, > - change or = - no change in sequence relation to the GeneBank reference sequences.

(a)

PK-15 cells/provirus
PERV
6716A>G; 6716=

(b) PK-15 supernatant/virions
PERV
6716=
-1 D 4
ATGGTATATCTT

110¢

1-1
GC

Fig.2

EnvA gene sequencing
EnvA gene sequencing chromatogram representing (a) heterozygote [6716 A>G];[6716=] in the provirus PERV in PK-15 cells and (b) homozy-

gote [6716=] in virions PERV released from PK-15 cells.

PERV envB gene polymorphism

In the envB gene sequence of the PERV provirus, a het-
erozygote [6740 A>G]; [6740=] was identified only in the
PK-15 cell line, which did not change the 232"¢ amino acid
coding as in the wild variant threonine [Thr232=] (Fig.3,
Table 3). The obtained envB gene sequence was similar
to 42 sequences (out of 3,307 PERV nucleotide sequences
from the NCBI/BLAST database from 14. December 2020),

40 of which showed the presence of adenine (similarly to
infected HEK-293 and HeLa cells, and PERV virions from
the above-mentioned PK-15 cells), one revealed cytosine
and one guanine.

PERV gag gene polymorphism

Inthe sequences of amplified gag gene fragments, three
substitutions were identified at nucleotide positions
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(a)

PK-15 cells/provirus (by PK-15 supernatant/virions
PERV PERV
6740A>G; 6740= 6740=
"' * oy coguegeaceagpe I"I".""’
G GG ACRGAACOC
200 SSSINNR TN
GGGACAGAACCC
200
Fig.3
EnvB gene sequencing

EnvB gene sequencing chromatogram representing (a) heterozygote [6740 A>G]; [6740=] in the provirus PERV in PK-15 cells and (b) ho-
mozygote [6740=] in virions PERV released from PK-15 cells.

(a)

PK-15 cells/provirus (b) HeLa cells/provirus
PERV PERV
2331= 2331G>A
G L S N R S S IS I ISR VST
AGG AAAGACGT G A 60 7
60
(0 PK-15 cells/provirus (d) HeLa cells/provirus
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Gag gene sequencing
Gag gene sequencing chromatogram showing: (b) new polymorphic [2331G>A] and (d) homozygotes: [2398 A>G], [2400 A>G] in the provi-
rus PERV in HeLa cells in comparison with (a) homozygotes: 2331=, (c) 2398 A>G and (c) heterozygote [2400 A>G]; [2400=] in the provirus
PERV in PK-15 cells.
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Pol gene sequencing
Pol gene sequencing chromatogram showing: (a) heterozygotes: [3496C>T]; [3496=],[3517G>A); [3517=], [3553G>A]; [3553=],[3583 T>C];[3583=]
inthe provirus PERV in PK-15 cells and (b) polymorphic variants: [3496 =], [3517=], [3553=], [3583 =] in virions PERV released from PK-15 cells.

2331, 2398 and 2400 compared to the reference sequence
AY099324 (Fig. 4, Table.3). The first [2331G>A] was present
onlyin HeLa cells and could cause the coding of histidine
at position 441instead of arginine p. [Arg441His]. Another
substitution in the gag gene sequence [2398 A>G]| was
identified in all tested samples however, it was a syn-
onymous change p. [Arg463=] (Fig. 4, Table 3). A third
polymorphicsitein the gag gene sequence was identified
as heterozygous [2400 A>GJ; [2400=], and occurred only
in PK-15 cells. The G allele was found in the HeLa cells.
In the sequence of virions from the PK-15 cells and the
provirus from HEK-293 cells, only the A allele was present.
The transition [2400 A>G]| caused the coding of glycine
instead of glutamic acid p. [Glu464Gly) (Fig. &, Table 3).

The above-mentioned polymorphic variants (gag gene)
were located in the region of structural proteins (matrix
protein MA, capsid protein CP and nucleocapsid protein
NP) corresponding to the location of the region between
Gag_p30 and ZnF_C2Hc.

In almost all cases, that is in the tested pig PK-15 cells,
infected human HEK-293 cells, PERV virions in the su-
pernatant of PK-15 cells and all 53 sequences (out of 3,307
PERV nucleotide sequences from the NCBI/BLAST data-

base from 14. December 2020), the presence of guanine
allele was found at the 2331t nucleotide. The only excep-
tion was the sequence of the gag gene in infected HeLa
cells under study, characterized by a non-synonymous
substitution [2331G>A]. At another polymorphic site,
i.e.at the 2,398™ nucleotide of the gag gene, guanine was
found in pig PK-15 cells, infected human cells of HEK-293
and HeLa cell lines, PERV virions in the supernatant
from PK-15 cells and 46 (out of 53) database sequences.
Adenine was present in the remaining seven cases. In
the next polymorphic site, which is the 2,400 nucleotide
position of the gag gene, adenine was revealed in virions
from PK-15 cells and infected HEK-293 cells, similarly to
51(out of 53) sequences from the NCBI database. Guanine
was present ininfected HeLa cells at the same nucleotide
position, as well as in two (out of 53) sequences from the
NCBI database. The heterozygote [2400 A>G]; [2400=] was
found only in the tested PK-15 cells.

PERV pol gene polymorphism

Forty-five nucleotide substitutions were identified by
comparing the obtained complete sequence of the PERV
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pol gene with reference sequence AY099324. All of these
polymorphic sites (except for one, [5665 A>G]|, found only
in the PK-15 supernatant and the HEK-293 cells) were
present in the proviral sequence in tested PK-15 cells,
and only two substitutions, [3299 A>C]| and [3655 T>C|,
also occurred in the pol gene sequence in PERV virions
from PK-15 cells, as well as proviruses in HEK-293 and
HeLa cells. Nine remaining polymorphisms,i.e.[4951G>A;
4951=],[4970 A>G],[5119C>A], [5431 A>G; 5431=], [5503 T>C],
[5455G>A], [5479C>A], [5665 A>G], [5695 T>G;5695=], were
alsofound inthe PK-15 supernatant and HEK-293 cells. The
substitutionsidentified in the proviral pol gene sequence
in PK-15 cells were mainly (39 out of 45) heterozygotes.
Five of them were homozygotes, three were transversions
([3299 A>C], [5119C>A], [5479C>A]) and two were transi-
tions [3655 T>C], [5455G>A]) (Table 2 and 3, Fig. 5 and 6).

Among 39 heterozygous genotypes (except for the
wild type allele), the second allele was most often identi-
fied as a transition: ten variants as C>T (3310, 3349, 3352,
3376, 3421, 3490, 3496, 4021, 4090, 5438™ nt), in six cases
as G>A (3243, 3322, 3358, 3517, 3553, 4951'" nt), eight in the
form of T> C (2916, 3361, 3416, 3583, 3703, 4869, 4876, 5503
nt), ten as A>G (3091, 3369, 3394, 3467, 4024, 4082, 4735,
4942, 4970, 5431™ nt) and four types of transversions:
one A>T (3347™ nt), one G>C (3362 nt), two T>G (4348,
5695 nt) and one C>G (4923 nt) (Fig. 5 and 6, Table 3). By
analyzing all 45 identified nucleotide polymorphic sites
in the pol gene, it was found that most of them (30 out
of 45) were synonymous changes while in 15 (out of 45)
cases, observed primarily among heterozygotes in PK-15
cells (14 out of 15), were non-synonymous (Table 3). The
above-mentioned changes in the amino acid sequence
took place within the enzymatic proteins (corresponding
to thelocation of integrase IN, protease PRO, and reverse
transcriptase RT) encoded by the pol gene.

45 polymorphic sites observed in the tested samples
were also found in sequences of the pol gene contained in

3299 3310 3322
AY099324 T 'CAATAAA AGGACATACACCCAACGGTCCCGAACCCTTATAAC
PK-15 cell TTGAGAGAGGTCAATAAACGGGTGCAGGATATACACCCAACAGTCCCGAACCCTTATAAC
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HEK-293 cell TTGAGAGAGGTCAATAAACGGGTGCAGGACATACACCCAACGGTCCCGAACCCTTATAAC

HeLa cell T AATAAACGGGTGCAGGACATACACCCAACGGTCCCGAACCCTTATAAC
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Multiple alignment of the part of pol gene sequence
Multiple alignment of the part of pol gene sequence of the PERV
provirusin porcine PK-15 cells, in infected human cells HEK-293 and
HeLa, and PERV virions in the supernatant of the PK-15 cells with
thereference sequence using the Clustal Omega software. The poly-
morphicsitesalong with their nucleotide locations are highlighted.

the database, but in various numbers. For example, in all
samples under study, cytosine was always detected at the
3,299™ nucleotide, but in 56 sequences (out of 3,307 PERV
nucleotide sequences from the NCBI/BLAST database from
4. December 2020) cytosine appeared in 30, adenine in 24,
while guanine and thymine only in one case (Table 4).

Table 4. Comparison of selected pol alleles with sequences contained in the NCBI database (analysis based on MEGA BLAST software)

Nucleotide position

Cell/supernatant & oS § T 2 & 8 3 8 8 8 & & 8§ &5 8 § &5 8 3 18
[ [v] (] o o [v] o o (] & & &4 n n [}
o o (3] o o o o o (3] (3] (3¢} (3] o o o o o o o o (]
C>T G>A A>T C>T C>T G»A T>C G>C A>G C>T A>G T>C C>T A>G C>T C>T G>A G>A T>C
PK-15 cell AC ¢ ¢ A ¢ ¢ G T G A C A T Cc A Cc ¢ ¢ ¢ T PC
PK15 A>C C G A C ¢c G T G A C A T cC A C cC G T C
supernatant
HEK-293 cell A>-C C G A C c G T G A C A T C A C cC G G T C
HeLa cell A>C C G A C c G T G A C A T C A C cC G G T C
NCBI C 30 26 - - 27 25 - 3 29 - 27 - 14 42 - 42 45 - - 17 15
database- A 24 - 30 27 - - 29 - 1 27 - 27 - - 43 - - 15 35 - -
number of G 1 - 26 - - - 27 - 26 29 - 29 - - 13 - - 41 21 - -
cases T 1 3 - 29 29 31 - 26 - - 029 - 4 1 - 1L 1 - -39 4l
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Discussion

For the first time in terms of literature data, relation-
shipsbetween PERV proviral gene sequences (envA,envB,
gag, pol) and released virions in pigs and the embedded
sequence of this retrovirus in infected human cells were
analyzed. Sequence analysis of PERV gene amplicons
(envA-364bp,envB-270bp,gag-262bp and the complete
pol gene sequence - 3441 bp long) was carried out on
the level of proviral DNA obtained from pig PK-15 cells
and from infected human HEK-293 and HeLa cells, as
well as based on RNA sequences of virions found in the
supernatant of in vitro-cultured PK-15 cells. The refer-
ence sequences, that is AY099323 (for the envA gene) and
AY099324 (for the envB, gag and pol genes), were used for
comparison, which resulted in the detection of experi-
mental changes in the nucleotide at the DNA level and in
silico changes at the protein level.

Compared to the reference sequences, most of the
identified substitutions (45 cases, i.e. 90%) concerned
the 3,441-nucleotide sequence of the complete pol gene.
Three (out of 50) changes were found in the 262-nucleotide
sequence of the gag gene fragment, one in the 364-nucleo-
tide sequence of the envA gene fragment and one in the
270-nucleotide sequence of the envB gene fragment. On
this basis, it can be concluded that most polymorphic
changes per one nucleotide occurred in the case of the
pol gene (1.45x10?), less in gag (1.1x10?) and the least in
envB (0.4x10-?) and envA (0.3x10?). Therefore, the highest
coefficient of variation determined at the nucleotide se-
quence level was recorded for the pol gene (1.45%), lower
for gag (1.1%) and the lowest for envB (0.4%) and envA
(0.3%). Among these 50 variants, most of them (64%) were
synonymous - silent changes that did not lead to any
modifications in the amino acid sequence of the protein
through a codon change. Among 18 remaining substitu-
tions affecting the amino acid sequence, most (15) were
identified in the pol gene, two in the gag gene and one in
the envA gene. One polymorphic site located in the envB
gene was synonymous. Thus, the coefficient of variation
determined at the amino acid sequence level (including
only non-synonymous polymorphisms)was about 1.3% for
the complete sequence of the pol gene (1147 aa), 2.3% for the
gag gene (fragment of 87 aa) and 0.8% for the envA gene
(fragment of 121 aa). The above results were consistent
with theliterature data, in particular with analysis of the
entire genome of PERV-A-BM isolated from the Chinese
breed of pigs, Guangxi Bam (Tang et al.,2016). Within the
8,774-nucleotide-long PERV-A-BM, the authors revealed
three substitutions in gag and env genes (each causing
achangein the amino acid sequence). 91.3% (63 out of 69)
of all detected substitutions were polymorphisms located
inthe pol gene (3,438 bp), which caused 24 changes in the

amino acid sequence of the Pol (1145 aa) protein. Based on
this finding, it was determined that the pol gene was also
characterized by the highest coefficient of variation, both
atthelevel of nucleotide sequence (0f 1.83%) and the non-
synonymous amino acid substitution (of 2.10%).

Inall analyzed gene amplicons,i.e.envA, envB, gag and
pol, a total of 50 nucleotide polymorphic changes were
identified, most of which (44) occurred in PK-15 cells. It is
worth noting that these cells were treated using the same
conditions, i.e. isolation, amplification and sequencing,
as all other cells. Moreover, nearly all of them (39 out of
44) were heterozygotes, which were observed mainly in
PK-15 cells. That is why it could be concluded that PK-15
cells contain the most polymorphic PERV sequences
compared to others, i.e. the PERV sequence of virions
released into the supernatant from PK-15 and the PERV
sequence of the provirus in HEK-293 and HeLa cells.
Furthermore, the presence of a high total percentage of
homozygous sequences was observed in the superna-
tant of these PK-15 cells, as well as infected HEK-293 and
HeLa cells. Therefore, it is possible to assume that PERV
virions with a homozygous allele system were released
from PK-15 cells, although their sequences replicated on
the basis of the heterozygous PERV proviral sequence in
PK-15 cells. Perhaps in PK-15 cells, the translation and
PERV transcription of one allele was inhibited, and there
was a preferential formation and release of virions with
the sequence of the second allele from a given locus.
Additional studies analyzing sequences of PERV mRNA
transcriptions in PK-15 cells could facilitate the verifica-
tion of this issue in the future.

Six remaining substitutions (out of 44) were homozy-
gous and identified in each tested sample. PERV virions
infecting HEK-293 and HeLa cells resulted in homozygous
sequences containing three nucleotide polymorphic
changes: gag: [2398 A>G], pol: [3299 A>C], [3655 T>C],
and tested only in HEK-293 pol: [5119C>A], [5455G>A],
[5479C>A]. Apart from the three aforementioned cases,
two other substitutions occurred in the sequence of the
gag gene:[2331G>A]and [2400 A>G]. The former was pres-
entonlyin HeLa cells,and the latter took place also as one
of the variants in the heterozygote in PK-15 cells but was
not identified in the PERV virion sequence. On this basis,
it can be assumed that the genome of HeLa cells infected
with the same supernatant as HEK-293 cells was affected
by two polymorphic changes in the region of the gag
gene that arose de novo after infection, before or during
PERV's integration into the HeLa genome. Both of these
changes resulted in the encoding of other amino acids
in the Gag protein p. [Arga41His] and p. [Glu464Gly]. It is
possibleto assume that the determining polymorphisms
located in the gag gene may have altered the conforma-
tion and function of PERV Gag structural proteins. The
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structural proteins consist of the capsid, nucleocapsid
and matrix proteins. The matrix protein (MA, p15) is the
outermost protein in the viral particle that binds to the
viral envelope, i.e. the host cell lipid membrane, during
the viral release. The capsid protein (CA, p27) is the major
structural protein, while the nucleocapsid protein (NC,
pl0)isresponsible for the efficient packing of RNA into the
virion. In gammaretroviruses, the pl2 protein is also dis-
tinguished. It is located in the Gag polyprotein, between
MA and CA proteins, and participates in the integration
and the process of releasing new virions (Rein, 2011; Lee et
al.,2011). Inthe later phase, Gag polyproteins are bound to
viral genomic RNA in the cytoplasm. The binding occurs
through the NC portion of the Gag polyprotein and par-
tially through the interaction with the MA. The resulting
Gag multimers bind to the cell membrane, and the process
of budding new virions begins. The p12 protein plays an
important role in viral collection and release, namely its
late (L) domain. Inactivation of this domain resultsin the
incomplete maturation of released viruses, reduction of
their shedding and accumulation of the Gag polyprotein
under the cell membrane (Martin-Serrano and Neil, 2011).
It is possible that based on the PERV proviral sequence
with an altered gag gene sequence, altered Gag proteins
that did not function properly were produced in HeLa
cells, preventing the formation and release of new virions.

Despitethe fact that the literature on the subject states
that sequence multimerization in the LTR and recombina-
tionintheenv geneare associated with the transferability
of PERV to human cells and their potential pathogenicity
(Denner,2021),the authors did not identify the LTR region
in HeLa cells. The study results are consistent with the
information provided by Zwolinska (2006) and Kim et
al. (2009) on the presence of retroviruses with fragment
deletions or the absence of the entire LTR sequence.
Granowitz and Goff (1994) investigated the effect of a se-
ries of substitution mutations on the MA protein of an-
other retrovirus - Moloney murine leukemia in NIH/3T3
mouse fibroblast cells line and COS cells derived from
monkey kidney fibroblasts. Many of the mutated viruses
replicated similarly to wild-type ones, but the remaining
seven, which were characterized by changes in the small
region of the gag gene (amino-terminal residues 7-14),
were replication-defective. These viruses were blocked
from releasing particles from NIH/3T3 cells. It was also
observed that the function of both the gag and gag-pol
genes was defective. In contrast,in COS cells, three of the
defective mutant DNAs were capable of forming virion
particles,but only with an increased copy number of this
gene in COS cells (Granowitz and Goff, 1994). The results
of Granowitz and Goff's research suggest that mutations
inthisregion inhibit the targeting of virions to the plasma
membrane.

By analyzing all 45 identified polymorphic sites
within the complete 3,441-bp pol gene sequence (com-
pared to reference sequence AY099324, with a gag-pol
polyprotein length of 5,162 bp), it was found that in 30
cases, these changes were synonymous while 13 (out of
45), observed only among heterozygotes in PK-15 cells,
included modifications of nucleotides that potentially
took place due to the codon change, which in turn led
to amodification in the amino acid sequence within the
enzyme proteins (respectively:integrase IN, protease PRO,
reverse transcriptase RT) encoded by the pol gene. Perhaps
these changesinthe amino acid sequence influenced the
functioning of the protease catalyzing the proteolysis of
the Gag-Pol polyprotein into individual proteins. In addi-
tion, the observed polymorphisms could alter the action
of retroviral reverse transcriptase, which is responsible
for transcribing viral RNA into double-stranded DNA in
the host cell's cytoplasm. This process takes place in the
so-called reverse transcription complex (RTC), which
includes genomic RNA, capsid, p12 protein, nucleocapsid,
reverse transcriptase integrase and cellular proteins.
Reverse transcription includes the process of flattening,
and then, after synthesizing double-stranded DNA, the
RTC complex transforms into PIC (the preintegration
complex), which travels to the cell nucleus. In the nucleus,
theviral DNA is connected with the host genome (creating
aprovirus) by the enzyme integrase, also encoded by the
pol gene (Fassati, 2012).

This study presents a small number of polymorphic
variants-only one,in PERVenvA and envB gene sequenc-
es. In both cases, heterozygotes were observed in the
PERV sequence, but found only in PK-15 cells. Moreover,
the changein[6716 A>G]resulted inacoding change with
regard to amino acid p. [[1e224Met]| only in the case of
theenvA gene. The env gene encodes one PERV envelope
protein, thatis protease,intothe transmembrane protein
TM pl5E and surface protein SU gp70. The SU protein
allows the virus to contact the appropriate receptor on
the surface of the host cell, while the transmembrane MT
proteinisresponsible for the fusion of the viral envelope
with the cellular membrane of the target cell. The Env
proteinisaglycoprotein with several glycosylation sites
that may affect the process of binding to a host receptor.
Watanabe et al. (2005) indicated that the entire SU region,
not only the N terminal portion with the VRA and VRB
regions, is necessary for the PERV-A binding to the host
cell receptor to take place. It has also been shown that
in terms of receptor binding, the PRR region is also nec-
essary for PERV-A and PERV-C (Gemeniano et al., 2006).
Additionally,in the case of PERV-C,100 final amino acids
in the SU protein were found to inhibit its capacity to
bind to human cells. By using the SU protein without its
C-terminal part (containing only 360 amino acids from
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the N-terminus), PERV-C was modified, which allowed
it to bind to human cells (HEK-293) through a receptor
different than PERV-A. Therefore, it has been shown that
this terminal portion of 100 amino acids, which differs
only in terms of nine amino acids between PERV-C and
PERV-A, plays a key role in modulating PERV-C binding
capacity and infectivity (Gemeniano et al., 2006). Other
researchers have proven that the replacement of one
of the two amino acids with appropriate ones found
in PERV-A, e.g. Q374R (glutamine—arginine) or 1412V
(isoleucine—valine), restores the infectivity of PERV-A/C
inrelationto human cells toasimilar level asit was in the
case of PERV-A (Argaw and Wilson, 2012). However, this
modification did not cause PERV-C itself to become capa-
ble of infecting human cells. On the other hand, achange
of only fouramino acids of NHRQ436YNRP, together with
K441R (asparagine<«tyrosine, histidine<>asparagine,
glutamine«proline and lysine<>arginine), resulted in
PERV-C's affinity to human cells, similarly to that of
PERV-A (Argaw and Wilson, 2012). In another study, Ito
etal., (2015) indicated that when areverse mutation had
beeninduced inthe envelope (env) genes, ERV in cats did
not generate infectious viral particles. ERV-DC7 fl and
ERV-DCI16 fl were highly expressed in cells but were not
cleaved into surface (SU) and transmembrane subunits,
nor incorporated into virions. The substitutions G407R
/ N4271-A429T and Y431D within the SU C-terminal
domain of ERV-DC7 fl and ERV-DC16 fl, respectively re-
sulted in these dysfunctions. Glycine 407 and tyrosine
431 residues are relatively conserved among infectious
gammaretroviruses,and their substitution resultsin the
same dysfunction asin the tested retroviruses. It reveals
that specific mutations within the C-terminal domain
of SU suppress Env cleavage and virion incorporation
(Denner, 2016).

Retroviruses are susceptible to intra-genomic rear-
rangements (point mutations, deletions, or duplications)
and recombinations, particularly when the cell is infected
with two exogenous or endogenous retroviruses. Undam-
aged PERV is very active in terms of transcription and
replication (Kuddus et al.,2003). New changes generated
intheviral genome constitute one method of adapting to
the replication in a new environment or a different host.
Knowledge of the frequency and speed of the formation
of viral mutations is important to understand processes
such as the evasion of the host's immune responses,
drug resistance, and the ability of viruses to induce new
diseases (Sanjuan and Domingo-Calap, 2016). In HIV-1
and other retroviruses, the mutation is primarily caused
by the error-prone transcription, but there are two other
possible sources of mismatching: host RNA polymerase II-
mediated transcription and G to A transcriptioninduced
by restriction factor ABOBEC3G (Coffin and Swanstrom,

2013). Coffin et al. reported that this selection resulted
from one variant being more efficient in terms of replica-
tion than the other, which in the case of viruses resulted
in variations in the abundance of daughter particles in
each replication cycle. These disproportions could arise
from discrepancies occurring at any stage of the virus'life
cycle, ranging from different virus adsorption capacity to
the cell surface, disproportions concerning the entry of
thevirusinto the cell, production rate of progeny virions,
and the productive viability and stability of the infectious
virus (Coffin and Swanstrom, 2013). Retroviruses mutate
atan average rate of about 3x10% substitutions per nucleo-
tide per cell infection (s / n / c¢), which is approximately
10 to 1,000 times more frequent than in the case of DNA
viruses (10°-108s / n / ¢) and at least 10,000 times more
common than in the case of eukaryotic DNA (<10°s/n/
c). The presence of reverse transcriptase in retroviruses,
or the lack of 3'-5' exonuclease activity, reduces the accu-
racy of DNA synthesis and causes more frequent errors
(10%-10° mutations/base pair). In addition, viruses are
characterized by a negative correlation between genome
size and mutation frequency (Rawson and Mansky, 2014;
Sanjuan and Domingo-Calap, 2016; Schlub et al.,2014). The
polymorphisms observed in PERV gene sequences may
cooperate with cellular restriction factors, e.g. APOBEC3,
which catalysis the deamination of cytosine to uracil in
both DNA and RNA that in turn causes instability of DNA
strands, which, as aresult, are unable to encode viral pro-
teins and thus progeny viruses (Dorrschuck et al., 2008).
In this study, it was observed that polymorphic changes
in the form of A>G transitions in the following gene se-
quences, envA, envB, gag and pol as well as T>C in pol oc-
curred mostly in the PERV provirus in PK-15 cells, and less
frequently inthe supernatant of these cells. It is, therefore,
possible that APOBEC3 proteins may have deaminated
the cytosine to uracil in these genes, resulting in the fact
that no progeny virions with this sequence or virions of
incomplete RNA length were produced (Dérrschucket al.,
2008). Similarly, Nowarski et al. (2014) proved that cyto-
sine deamination in HIV-1reduced the production of full-
length HIV-1transcriptions. This mechanism was based
ontheinactivation of the TAR sequence (trans-activation
response element) by deamination of cytosine to uracil
in the newly formed minus strand DNA. This change
prompted the G to Amutation in the TAR RNA sequence,
whichinturninhibited the function of the transcriptional
activator protein Tat (transcriptional activator), blocking
HIV-1 RNA extension of proviral transcripts, accumulat-
ingincomplete (short) viral transcripts and consequently
limiting viral replication of HIV-1 (Nowarski et al., 2014).
Dorrschucket al. (2008) revealed that PERVs were suscep-
tible to the action of human, porcine and mouse APOBEC3
proteins. After introducing the molecular clone PERV-B, as
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well as human A3F and A3G into 293 T cells, Lee et al. ob-
served areduction in PERV replication by 69-90%, which
confirmed the inhibitory effect of APOBEC3 on PERV
infectivity in human cells (Lee et al.,2011). Porcine A3 pro-
teinsinhibited PERV through amechanism dependent on
cytosine deamination (Dérrschuck et al.,2008), however,
Jonsson et al. demonstrated that human A3G can affect
PERVin amannerindependent of deamination (Jénsson
et al., 2007). APOBEC3 can also reduce the infectivity of
retroviruses by inhibiting primer hybridization, strand
transfer during the transcription, accumulation of viral
transcriptions, and proviral integration (Bélanger et al.,
2013; Nowarski et al., 2014).

To reduce the risk of PERV infection in humans dur-
ing xenotransplantation, itis necessary to test xenograft
donor candidates for retrovirus levels, so that the organs
can only be harvested from animals with low levels,
while carriers of the PERV-C subtype should be com-
pletely eliminated (Fishman, 2019). Another suggested
solution refers to using small interfering RNA (siRNA)
and other genome editing techniques (ZFN, TALEN and
CRISPR/Cas) to remove PERV coding sequences from
the animal genome (Carithers, 2020; Hryhorowicz et al.,
2017, Lu et al., 2020). In order for this strategy to be suc-
cessful,itis essential to know the course of the infection
itself and develop highly specific retrovirus detection
techniques.

In conclusion, this study revealed that endogenous
porcine PERV retroviruses are able to infect human cells
in vitro, which can also occur in the case of xenotrans-
plantation, therefore inducing negative health effects
in the xenograft recipient. Observation of such cases
is especially important due to the increased interest in
xenogeneic and genetically modified stem cell-based
therapy - the potential of porcine cellsin the field of stem
cell-based therapy and regenerative medicine is subject
to intensive research (Galow et al.,2020). In porcine cells,
PERV was characterized by high sequence variability,
mainly of the pol gene, which may result in less accurate
verification of its presence in the organs of donors and
less effective therapy using modern PERV gene interfer-
ence techniques (CRISPR, RNAIi, siRNA shRNA) based
on the nucleotide sequence. Therefore, with regard to
xenotransplantation, itis recommended to select donors
withincomplete proviral and PERV virion sequences and
specific polymorphic variants in the genome, possibly
inhibiting the release of virions with such sequences.
The results obtained in this publication may be useful
for designing new method of PERV treatment.
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