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GENOME EDITING

Genome-wide inactivation of porcine
endogenous retroviruses (PERVs)
Luhan Yang,1,2,3*† Marc Güell,1,2,3† Dong Niu,1,4† Haydy George,1† Emal Lesha,1
Dennis Grishin,1 John Aach,1 Ellen Shrock,1 Weihong Xu,6 Jürgen Poci,1
Rebeca Cortazio,1 Robert A. Wilkinson,5 Jay A. Fishman,5 George Church1,2,3*
The shortage of organs for transplantation is a major barrier to the treatment of organ
failure. Although porcine organs are considered promising, their use has been checked
by concerns about the transmission of porcine endogenous retroviruses (PERVs) to
humans. Here we describe the eradication of all PERVs in a porcine kidney epithelial
cell line (PK15). We first determined the PK15 PERV copy number to be 62. Using
CRISPR-Cas9, we disrupted all copies of the PERV pol gene and demonstrated a
>1000-fold reduction in PERV transmission to human cells, using our engineered cells.
Our study shows that CRISPR-Cas9 multiplexability can be as high as 62 and demonstrates
the possibility that PERVs can be inactivated for clinical application of porcine-to-human
xenotransplantation.

P

ig genomes contain from a few to several
dozen copies of PERV elements (1). Unlike
other zoonotic pathogens, PERVs cannot
be eliminated by biosecure breeding (2).
Prior strategies for reducing the risk of
PERV transmission to humans have included
small interfering RNAs (RNAi), vaccines (3–5),
and PERV elimination using zinc finger nucleases (6) or TAL effector nucleases (7), but these
have had limited success. Here we report the
successful use of the CRISPR-Cas9 RNA-guided
nuclease system (8–10) to inactivate all copies

1

Department of Genetics, Harvard Medical School, Boston,
MA, USA. 2Wyss Institute for Biologically Inspired
Engineering, Harvard University, Cambridge, MA, USA.
3
eGenesis Biosciences, Boston, MA 02115, USA. 4College
of Animal Sciences, Zhejiang University, Hangzhou 310058,
China. 5Transplant Infectious Disease and Compromised
Host Program, Massachusetts General Hospital, Boston,
MA 02115, USA. 6Department of Surgery, Massachusetts
General Hospital, Harvard Medical School, Boston, MA, USA.
*Corresponding author. E-mail: gchurch@genetics.med.
harvard.edu (G.C.); luhan.yang@egenesisbio.com (L.Y.)
†These authors contributed equally to this work.

of the PERV pol gene and effect a 1000-fold
reduction of PERV infectivity of human cells.
To design Cas9 guide RNAs (gRNAs) that specifically target PERVs, we analyzed the sequences
of publicly available PERVs and other endogenous retroviruses in pigs (methods). Using droplet digital polymerase chain reaction (PCR), we
identified a distinct clade of PERV elements (Fig.
1A) and determined that there were 62 copies of
PERVs in PK15 cells (a porcine kidney epithelial
cell line) (Fig. 1B). We then designed two Cas9
gRNAs that targeted the highly conserved catalytic center (11) of the pol gene on PERVs (Fig.
1C and fig. S1). The pol gene product functions as
a reverse transcriptase (RT) and is thus essential
for viral replication and infection. We determined
that these gRNAs targeted all PERVs but no other
endogenous retrovirus or other sequences in the
pig genome (methods).
Initial experiments showed inefficient PERV
editing when Cas9 and the gRNAs were transiently transfected (fig. S2). Thus, we used a
PiggyBac transposon (12) system to deliver a
doxycycline-inducible Cas9 and the two gRNAs
27 NOVEMBER 2015 • VOL 350 ISSUE 6264
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genes is the target of recurrent translocations
in lymphoma (32–34). Enhancers of the corresponding three gene loci all show a high level
of bromodomain containing 4 (BRD4) occupancy in Ly1 cells, a related diffuse large B cell
lymphoma cell line, suggesting bromodomain
inhibitors such as JQ1 as potential treatments
(35). Other selectively essential genes included
MEF2B—a transcriptional activator of BCL6—
and CCND3, both of which are frequently mutated and implicated in the pathogenesis of
various lymphomas (36). Intriguingly, the top
two hits, CHM and RPP25L, do not appear to
have specific roles in B cells; rather, their differential essentiality is likely explained by the
lack of expression of their paralogs, CHML and
RPP25, in both of the Burkitt’s lymphoma cell
lines studied (fig. S6D).
We used two complementary and concordant
approaches, CRISPR and gene trap, to define the
cell-essential genes in the human genome. Although the gene-trap method is suitable only
for loss-of-function screening in rare haploid
cell lines, the CRISPR method is broadly applicable. Extending our analysis across different cell
lines and tumor types, we developed a framework to assess differential gene essentiality and
identify potential drivers of the malignant state.
The method can be readily applied to more cell
lines per cancer type so as to eliminate idiosyncrasies particular to a given cell line and to
more cancer types so as to systematically uncover
tumor-specific liabilities that might be exploited
for targeted therapies.

R ES E A RC H | R E PO R TS

Fig. 1. CRISPR-Cas9 gRNAs
were designed to specifically
target the pol gene in
62 copies of PERVs in PK15
cells. (A) Phylogenetic tree representing endogenous retroviruses present in the pig genome.
PERVs are highlighted in blue.
(B) Copy number determination
of PERVs in PK15 cells via
digital droplet PCR. The copy
number of pol elements was
estimated to be 62, using three
independent reference genes:
ACTB, GAPDH, and EB2. n = 3
independent reference genes,
mean T SEM. (C) We designed
two CRISPR-Cas9 gRNAs to target the catalytic region of the
PERV pol gene. The two gRNA
targeting sequences are shown
below a schematic of PERV
gene structure. Their PAM
(protospacer adjacent motif)
sequences are highlighted in red.
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Fig. 2. Clonal PK15 cells with inactivation of all copies of PERV pol genes after Cas9
Single cell derived clones
treatment. (A) A bimodal distribution of pol targeting efficiencies was observed among the
single-cell–derived PK15 clones after 17 days of Cas9 induction. 45 out of 50 exhibited <16% targeting efficiency; 5 out of
50 clones exhibited >93% targeting efficiency. (B) PK15 haplotypes at PERV pol loci after CRISPR-Cas9 treatment. Indel
events in the PERV pol sequence are represented in red. Shades of purple indicate endogenous PERVs.

into the genome of PK15 cells (figs. S2 and S3).
Continuous induction of Cas9 led to increased
targeting frequency of the PERVs (fig. S5), with
a maximum targeting frequency of 37% (~23 PERV
copies per genome) observed on day 17 (fig. S5).
Neither higher concentrations of doxycycline
nor prolonged incubation increased targeting
efficiency (figs. S4 and S5), possibly because
of the toxicity of nonspecific DNA damage by
CRISPR-Cas9. Similar trends were observed when
Cas9 was delivered using lentiviral constructs
(fig. S6). We then genotyped the cell lines that
exhibited maximal PERV targeting efficiencies.
We observed 455 different insertion and deletion
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(indel) events centered at the two gRNA target
sites (Fig. 2B). Indel sizes ranged from 1 to 148
base pairs (bp); 80% of indels were small deletions (<9 bp). We validated the initial deep
sequencing results with Sanger Sequencing
(fig. S7).
We next sorted single cells from PK15 cells
with high PERV targeting efficiency using flow
cytometry, and we genotyped the pol locus of the
resulting clones via deep sequencing (13, 14). A
repeatable bimodal (Fig. 2A and figs. S8 and S9)
distribution was observed, with ~10% of the
clones exhibiting high levels of PERV disruption
(97 to 100%) and the remaining clones exhibiting

low levels of editing (<10%). We then examined
individual indel events in the genomes of these
clones (Fig. 2B and figs. S10 and S11). For the
highly edited clones (clone 20, 100%; clone 15,
100%; clone 29, 100%; clone 38, 97.37%), we
observed only 16 to 20 unique indel patterns in
each clone (Fig. 2B and fig. S11). In addition, there
was a much higher degree of repetition of indels
within each clone than across the clones (fig.
S25), suggesting a mechanism of gene conversion
in which previously mutated PERV copies were
used as templates to repair wild-type PERVs
cleaved by Cas9 (Fig. 2B and fig. S25). Mathematical modeling of DNA repair during PERV
sciencemag.org SCIENCE
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Clone 20
Clone 40

elimination (fig. S26) and analysis of expression
data (figs. S22 to S24) supported this hypothesis
and suggested that highly edited clones were
derived from cells in which Cas9 and the gRNAs
were highly expressed.
Next, we examined whether unexpected genomic rearrangements had occurred as a result of
the multiplexed genome editing. Karyotyping of
individual modified clones (figs. S12 to S14) indicated that there were no observable genomic
rearrangements. We also examined 11 independent genomic loci with at most 2 bp mismatches
to each of the intended gRNA targets and observed no nonspecific mutations (fig. S27). This
suggests that our multiplexed Cas9-based genome
engineering strategy did not cause catastrophic
genomic instability.
Last, we examined whether our disruption of
all copies of PERV pol in the pig genome could
eliminate in vitro transmission of PERVs from
pig to human cells. We could not detect RT activity in the cell culture supernatant of the highly
modified PK15 clones (fig. S15), suggesting that
modified cells only produced minimal amounts
of PERV particles. We then cocultured wild-type
(WT) and highly modified PK15 cells with human
embryonic kidney (HEK) 293 cells to test directly
for transmission of PERV DNA to human cells
(15). After coculturing PK15 WT and HEK 293
cells for 5 days and 7 days (figs. S16 to S17), we
detected PERV pol, gag, and env sequences in
SCIENCE sciencemag.org

the HEK 293 cells (Fig. 3A). We estimated the
frequency of PERV infection to be approximately
1000 PERVs per 1000 human cells (Fig. 3B). However, PK15 clones with >97% PERV pol targeting
exhibited up to 1000-fold reduction of PERV
infection, producing results that were similar
to background levels (Fig. 3C). We validated
these results with PCR amplification of serial
dilutions of HEK 293 cells that had a history of
contact with PK15 clones (Fig. 3D and figs. S18
to S21). We could consistently detect PERVs in
single HEK 293 cells isolated from the population cocultured with minimally modified clone
40, but we could not distinctly detect PERVs in
100 human cells from the population cocultured
with highly modified clone 20. Thus, we concluded that the PERV infectivity of the engineered PK15 cells had been reduced by up to
1000-fold.
We successfully targeted the 62 copies of PERV
pol in PK15 cells and demonstrated greatly reduced in vitro transmission of PERVs to human
cells. Although in vivo PERV transmission to humans has not been demonstrated (16, 17), PERVs
are still considered risky (18, 19), and our strategy
could completely eliminate this liability. Because
no porcine embryonic stem cells exist, this system will need to be recapitulated in primary
porcine cells and cloned into animals by means
of somatic cell nuclear transfer. Moreover, we
achieved simultaneous Cas9 targeting of 62 loci

in single pig cells without salient genomic rearrangement. To our knowledge, the maximum
number of genomic sites previously reported to
be simultaneously edited has been six (20). Our
methods thus open the possibility of editing
other repetitive regions of biological significance.
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PROTEIN FOLDING

Cotranslational protein folding on the
ribosome monitored in real time
Wolf Holtkamp,1* Goran Kokic,1* Marcus Jäger,1 Joerg Mittelstaet,1†
Anton A. Komar,2 Marina V. Rodnina1‡

I

n living cells, folding of many proteins begins
cotranslationally as soon as the N-terminal
part of a given protein emerges from the peptide exit tunnel of the ribosome (1–3); secondary structure elements, such as a helices,
can form within the exit tunnel (4–7). Whereas
small- and medium-size protein domains can
acquire their native structures in less than a
second (8), the bacterial ribosome requires 5 to
10 s to synthesize a protein domain 100 amino
acids in length. Cotranslational folding may be
attenuated by interactions of the nascent peptide
with the ribosome (9) and by auxiliary proteins,
such as chaperones or other protein biogenesis factors (10–12). Changes in local translational kinetics,
such as those caused by rare codons or transfer
RNA (tRNA) abundance, can influence the conformation of newly synthesized proteins (13, 14).
Little is known about the exact timing of cotranslational protein folding in relation to protein
synthesis or the conformation of the polypeptide
emerging from the ribosome.
To monitor cotranslational protein folding
during ongoing translation, we used a reconstituted in vitro translation system in combination
with the selective site-specific labeling of nascent
proteins with fluorescent probes (15). We studied
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the N-terminal domain (NTD) of Escherichia coli
N5-glutamine methyltransferase HemK. The HemK
NTD consists of five helices (residues 3 to 12, 20 to
29, 35 to 42, 48 to 65, and 67 to 73) (Fig. 1) connected by a linker (residues 72 to 96) to the
C-terminal domain (CTD) (16). The isolated HemK
NTD (residues 1 to 73) forms a stable a-helical
structure independent of the CTD (figs. S1 and
S2). Free NTD in solution folds on a (sub)millisecond time scale in a predominantly two-state
fashion (fig. S3 and table S1). For in vitro translation, we used an mRNA construct coding for the
N-terminal 112 amino acids of HemK (HemK112)
comprising the NTD (73 amino acids) plus 39
amino acids from the linker and the CTD. This
length should allow the NTD to fully emerge
from the ribosome exit tunnel when HemK112
is synthesized (Fig. 1).
We rapidly mixed synchronized initiation complexes containing BodipyFL (BOF)–Met-tRNAfMet
with elongation factors (EF-Tu, EF-Ts, and EF-G)
and purified aminoacyl-tRNAs. Instead of LystRNA, we added eNH2-Bodipy576/589 (BOP)–
Lys-tRNALys to introduce the second fluorescence
label at position 34 of the nascent peptide (Fig. 1).
The two reporters provide a donor-acceptor pair to
monitor Förster resonance energy transfer (FRET).
Donor- and acceptor-only controls served to correct the time courses measured in the presence
of both donor and acceptor (fig. S4A). The appearance of FRET after 10 s (Fig. 2A and fig. S4C)
implies the formation of a structure in which positions 1 and 34 of HemK112 come into close proximity to one another. When compared to the time
course of translation, the band representing the
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Protein domains can fold into stable tertiary structures while they are synthesized on the
ribosome. We used a high-performance, reconstituted in vitro translation system to
investigate the folding of a small five-helix protein domain—the N-terminal domain of
Escherichia coli N5-glutamine methyltransferase HemK—in real time. Our observations
show that cotranslational folding of the protein, which folds autonomously and rapidly in
solution, proceeds through a compact, non-native conformation that forms within the
peptide tunnel of the ribosome. The compact state rearranges into a native-like structure
immediately after the full domain sequence has emerged from the ribosome. Both folding
transitions are rate-limited by translation, allowing for quasi-equilibrium sampling of the
conformational space restricted by the ribosome. Cotranslational folding may be typical of
small, intrinsically rapidly folding protein domains.

full-length protein appears after 40 s (Fig. 2B and
fig. S5). Thus, chain compaction begins earlier than
the full-length domain emerges from the ribosome.
We translated HemK peptides of different
lengths ranging from 42 to 112 residues (Figs. 1A
and 2B) and derived a translation velocity of 3.6 ±
0.1 amino acids/s (Fig. 2B and fig. S5B). Translation of HemK42 results in a low final FRET
efficiency, reflecting an extended conformation
of short nascent chains within the exit tunnel
(Fig. 2, B and C). Synthesis of HemK56 leads to
the formation of a high-FRET state, which suggests that the two probes come close—presumably
by compaction of the nascent peptide—even though
BOP-Lys on the nascent HemK56 chain should be
occluded inside the tunnel, even when the peptide
is in a fully extended conformation (Fig. 1A). Thus,
the structure manifested by high FRET must form
largely inside the ribosome, close to the exit of the
peptide tunnel. With the HemK70 construct, the
FRET efficiency is even higher, and the time of
FRET appearance coincides with the synthesis of
the 70–amino acid product (Fig. 2B). For all constructs, FRET rapidly increases after ~10 s of
translation, whereas the formation of full-length
HemK84, 98, and 112 is markedly slower than
the appearance of the high-FRET state.
The final FRET efficiency is somewhat lower
for HemK84, 98, and 112 relative to HemK70, indicating that there are structural rearrangements
when the peptide chain becomes longer than 70
amino acids (Fig. 2C). With fully translated
HemK112, the entire 73–amino acid NTD is likely
to emerge from the exit tunnel, and thus the lower
FRET level reflects the end state of folding. In
contrast, the conformation captured by using the
HemK70 construct does not represent a nativelike fold, but rather a compact state that is stabilized by the ribosome until the next part of the
protein sequence emerges. When we released the
nascent HemK70 peptide from the ribosome by
puromycin treatment, the FRET efficiency decreased to the level measured with the longer
constructs (Fig. 2C and fig. S6), reflecting spontaneous domain folding (fig. S3). The decrease of
FRET in HemK112 is attributable to the stabilization of the N terminus: BOP-Lys34 is in close
proximity to Tyr3, which can quench BOP fluorescence (17, 18). When we substituted Tyr3 with Phe,
we recovered the high FRET signal (Fig. 2C). These
data indicate the existence of two states along the
folding pathway of the NTD: a compact state,
formed early during translation, which rearranges
into a near-native fold upon further translation.
We probed the folding of HemK nascent peptides of different lengths by limited proteolysis
with thermolysin, which cleaves at sites with bulky
and aromatic residues (19), and monitored the
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Virally cleansing the pig genome
Transplants from pigs could be a solution to a shortage of human organs for transplantation. Unfortunately,
porcine endogenous retroviruses (PERVs) are rife in pigs and can be transmitted to humans, risking disease. L. Yang et
al. integrated CRISPR-Cas into the pig cell genome, where continuous induction of the Cas9 editing enzyme resulted in
the mutation of every single PERV reverse transcriptase gene. This prevented replication of all copies of PERV, viral
infection, and transmission to human cells.
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