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Xenotransplantation is a promising strategy to alleviate the shortage of organs for human
transplantation. In addition to the concern on pig-to-human immunological compatibility, the risk of
cross-species transmission of porcine endogenous retroviruses (PERVs) has impeded the clinical
application of this approach. Earlier, we demonstrated the feasibility of inactivating PERV activity in an
immortalized pig cell line. Here, we confirmed that PERVs infect human cells, and observed the horizontal
transfer of PERVs among human cells. Using CRISPR-Cas9, we inactivated all the PERVs in a porcine
primary cell line and generated PERV-inactivated pigs via somatic cell nuclear transfer. Our study
highlighted the value of PERV inactivation to prevent cross-species viral transmission and demonstrated
the successful production of PERV-inactivated animals to address the safety concern in clinical

xenotransplantation.

The shortage of human organs and tissues for transplanta-
tion represents one of the most significant unmet medical
needs (I). Xenotransplantation holds great promise. Porcine
organs are considered favorable resources for xenotrans-
plantation since they are similar to human organs in size
and function, and can be bred in large numbers (2).

However, the clinical use of porcine organs has been
hindered by immunological incompatibilities (2) and by the
potential risk of PERV transmission (3). PERVs are gamma
retroviruses found in the genome of all pig strains and can
be vertically transferred through inheritance (4). Although
to date, no study has shown PERV transmission to humans
in clinical settings, it has been demonstrated that PERVs
can infect human cells (3, 5) and integrate into human ge-
nome in cell culture (6). PERV integration could potentially
lead to immunodeficiency and tumorigenesis, as reported
with other retroviruses (7, 8).

We recently demonstrated a method to inactivate all 62
copies of PERVs in an immortalized porcine cell line (PK15)
and eliminated PERV transmission to human cells (5). In
the present study, we adopted a strategy to conduct multi-
plexed genome engineering to inactivate PERV activity in a
primary porcine fibroblast cell line; then we used the modi-
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fied fibroblasts to produce embryos through somatic cell
nuclear transfer (SCNT) and transferred the SCNT embryos
into surrogate sows. Using such an approach, we successful-
ly generated PERV-inactivated pigs.

We previously demonstrated the transmission of PERVs
from an immortalized pig epithelial cell line, PK15, to GFP-
labeled human embryonic kidney cells (HEK293T-GFP), af-
ter co-culturing them for one week (5). We wondered
whether PERVs remain active and propagate in human
cells. To detect this, we monitored PERV copy number both
in a population and in clones of PERV-infected HEK293T-
GFP cells (i-HEK293T-GFP) for more than 4 months and
observed that PERV copy number increased over time (Fig.
1A and fig. S1B), as determined by droplet digital PCR
(ddPCR). Consistent with previous reports (3, 9), we detect-
ed that both subtypes PERV-A and PERV-B were present in
the infected human cells (fig. S1B), confirming that they are
human-tropic. We did not detect PERV-C in either PK15 or i-
HEK293T-GFP cells (fig. S1, A and B). To determine whether
the PERVs integrate into the human genome or stay epi-
somal in the infected human cells, we performed junction
capture sequencing of the infected clonal i-HEK293T-GFP
cells. We detected novel PERV junctions in the human ge-
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nome and observed that they are overrepresented in intra-
genic regions and in active chromatin areas (Fig. 1B and fig.
S2, A and B).

The increased copy number of PERVs in i-HEK293T-GFP
clones can be caused by intracellular transposition or by
intercellular PERV transmission among human cells. To
clarify this, we then examined whether infected human cells
could transmit PERVs to wild-type (WT) human cells. We
co-cultured clonal i-HEK293T-GFP cells with WT HEK293T
cells for two weeks, and subsequently checked PERV ele-
ments in the co-cultured WT clones via PCR. We detected
the robust presence of PERV elements in WT HEK293T cells
with no history of contact with porcine cells (Fig. 1C and fig.
S2C). The percentage of infected WT HEK293T cells varies
from 20% to 97% (Fig. 1D) depending on different parental
i-HEK293T-GFP clones in the co-culture. We concluded
from our observations that infected human cells can trans-
mit PERVs to previously unexposed human cells.

Generating PERV-inactivated pigs involves construction
of primary porcine cells devoid of PERV activity, which can
be cloned via SCNT to produce porcine embryos. We tested
whether we could use the same strategy we used previously
in PK15 (5) to inactivate the PERV activities in a primary
porcine fetal fibroblast cell line (denoted as FFF3 hereafter).
We first aimed to map and characterize the PERVs present
in the FFF3 genome. We detected 25 copies of functional
PERVs, as determined by ddPCR on the reverse transcrip-
tase (pol) gene (fig. S3). The detected PERV copy number
was close to the sum of 10 copies of the PERV-A env gene, 14
copies of the PERV-B env gene, and 0 copies of the PERV-C
env gene that we identified in the genome (fig. S3) by
ddPCR. Using whole genome sequencing, we further detect-
ed one additional copy of truncated PERV-B not detectable
by ddPCR. We used hybridization capture followed by se-
quencing to map PERVs copies into the genome (Fig. 2A
and fig. S4). To target these PERVs for inactivation, we de-
signed two CRISPR guide RNAs (gRNAs) specific to the cat-
alytic core of the PERV pol gene (fig. S5). After treating a
population of FFF3 cells with CRISPR-Cas9 and the two
gRNAs for 12 days, we observed 37% PERV pol inactivation.
Notably, we observed a bimodal distribution of targeting
efficiency among single FFF3 cells after treatment, resem-
bling our previous results obtained with PK15 cells (5).
About 35% single cells had high editing efficiency (>90%)
and 61% single cells had low editing efficiency (<20%) (Fig.
2B). Unfortunately, despite the presence of highly modified
cells in the population, we could not grow up the single-cell
clones with >90% PERYV editing efficiency.

We hypothesized that simultaneous DNA cleavages by
Cas9 at multiple PERV sites in the FFF3 genome trigger
DNA damage-induced senescence or apoptosis; hence, we
could not obtain the highly modified FFF3 clones. Through
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screening of different anti-apoptotic strategies (figs. S6 and
S7), we observed that the application of a cocktail contain-
ing p53 inhibitor, pifithrin alpha (PFT«), and basic fibro-
blast growth factor, bFGF, during genetic modification,
significantly increased the average targeting efficiency of
the resulting FFF3 populations (fig. S6A (ANOVA, p =
0.00002), fig. S6B). Using this optimized cocktail, we were
able to grow up 100% PERV-inactivated FFF3 cells (PERV-
inactivated FFF3) from the population treated with CRISPR-
Cas9 (Fig. 2, C and D).

Having confirmed that we genetically mutated PERV pol
in the genome, we performed RNA-seq (fig. S8) on PERV-
inactivated FFF3 clones and confirmed that all pol tran-
scripts had been mutated. Furthermore, we examined
whether the genome-wide disruption of PERV pol would
eliminate in vitro production of PERVs from FFF3. We could
not detect reverse transcriptase (RT) activity of PERVs in
the cell culture supernatant of the PERV-inactivated FFF3
(fig. S9), suggesting that there is no viral particle secreted by
the modified cells.

We next sought to examine off-target effects of CRISPR-
Cas9 in the PERV-inactivated FFF3. We carried out karyo-
typing of 8 PERV-inactivated FFF3 and observed that 5 car-
ried chromosomal abnormalities. Of note, the translocation
sites in the genome tend to correlate with presence of PERV
cutting sites, suggesting that CRISPR-Cas9 on-target toxicity
may contribute to the translocations observed (fig. S10A).
The remaining 3 PERV-inactivated FFF3 clones carry nor-
mal chromosomal structures (fig. S10B). To examine chro-
mosomal integrity with higher resolution, we performed
PERYV genomic junctions sequencing on the 3 normal karyo-
type clones to examine potential deletions between Cas9-
induced double-strand breaks (DSBs). All 21 tested junctions
remained intact (fig. S11), which indicates no Cas9-induced
macrodeletions in these regions. Therefore, we concluded
that we could obtain PERV-inactivated FFF3 without de-
tectable structural variations.

Having obtained PERV-inactivated FFF3 cells, we at-
tempted to produce PERV-inactivated embryos via SCNT.
For every round of embryogenesis, ~20-40% of the con-
structed PERV-inactivated embryos reached blastocyst stage
after being cultured for 6 days (Methods), which is within
the normal range of porcine SCNT efficiency. We observed
normal 64-cell stage blastocyst structure and validated the
pluripotency of inner cell mass (detected by SOX2 antibody)
on day 6 (fig. S12A). We performed genomic deep sequenc-
ing to check the PERV pol genotypes in embryos, and con-
firmed 100% PERV-inactivation efficiency (fig. S12B).

Next, we transferred the PERV-inactivated embryos into
surrogate sows which are PERV-C free and present a total
PERV copy number of 12-30 (fig. S13A). We detected preg-
nancy rates of 75% (33/44), 63% (28/44), and 52% (23/44)
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for PERV-inactivated FFF3 cells at day 23, 51 and 70, respec-
tively, and 100% (5/5) for WT cells at all the three time
points. Fetuses at pregnancy date 50 were analyzed, all
PERV-inactivated fetuses showed 100% PERV inactivation
(fig. S12, C and D) and similar PERV copy number as WT
FFF3 (fig. S13B). Despite the lower pregnancy efficiency,
which is commonly observed in transgenic pig production
(10), we successfully produced putative PERV- inactivated
pigs (Fig. 3A and fig. S14). We did not observe difference
between PERV-inactivated and WT cells on the SCNT effi-
ciency. The ratios of piglets born/number of embryos trans-
ferred are similar for PERV-inactivated cells (0.9%) and WT
cells (0.8%). To test PERV inactivation in these pigs, we iso-
lated genomic DNA from both the bulk cells and single cell
clones derived from these pigs and observed that all the pigs
exhibited ~100% PERV inactivation at the genomic DNA
level (Fig. 3B and fig. S15, A and B). In addition, we ob-
served that the copy number of PERVs in the generated pigs
stays close to 25, reconfirming that there is no reinfection
(fig. S15C). We further isolated total RNAs from a variety of
tissues of the pigs and confirmed ~100% PERYV inactivation
at the mRNA level (Fig. 3C). We performed Kkaryotyping and
did not detect abnormal structural changes in the PERV-
inactivated pigs (fig. S16). The PERV-inactivated pig produc-
tion is robust that we have so far produced 37 PERV-
inactivated piglets from 17 sows (200-300 embryo trans-
ferred/sow), 15 piglets remain alive, and the oldest healthy
animals are 4-month old. We are conducting long term stud-
ies to monitor the impact of PERV-inactivation and gene
editing on big animals.

In summary, we observed in our studies that PERVs can
be transmitted from pig to human cells and transmitted
among human cells in vitro. These results substantiate the
risk of cross-species viral transmission in the context of
xenotransplantation. To work toward eliminating this risk,
we generated PERV-inactivated primary porcine cell lines
using a combination of CRISPR-Cas9, apoptosis inhibitor
and growth factor, and with these cell lines, we produced
PERV-inactivated porcine embryos, fetuses, and live pigs.

In this study, we discovered that treatment with p53 in-
hibitor can mitigate the stress from multiplex DNA damage
during multiplexible genome engineering and support clon-
al expansion of 100% PERV-inactivated cells. Although we
have focused in this paper on the applications to xenotrans-
plantation, we envision, more generally, that the synergistic
combination of CRISPR-Cas technology with anti-apoptosis
treatment may also be used to enable large-scale genome
engineering in primary cells for a broad range of applica-
tions, including pathway engineering and modifications of
other genetic repetitive elements of biological interest.

Although it is still unclear whether PERVs infect humans
in vivo, our study shows that PERV-infected human cells
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pass the PERVs robustly to fresh human cells that have no
prior-exposure to pig cells. Therefore, our data substantiates
the value of PERV-inactivation for safe xenotransplantation
practice. The physiological functions of endogenous retrovi-
rus, which exists in all mammalian species, remain largely
unknown. Further studies on our PERV-inactivated pigs will
shed light on the endogenous retrovirus functionalities in
related to the hosts. Most importantly, the PERV-inactivated
pig can serve as a foundation pig strain, which can be fur-
ther engineered to provide safe and effective organ and tis-
sue resources for xenotransplantation.
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Fig. 1. Pig-to-human and human-to-human PERVs transmission. (A)
PERVs copy number in infected human cells increases over time when co-
cultured with PK15 cells. Human HEK293T-GFP cells were co-cultured with
equivalent numbers of pig PK15 cells for one week. HEK293T-GFP without
any contact of PK15 cells were used as negative control (negative). (B)
Detection of PERVs insertion sites in human genome. Among the 22 PERV
insertion sites detected by inverse PCR, 15 were mapped to the intragenic
region. We tested a portion of the intragenic hits and validated 7 out of 12
by junction PCR (shown here). The 30bp human genomic sequences are
shown in blue, whereas the PERV LTRs are shown in red. (C) Detection of
human-to-human PERVs transmission. Individual clones of HEK293T were
grown from the single cells isolated from the co-culture of i-HEK293T-GFP
with HEK293T through flow cytometry. The PCR gel image showed that 3
out of 4 randomly tested HEK293T clones were infected, which contained
PERVs sequences (PERV pol, env, and gag), but no sequence of GFP or pig
genomic DNA (tested by pig specific GGTA). Sample orders are: 1)
HEK293T clone 1; 2) HEK293T clone 2; 3) HEK293T clone 3; 4) HEK293T
clone 4; 5) HEK293T-GFP control; 6) i-HEK293T-GFP; 7) PK15 WT; and 8)
negative. (D) Four different i-HEK293T-GFP clones have different
infectious potential. Four infected parental i-HEK293T-GFP clones are co-
cultured with WT HEK293T. The PERV copy number of the 4 parental i-
HEK293T-GFP clones are 15, 28, 27 and 28, respectively. The percentages
of the infected WT HEK293T clones from the co-culture of i-HEK293T-GFP
and WT HEK293T varied from 20% to 97%. Primers used are listed in the
table S1.
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Fig. 2. PERVs insertion sites mapping, and genome-wide inactivation. (A) Chromosome
mapping of PERVs locations in FFF3. Chromosomal scaffolds are in gray. Red arrows represent
PERVs in the forward or positive chain of chromosome. Blue arrows represent PERVs in the
reverse or negative chain. Y-axis represents chromosomal coordinates. Two additional copies
were mapped to repetitive regions, and two could not be mapped to the current pig genome
assembly and are not shown (11% gaps, Sus scrofa build 10.2) (1I). (B) Failure to obtain 100%
PERV-inactivated FFF3 clones using CRISPR-Cas9. After targeting the PERVs in FFF3, single
cells were sorted and immediately genotyped. We observed a bimodal distribution of PERV
targeting frequencies among single cells (upper panel), similar to that seen in the PK15 clones
(5). 100% PERV-inactivated FFF3 cells were present among the single cells directly genotyped.
However, this pattern changed after expansion of the single cells (bottom panel). Among the
single cell clones, we only obtained the ones with lower efficiency (=39%, the average targeting
efficiency in the population was 37%), but not the ones with 100% PERV inactivation (lower
panel). (C) Treatment with PFTa and bFGF sustained the growth of highly modified FFF3 clones.
The combined use of a p53 inhibitor, PFTa, and a growth factor, bFGF, rescued the highly
modified cells. A population of FFF3 was treated with PFTa and bFGF during the gene editing
experiment (Methods); then, single cells were sorted for direct genotyping and for colony
growth followed by genotyping. Both the single cells and expanded clones showed similar
distribution in PERV targeting efficiency, and highly modified clones survived under this
condition. (D) Genotype of 100% PERV inactivated clones. Several 100% PERV-inactivated
clones were achieved from the PFTa and bFGF treated FFF3 population. The figure shows
haplotypes of one of the 100% PERV-inactivated clones at PERV pol loci, after CRISPR-Cas9
treatment. The y-axis indicates the edited PERVs loci. The x-axis indicates the relative locations
of the indels within the PERV loci. Aligned indel events in the PERV pol sequence are represented
in red. Shades of purple indicate different haplotypes of PERVs.
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Fig. 3. PERV-inactivated pigs. (A) Image of the first born PERV-inactivated pig. This picture
showed the first born pig (Laika) at day 2 after birth. (B) PERV inactivation at genomic DNA level.

We genotyped PERV-inactivated pigs at different ages (up to 100 days) by deep sequencing of the

PERV pol loci. All examined pigs showed ~100% PERV inactivation efficiency, which demonstrates
that there is no detectable PERV reinfection from surrogate sows to cloned pigs. (C) PERV
inactivation at mRNA level. Total MRNA generated cDNA was used to detect the PERV inactivation
efficiency of the PERV-ko pig transcripts. All pigs exhibited ~100% PERYV eradication efficiency at

mMRNA level.
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Materials and Methods

CRISPR-Cas9 gRNAs design

We used the R library DECIPHER to design specific gRNAs (sgRNA1:ggtaccctcctccagtacgtgg;
sgRNA2:ggtcatccacgtactggaggagg) that target all pol catalytic sequences in FFF3 but not other
non-PERVs retroviral sequences described before (5).

Cell culture

Porcine PK15 and human HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) high glucose with sodium pyruvate supplemented with 10% fetal
bovine serum (Invitrogen), and 1% penicillin/streptomycin (Pen/Strep, Invitrogen). All cells were
maintained in a humidified incubator at 37°C and 5% CO,.

Porcine fetal fibroblast cells FFF3 were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen) high glucose with sodium pyruvate supplemented with 15% fetal bovine
serum (Invitrogen), 1% penicillin/streptomycin (Pen/Strep, Invitrogen) and 1% HEPES (Thermo
Fisher Scientific). All cells were maintained in a humidified tri-gas incubator at 38°C and 5% CO,,
90% N3 and 5% O,.

PiggyBac-Cas9/2gRNAs construction and cell line establishment

Similar to the procedure previously described by Yang et al. (5), we synthesized a DNA fragment
encoding U6-gRNA1-U6-gRNA2 (Genewiz) and incorporated it into a previously constructed
PiggyBac-cas9 plasmid. To establish the FFF3 cell lines with PiggyBac-Cas9/2gRNAs integration,
we transfected 5x10° FFF3 cells with 14.3 ug PiggyBac-Cas9/2gRNAs plasmid and 5.7 ug Super
PiggyBac Transposase plasmid (System Biosciences) using the Neon transfection system,
according to the instructions in the commercial kits (Thermo Fisher Scientific). To select the
cells carrying the integrated construct, 2 ug/mL puromycin was applied to the transfected cells.
Based on the negative control, in which we applied puromycin to wild type FFF3 cells, we
determined that the puromycin selection was completed in 4 days. The FFF3-PiggyBac cell line
was maintained with 2 pg/mL puromycin thereafter and a 2 ug/ml doxycycline was applied to
induce Cas9 expression of the doxycycline-inducible FFF3-PiggyBac cell line for one week.

To avoid the Cas9-consistent expression in the FFF3 cell line, we conducted PiggyBac-
Cas9/2gRNAs excision from the FFF3 genome by transfecting 5x10° cells with 3pg PiggyBac
Excision-Only Transposase vector using Lipofectamine 2000 reagent. The PiggyBac-
Cas9/2gRNAs-excised FFF3 cells were then single-cell sorted into 96-well plates for clone

growth and genotyping.

Genotyping of single-cell and single cell clones

First, puromycin selection followed by PiggyBac excision was conducted on the FFF3-PiggyBac-
Cas9/2gRNA cell line. Then the cells were single-cell sorted into both 96-well PCR plates for
direct genotyping and 96-well cell culture plates for colony growth. To genotype single FF cells



without clonal expansion, we directly amplified the PERV loci from sorted single cells. We also
conducted genotyping for the clones grown from the sorted single cells. The procedure of
genotyping was according to the method of Yang et al. (5). Briefly, we sorted single cells into
96-well PCR plates with each well carrying a 5 pl lysis mixture, which contained 0.5 pl 10xKAPA
express extract buffer (KAPA Biosystems), 0.1 pl of 1U/ul KAPA Express Extract Enzyme and 4.4
ul water. We incubated the lysis reaction at 752C for 15 min and inactivated the reaction at
959C for 5 min. All reactions were then added to 20ul PCR reactions containing 1x KAPA 2G fast
(KAPA Biosystems), 0.2 uM PERV Illumina primers (shown as follows). Reactions were incubated
at 952C for 3 min followed by 30 (for single cell) or 25 (for single cell clones) cycles of 959C, 20 s;
599C, 20 s and 729C, 10 s. To add the Illlumina sequence adaptors, 3ul of reaction products were
then added to 20 pl of PCR mix containing 1xKAPA 2G fast (KAPA Biosystems) and 0.3 uM
primers carrying lllumina sequence adaptors. Reactions were incubated at 952C for 3 min,
followed by 20 (for single cell) or 10 (for single cell clones) cycles of 952C, 20 s; 592C, 20 s and
729C, 10 s. PCR products were checked on EX 2% gels (Invitrogen), followed by the recovery of
~360 bp target products from the gel. These products were then mixed at roughly the same
amount, purified (QlAquick Gel Extraction Kit), and sequenced with MiSeq Personal Sequencer
(Ilumina). We then analyzed deep sequencing data and determined the PERV editing efficiency
using CRISPR-GA (12).

Primers used in the PERV pol genotyping

[llumina_PERV_pol forward:
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGACTGCCCCAAGGGTTCAA-3’
Illumina_PERV_pol reverse:
5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTCTCCTGCAAATCTGGGCC-3’

PERV infectivity test of pig to human cells and human to human cells

1) PERV infectivity test of pig to human cells (PK15 WT to HEK293T-GFP)

The procedure is similar to that previously described by Yang et al. (5). Briefly, 1x105 HEK293T-
GFP cells and 1x105 PK15 WT cells were co-cultured in a 10 cm dish for one week. Sequential
cell sorting was conducted through flow cytometry to obtain high purity GFP positive HEK293T-
GFP cells. The HEK293T-GFP cells were sorted as bulk and cultured for 125 days. Genomic DNAs
were isolated from the cells at different time points (d76, d80, and d125) to detect whether the
PERV copy number increased with time going via ddPCR. We also conducted single cell sorting
from the bulk cells at different time points. After the single cell grew up into clones, we
examined the PERV infection of some clones by PCR first and then quantified the PERV copy
number of the PERV-infected clones via ddPCR.

2) PERV infectivity test of human to human cells (i-HEK293T-GFP to WT HEK293T)

To test whether the PERV can be transmitted from human to human cells, 1x10° PERV-infected
HEK293T-GFP (i-HEK293T-GFP) cells were co-cultured with 1x10° WT HEK293T cells for 2 weeks,
then the GFP negative single cells were sorted via flow cytometry. After the single cell grew up



into clones, we examined the PERV infection ratio of GFP negative clones which had contact
with different i-HEK293T-GFP clones by PCR. Particularly, we quantified the PERV copy number
of GFP negative clones which were co-cultured with i-HEK293T-GFP clone 10 via gPCR using the
PERV copy number of i-HEK293T-GFP clone 10 as the standard marker (PERV copy number of
clone 10 has been detected by ddPCR previous to the co-coculture experiment).

Reverse transcriptase (RT) assay

The RT assay is the same as the protocol previously described by Yang et al. (5). Briefly, to test
the RT activity of the wild type FFF3 cells and 100% PERV-modified FFF3 clones, we plated
5x10° cells in 10 cm Petri dishes, and collected the supernatant after the cells reached 80%
confluency. The media were first centrifuged at 400 g for 4 min to get rid of cells and debris,
then filtered with a 0.45 um pore size Millex-HV Syringe Filter (EMD Millipore Corporation). The
filtered supernatant was concentrated at 4000g for 10min using Amicon Ultra-15 Centrifugal
Filter Unit (EMD Millipore Corporation). The concentrated supernatant was then ultra-
centrifuged at 50,000 rpm for 60 min. The supernatant was carefully removed, and the virus
pellet was fully re-suspended and lysed with 20 pl of 10% NP40 at 37°C for 60 min. The RT
reaction was conducted using the Omniscript RT Kit (Qiagen). The total volume of the reaction
was 20 ul, which contained 1x RT buffer, 0.5 mM dNTPs, 0.5 uM Influenza reverse primer (5’
CTGCATGACCAGGGTTTATG 3’), 100 units of RnaseOUT (Life Technology, Invitrogen), 100 units
of SuperRnase Inhibitor (Life Technologies), 5 ul of sample lysis and 40 ng of IDT-synthesized
Influenza RNA template which was Rnase resistant in both 5’ and 3’ end. The RNA template
sequence was 5’
rA*rA*rC*rA*rU*rGrGrArArCrCrUrUrUrGrGrCrCrCrUrGrUrUrCrArUrUrUrUrArGrArArArUr
CrArArGrUrCrArArGrArUrArCrGrCrArGrArArGrArGrUrArGrArCrArUrArArArCrCrCrUrGrGrUrCrAr
UrGrCrArGrA-rCrCrU*-rC*rA*rG*rU*rG 3’ (* phosphodiester bond). After the RT reaction was
completed, the RT product was examined by PCR using Influenza forward (5’
ACCTTTGGCCCTGTTCATTT 3’) and Influenza reverse primers (sequence shown as above). The
expected size of the amplicon was 72 bp.

PERV copy number quantification

As described earlier by Yang et al. (5), we used Droplet Digital PCR™ (ddPCR™) to quantify the
copy number of PERVs according to the manufacturer’s instructions (BioRad). Briefly, genomic
DNA was extracted (DNeasy Blood & Tissue Kit, Qiagen) from cultured cells, and 50 ng genomic
DNA was digested with Msel (10U) at 372C for 3 hrs, followed by inactivation at 652C for 10
min. Then the ddPCR reaction was prepared; the reaction mixture contains 1x ddPCR Master
mix, 1 pul of 18 uM target primers & 5 uM target probe (VIC), 1 pl of 18 uM reference primers &
5 uM reference probe, 5 ng digested DNA, and water to total volume of 20 ul. The sequences of
the primers and the probe information can be found in Table S1.

After droplet generation with QX100 Droplet Generator, the droplets were carefully transferred
into a 96-well PCR plate and proceeded to the thermal cycling, using a Biorad PCR machine as
follows: 952C 10 min for enzyme activation, then 40 cycles of 942C 30 sec for denaturation and
60 2C 1 min for annealing/extension (ramp rate 2 2C/sec), then 982C 10 min for enzyme
deactivation.



After the thermal cycling, the 96-well plate was placed in Biorad Droplet Reader and
QunataSoft Software was used to set up the experimental design and read the experiment.
Once the program was finished, the results were analyzed through gating, according to the
manufacturer’s instructions (BioRad).

Table S1- Primers used in ddPCR assay

Name
pervA env ddpcr fw
pervA env ddpcr rv

pervA env ddpcr
probe

pervB env ddpcr fw
pervB env ddpcr rv

pervB env ddpcr
probe

pervC env ddpcr fw
pervC env ddpcr rv

pervC env ddpcr
probe

PrimerPol1-FW
PrimerPol2-FW
PrimerPol-RV
ProbePol

Primerpig_ GAPDH_F

Primerpig_ GAPDH_R

Probepig_  GAPDH

Sequence
5’-TTCGCCTCAGAATAGAAACTCAG-3’
5’-GTTAGGAGATGGCCTCTGTTCTT-3’

5’-/56-FAM/CCAAACCCTTATTTGGTCCTATAGCAAC/3BHQ_1/-3’
5-GGGCAAGTACAAAGTGATGAAAC-3’
5’-ATTCCCCAGCTCATACCATTTAT-3’

5’-/56-FAM/ATAAGAGCTGCTCCCCATCAGACTTAGAT/3BHQ_1/-3’
5 -TAAATGGTATGTCTTGGGGAATG-3’
5-AGACCGTATTTGGTCCTATAGCC-3’

5’-/56-FAM/CCTGGTTGTTTACCCGAGCCTCCA/3BHQ_1/-3’
5’-CGACTGCCCCAAGGGTTCAA-3’
5’-CCGACTGCCCCAAGAGTTCAA-3’
5’-TCTCTCCTGCAAATCTGGGCC-3’
5’-/56FAM/CACGTACTGGAGGAGGGTCACCTG-3’

5’-ccgcgatctaatgttctctttc-3’
5’-ttcactccgaccttcaccat-3’

5’-/5HEX/cagccgcegtccctgagacac-3’

Targeting efficiency calculation

As previously described by Yang et al. (5), we built a custom pipeline to estimate the efficiency
of PERV inactivation. Briefly, we amplified the pol gene and sequenced it via lllumina Next
Generation Sequencing using PE250 or PE300. First, we combined the two overlapping reads
using PEAR (13) and mapped to the reference region using BLAT. After mapping, we grouped
the reads into sets containing specific combinations of haplotypes, and indel types. Read sets
with representation lower than 0.5% of the total number of mapped reads were discarded.



Finally, the mapping output was parsed to call the different insertions and deletions, as
described by Giell et al. (12).

PERV-human junction capture
The PERV insertion sites in the highly infected i-HEK293T-GFP clones were determined by the

standard inverse PCR protocol. The genomic DNA of these clones were fragmented by Sau3Al
digestion and self-ligated under low DNA concentration using T4 DNA ligase (NEB). Then the
fragments containing the PERV-human junctions were amplified by PCR, using primers on the
PERV LTRs shown below. The PCR products were sub-cloned using the PCR Blunt II TOPO kit
(Thermo Fisher) and Sanger sequenced. Sequences immediately next to the PERV LTRs were
aligned to the human genome using USCS Genome Browser. Part of the hits in human genes
were validated using junction PCR and Sanger sequencing.

PERV_LTR_F: 5’-ATGCCCCCGAATTCCAGA-3'

PERV_LTR_R: 5'-GGTTAGGTTGCATTTTCATCCTT-3'

In Vitro Maturation (IVM) of Oocytes

Oocyte collection and IVM culture were performed as previously described (13, 14). Porcine
ovaries were collected from Hongteng slaughterhouse (Chenggong Ruide Food Co., Ltd,
Kunming, Yunnan Province, China). Cumulus-oocyte complexes (COCs) were aspirated from
follicles with 3-6 mm diameter. COCs with at least three layers of compacted cumulus cells
were selected, and approximately 50 COCs were cultured in 200 pL IVM medium at 38.5C in a
5% CO, atmosphere (APC-30D, ASTEC, Japan) with saturated humidity for 42-44 h.

Somatic Cell Nuclear Transfer (SCNT) and Embryo Transfer

SCNT and embryo transfer were performed as previously described in our previous studies (15).
The cultured COCs were freed of cumulus cells by treating with 0.1% (w/v) hyaluronidase. The
first polar body contained in the oocytes and the adjacent cytoplasm was enucleated via gentle
aspiration using a beveled pipette in TLH-PVA. Donor cells from a GTKO/hCD55/hCD59-positive
fibroblast cell line were inserted into the perivitelline space of an enucleated oocyte. The
reconstructed embryos were fused with a single direct current pulse of 200 V/mm for 20 us
using the Electro Cell Fusion Generator (LF201, NEPA GENE Co., Ltd., Japan) in fusion medium
(0.25 M D-sorbic alcohol, 0.05mM Mg(C,H30,),, 20 mg/mL BSA and 0.5mM HEPES [acid-free]).
Then, the embryos were cultured for 0.5-1 h in PZM-3 and were activated with a single pulse of
150 V/mm for 100ms in activation medium containing 0.25 M D-sorbic alcohol, 0.01mM
Ca(CyH30,),, 0.05mM Mg(C,H30,), and 0.1mg/mL BSA. The embryos were equilibrated in PZM-
3 supplemented with 5pg/mL cytochalasin B for 2h at 38.5°C in a humidified atmosphere with



5% CO,, 5% 0, and 90% N, (APM-30D, ASTEC, Japan) and then cultured in PZM-3 medium with
the same culture conditions described above until embryo transfer. The SCNT embryos were
surgically transferred into the oviducts of the recipients. Pregnancy was confirmed
approximately 23 days after surgical transfer using an ultrasound scanner (HS-101 V, Honda

Electronics Co., Ltd., Yamazuka, Japan).

Immunostaining

Day 6 porcine blastocysts were fixed and stained using the Pluripotent Stem Cell 4-Marker
Immunocytochemistry Kit (Molecular Probes A24881), according to the manufacturer’s
instructions. However, the antibodies provided by the kit were substituted with primary goat
anti-pig anti-SOX2 (sc-17320) and rabbit anti-goat IgG secondary antibodies conjugated with
Alexa Fluor 647 (Invitrogen A-21446). NucBlue® Live ReadyProbes® Reagent (Molecular Probes
R37605) and Phalloidin (A22282) were applied five minutes before imaging. The final
concentration of antibodies used in embryo staining was 1:100 for anti-SOX2, 1:200 for rabbit
anti-goat IgG, 1:40 for Phalloidin and 1:100 for NucBlue.

Confocal Microscopy

Blastocysts were transferred to wells of a micro-Insert 4 Well in u-Dish 35 mm (lbidi 80406) and
imaged using a Leica TCS SP5 Confocal Laser Scanning Microscope with a 10x water objective.
Images were cropped, segmented and contrast-enhanced, using a combination of Imaris and
Fiji software.

Fetus and pig analysis

To test whether there is any reinfection of PERVs from surrogate sows to the fetuses and pigs
cloned from PERV-inactivated FFF3. We collected the WT (Day 75) and PERV-ko fetuses (Day 40
and Day 50) from surrogate sows by cesarean section (c-section). For pigs cloned from FFF3, we
isolated genomic DNAs and total RNAs from different tissues of cloned pigs at different time
points. We then checked the PERV genotypes of both genomic DNA and RNA via deep
sequencing. All the PERV-ko fetuses and pigs exhibited ~100% PERV inactivation efficiency both
in the genome and in the transcripts of tissues. In addition, we detected the PERV copy number
of the fetuses and pigs via ddPCR and confirmed that they have similar PERV copy number as
the cell line FFF3 from which they were cloned.
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Figure S1. PERVs copy number in pig PK15 and in human HEK293T(iHEK293T-GFP) co-cultured
with PK15. A) Copy number of PERV env A, B, C in PK15 cell line. PERV-A and PERV-B, but not
PERV-C, were detected in PK15 cells. PERV-A copy number is around two times of PERV-B. In
each 2D amplification plot, black dots represents droplets with no amplification, green
represents droplets containing GAPDH (reference gene), blue represents droplets containing
PERV env from subtypes A, B, or C, and orange represents droplets containing GAPDH and
PERV env. The copy number of PERV subtypes A, B, and C, as measured relative to GAPDH, is
shown under each plot. B) PK15 transmits PERVs to HEK293T-GFP human cells, and PERV copy
number in HEK293T-GFP increases over time. HEK293T-GFP cells were co-cultured with
equivalent numbers of PK15 cells. The human cell population was isolated by sequential rounds
of sorting based on GFP expression. Purified human cells was collected at three time points and
genomic DNA was harvested and amplified via ddPCR to detect and quantify PERV elements in
the human cells. PERVs transmission from pig PK15 to human HEK293T cells was detected by
ddPCR of PERV env gene. PERV-A and PERV-B, but not PERV-C, were detected in the HEK293T
cells which have history of contact with PK15, and the PERV copy number increased in the
HEK293T cells over time.
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Figure S2. PERVs copy number in selected clones of iHEK293T-GFP. A) PERV-human junctions
captured by inverse PCR. Part of these junctions were confirmed by junction PCR and
sequencing. B) PERVs insert preferentially in open chromatin and transcriptionally active
areas. We compared gene expression levels, Dnase signal, and H3K27Ac signals between areas
around PERVs insertion sites and the whole genome. We observed increased transcription,
Dnase signal, and H3K27Ac (histone acetylation) levels in PERVs insertion sites. C) PERV
transmission from PERV-infected HEK293T-GFP to WT HEK293T. WT HEK293T ( non-GFP) cells
were co-cultured with equivalent number of cells of PERV infected HEK293T-GFP(i-HEK293T-
GFP) clone 10 for two weeks. The GFP-negative single human cells were isolated by flow
cytometry based on GFP signal. After the formation of single cell colonies, their genomic DNA
was amplified via qPCR to detect and quantify PERV elements in the GFP-negative clones using



i-HEK293T-GFP clone 10 PERV copy number as standard marker (PERV copy number of clone 10
has been detected by ddPCR prior to the co-coculture experiment). PERVs transmission from i-
HEK293T-GFP clone 10 to WT HEK293T human cells was detected by qPCR of PERV pol gene
and different WT HEK293T clones showed different copy number of PERVs.



PERV copy number of WT FFF3 cell line

PERV pol: 25 copies PERV env A: 10 copies

-

PERV env B: 14 copies PERV env C: 0 copy

Figure S3. Validation of PERV subtype copy numbers in FFF3. PERV copy number of WT porcine
primary fetal fibroblast cell line (FFF3) was detected by ddPCR of both po/ and env genes. The
PERV copy number (25) determined by pol gene is similar to that (24) detected by env gene.
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Figure S4. Determination of PERVs insertion sites. Scheme describing the process of detecting
PERVs location in the pig genome. To map the locations of the PERVs, we performed PacBio
long-reads genome sequencing (N50= 2,439bp, Methods) after PER Vs-specific hybridization
capture, and mapped 21 copies of PERVs in non-repetitive regions of the genome.
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Figure S5. Scheme describing the design process of the pol targeting gRNAs.
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Figure S6. Effects of modulators on DNA damage repair. A) Cocktail of bFGF and

PFTa increased the PERV editing efficiency. FFF3 cells were treated with bFGF, PFTa, and
bFGF+PFTa. Both the bFGF and PFTa alone did not increase PERV editing efficiency, whereas
cocktail of bFGF and PFTa significantly enhanced the targeting frequency (p-value=0.0016),
demonstrating there exists a synergistic effect between bFGF and PFTa. B) PFTa and bFGF
cocktail rescued the PERV highly modified cells within the population. Population of FFF3
treated with cocktail of PFTa and bFGF showed sustained high PERV targeting efficiency,
whereas population of FFF3 not treated with the cocktail showed decreased pattern of PERV
editing efficiency. (ANOVA, day (p-value=0.23), PFTa/bFGF treatment (p-value=0.00002)). C)
Bcl-2 treatment didn't improve the PERV editing efficiency. Population of FFF3 was transfected
with different amount of Bcl-2 plasmid and cultured for 7 days. No significant difference (p-
value=0.565) among treatments with different dosages of Bcl-2 was detected. Dose-
dependent cytotoxicity of Bcl-2 was observed during the experiment.
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Figure S7. Large T antigen increased PERV editing efficiency of FFF3 population. A) Large T
antigen increased the targeting efficiency of PERVs in FFF3 population (P-value=0.05,
Wilcoxon Test (One sided)). B) Large T antigen increased the ratio of PERV highly modified
clones. Clones grown from sorted single cells were used to analyze the PERV editing efficiency
of populations treated with or without large T antigen. Large T antigen treatment increased the
fraction of >80% and >90% PERV-ko clones by 3.75 and 5.06 folds, respectively, compared with
the untreated group. Given that it is hard to control the duration Large T antigen affect by
transfecting its coding plasmid in the system, we decided to use chemical treatment as
described in Figure S6 in our following experiment.
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Figure S8. Transcription profile of 100% PERV-inactivated FFF3. RNAseq was used to analyze
PERVs inactivation of pol gene. The Y-axis indicates the sites. The X-axis indicates the relative
locations of the indels within the PERV loci. In purple, aligned indel events in the PERV pol
sequence are represented.



Figure S9. Elimination of PERV production in 100% PERV modified clones. The reverse
transcriptase (RT) activity of PERV particles presented in the cell culture supernatant was
detected by RT assay (15). The results demonstrated no PERV production in 100% PERV-
inactivated clone supernatant, whereas the supernatant of WT FFF3 cells showed significant RT
activity. The sample order from left to right: 1. RT+ (using commercial reverse transcriptase
(RT)); 2. RT- (no RT enzyme); 3. RT+/FF WT (commercial RT enzyme plus WT FFF3 lysis of virus
pellet from FFF3 culture media); 4. 100% PERV-ko FFF3 (100% PERV-inactivated FFF3 clone
lysis); 5. WT FFF3 (WT FFF3 lysis); 6. neg (no lysis or RT enzyme, no RNA template).
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Figure $10. Karyotyping of the PERV-inactivated clones used for pig cloning. Different clones
were analyzed using karyotyping, 5 showed abnormal karyotype and 3 normal. A) Example of 3
abnormal karyotypes. Of note, all chromosomes translocated (indicated by color pairs) or with
insertion or deletions contain PERVs except in one case (chromosome 10 of the pair



translocated t(10,12), upper panel). B) Example of normal karyotype. This PERV-inactivated
clone shows a completely normal karyotype.

A.
B - 233-21-2220200d
| TP TATTENTY
114151617 181920 2 3 4 5 6 7 8 910 11 12 13 21

B.

PERV junction primers for FF3CF (Black: §'LTR: Red: 3'LTR)
PERV LTR Forward Reverse

1 S ACTCTATCCTATAAGGT TAGGTTGCATTTTCATCCTT
14 5' GGAGCAAAAGAGCAGT.TAGGTTGCATTTTCATCCTY
15 5 TATATGGACGCATTCACTAGGTTGCATTTTCATCCTY
16 5 TTTTCGGAGGATTTTCATAGGTTGCATTTTCATCCTT
17 =) TACTGCATTTGATACCA TAGGTTGCATTTTCATCCTT
18 5' GACTTCCGTCATTTATG TAGGTTGCATTTTCATCCTY
19 =) CTCTGGTCGTTTCAGTCTAGGTTGCATTTTCATCCTT
20 5' CAGATGAGTGGAGCAAITAGGTTGCATTTTCATCCTT
2 5' GTTACTGGGTCAGGGA TAGGTTGCATTTTCATCCTY
3 =) CCCTCCATATACATTTIH{TAGGTTGCATTTTCATCCTT
4 =) GAGTCCCATTCACCAACTAGGTTGCATTTTCATCCTT
6 5' CCCGCAAATCTCACGA(TAGGTTGCATTTTCATCCTY
7 =) GTTTGACAGTGGTGTTCTAGGTTGCATTTTCATCCTT
8 5' TGTTGAGACAATAGGGITAGGTTGCATTTTCATCCTY
9 5 TCATGAACAAGTGCTGTTAGGTTGCATTTTCATCCTY
10 =) GGAATAGATTGTCTTGCTAGGTTGCATTTTCATCCTT
11 GGCTCTCTGGGGCATC CAGGGGCCTGGGGAATG
12 5' TGTTTGAGAGGCAGAA(TAGGTTGCATTTTCATCCTY
13 =) AGGTACTTGGTGGTGA/ TAGGTTGCATTTTCATCCTT
21 =) TGAGTATCAGTATCATT TAGGTTGCATTTTCATCCTT

Figure S11. PERV junctions remain intact in the 100% PERV-inactivated cells. A) PCR detection
of PERV junctions in the 100% PERV-inactivated cells. All PERVs are labeled as in Figure 2A.
Junctions from 5' LTR are labeled in black whereas those from 3' LTRs are shown in red. B)
Primers used to detect PERV junctions. These primers were designed using the PacBio
sequencing data around the PERV regions in FFF3.
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Figure S12. PERV-inactivated embryo and fetuses. A) Porcine blastocysts cloned from PERV-
inactivated FFF3. Day 6 PERV-inactivated porcine blastocysts were stained with SOX2 (inner cell
mass), DAPI (nuclei), and phalloidin (cell boundaries). Stained blastocysts were imaged using
laser scanning confocal microscopy. B) PERV targeting efficiency of embryo cloned from PERV-
inactivated FFF3. The y-axis indicates the edited PERVs loci. The x-axis indicates the relative
locations of the indels within the PERV loci. Aligned indel events in the PERV pol sequence are
represented in red. Shades of purple indicate different PERVs haplotypes. The genotype of the
embryo showed that all the 25 copies of PERVs were successfully inactivated. C) PERV-
inactivation at genomic DNA level. We genotyped PERV-inactivated and WT fetuses by deep
sequencing of the PERV pol loci. All PERV-inactivated fetuses showed ~100% PERYV inactivation.
D) PERV inactivation at mRNA level. Total mMRNA generated cDNA was used to detect the PERV
inactivation efficiency of the PERV-inactivated fetuses in lung and liver. All PERV-inactivated
fetuses exhibited ~100% PERV eradication efficiency at mRNA level.



>

w
w

L 30
8

25
£
>
< 20
>
Q.
Q 15
O
=
o 10
w
(a W

5

0

WT fetus HOO07 569 741 HO24 HO025

30 -
T 25 1
_g _

- -

S 20 1 =
c
> 4
a 15
S

10 4
=
oc
wi
o 5

0 J

WT FFF3 WT-fetusl WT-fetus2 #1-perv-ko #1l-perv-ko #1l-perv-ko #2-perv-ko
cell fetusl fetus2 fetus3 fetus

Figure S13. PERV copy number of surrogate sows and fetuses. A) PERV copy number of
surrogate sows. Genomic DNAs of WT fetus and surrogate sows were used to measure PERV
copy number by ddPCR. Different sows (H007, 569, 741, H024, H025) showed different PERV
copy number (12~30). B) PERV copy number of different fetuses. Genomic DNAs of WT and
PERV-inactivated fetuses and WT FFF3 fibroblast cells were used to measure PERV copy number
by ddPCR. All fetuses showed similar PERV copy number as the WT FFF3 fibroblast cells.
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Figure S14. Pictures of the newborn PERV-inactivated pigs (day 2-3) and 4-month old WT and
PERV-inactivated pigs.
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Fig. S15. Genotype of PERV-inactivated pigs. A) PERV targeting efficiency of a pig cloned from
PERV-inactivated FFF3. The y-axis indicates the edited PERVs loci. The x-axis indicates the
relative locations of the indels within the PERV loci. Aligned indel events in the PERV pol/
sequence are represented in red. Shades of purple indicate different PERVs haplotypes. The
genotype of the piglet showed that all the 25 copies of PERVs were successfully inactivated. B)
PERV inactivation efficiency of single cells derived from a 30d PERV-inactivated pig. Cells
derived from a 30d H9p01 PERV-inactivated pig were sorted into single cells and PERV pol gene
fragment were genotyped via deep sequencing using genomic DNA of the single cells as
template. All single cells showed 100% PERV inactivation. C) PERV copy number of PERV-
inactivated pigs. Genomic DNAs of PERV-inactivated pigs and WT FFF3 fibroblast cells were
used to measure PERV copy number by ddPCR. All PERV-inactivated pigs showed similar PERV
copy number as the WT FFF3 fibroblast cells.
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Fig. $16. Karyotyping of the cells from a PERV-inactivated pig. All PERV-inactivated pigs
exhibited normal karyotype. We only present one of the karyotyping results here.
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