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Germline editing, the process by which the genome of an individ-
ual is edited in such a way that the change is heritable, has been
applied to a wide variety of animals [D. A. Sorrell, A. F. Kolb,
Biotechnol. Adv. 23, 431–469 (2005); D. Baltimore et al., Science
348, 36–38 (2015)]. Because of its relevancy in agricultural and bio-
medical research, the pig genome has been extensively modified
using a multitude of technologies [K. Lee, K. Farrell, K. Uh, Reprod.
Fertil. Dev. 32, 40–49 (2019); C. Proudfoot, S. Lillico, C. Tait-Burkard,
Anim. Front. 9, 6–12 (2019)]. In this perspective, we will focus on
using pigs as the model system to review the current methodolo-
gies, applications, and challenges of mammalian germline genome
editing. We will also discuss the broad implications of animal
germline editing and its clinical potential.
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Genomic changes in pigs were traditionally accomplished
using selective breeding, which is not only time consuming

but also restricted to only existing genomic traits. Germline en-
gineering, on the other hand, by transgene integration or direct
genome modification, can quickly introduce new traits. We
highlight some key events in pig germline genome engineering in
Fig. 1 (1–16). The first transgenic pig was established through
microinjection of purified DNA into fertilized zygotes (Fig. 1)
(16). Later, gamete genetic modification, such as sperm-
mediated gene transfer (13) and retroviral-mediated transduc-
tion of oocytes (17), offered alternative routes to produce
transgenic pigs. The establishment of the somatic cell nuclear
transfer (SCNT) technique was a significant breakthrough in the
field of transgenic pig production (12). With SCNT, genetic
manipulation is conducted on somatic cells either through the
introduction of a transgene (18) or the knockout (KO) of an
endogenous gene (11); the modified somatic cell is then selected
and transferred into an enucleated oocyte to reconstitute a zy-
gote, which can develop into a live piglet after transfer into a
surrogate pig.
Concurrently, the development of customized endonucleases,

such as zinc-finger nucleases (19, 20), transcription activator-like
effector nucleases (8, 21), and CRISPR/CRISPR-Cas9 system
(22), have facilitated the production of germline genome-
modified pigs. While these tools hold great promise to effec-
tively edit the genome, potential off-target mutations that can
lead to genomic instability are still a major concern. Off-target
mutations arise from the binding and cutting of the genome
editing endonuclease at cognate sites that resemble the intended
target sequence. Off-target mutations are not uncommon in
gene-edited cells (23–25), and it can be difficult to eliminate
these cells with off-target mutations during ex vivo and in vivo
genome editing. With germline editing, however, it is feasible to
generate single cell clones and then apply whole genome se-
quencing to select clones with the least number of off-target
mutations; these single cell clones are then used for SCNT and
embryo transfer, thereby minimizing the potential detrimental
effects of off-target mutations.

To date, a large number of germline genome-modified animals
have been generated (26–28), mostly via SCNT technique
(Fig. 2A). As mentioned previously, this process can be highly
specific by selecting cells with minimal off-target mutations be-
fore producing a reconstituted zygote. However, the application
of this procedure is still limited to a few species, due to low
cloning efficiency. In addition, animals produced with SCNT
frequently suffer from developmental defects associated with
epigenetic abnormalities (27, 29). Alternatively, direct injection
of genome editing tools into the zygote has been found to be
effective in producing genome-modified large animals (Fig. 2B)
(6, 8). The pregnancy rate is higher, and the piglets produced in
this manner exhibit less procedure-related abnormalities. Direct
injection is especially useful when SCNT technique is not avail-
able, and generally requires a lower number of oocytes. Despite
these advantages, direct injection is less efficient in generating
genome-modified pigs over SCNT, as it does not allow preim-
plantation selection steps. In addition, on-target genetic mosai-
cism is often observed; tighter control of the presence of genome
editing tools may help reduce the occurrence of genetic mosai-
cism (30–37). Lastly, gamete modification followed by in vitro
fertilization can be used but is currently less favored in animal
genome modification, as it is technically less favorable and can
only change one allele of the resulting zygote. However, sper-
matogonial stem cell editing is actively explored as a therapeutic
approach to cure some paternally inherited genetic disease in
humans (38). Of these three approaches, SCNT technique is
generally preferred when available to produce transgenic pigs, as
it is more scalable and provides more predictable outcomes.

Applications of Germline Genome-Engineered Pigs
Germline-modified pigs have broad applications in biomedical
research. First, due to their similar size and physiology with
humans, pigs represent a better animal model to study human
diseases than their corresponding mouse models. These pig
models closely resemble human neurodegenerative diseases (2),
cancer (39), cystic fibrosis (10), retinitis pigmentosa (40), car-
diovascular diseases (41), and metabolic diseases (42).
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Second, owing to their similar organ size to humans, pigs have
long been thought to be a promising source of organs, tissues,
and cells for human transplantation. There are two major hur-
dles, however, that prevent effective pig-to-human organ trans-
plantation: 1) risk of cross-species transmission of the porcine
endogenous retroviruses (PERVs) and 2) molecular incompati-
bilities between the porcine graft and the human recipient. To
date, more than 40 genetic modifications have been attempted
on pigs, either individually or in combination, with goals of
mitigating PERV transmission (4, 43) and molecular incompat-
ibility (44). We have demonstrated simultaneous KO of the 25
copies of PERV in the porcine genome to produce PERV-
inactivated pigs (4); these pigs are not only healthy and fertile,
but their genomic changes are heritable. With regard to
addressing molecular incompatibility, a recent study demon-
strated that transgenic pig hearts carrying the KO of major pig
antigen, GGTA1, along with the overexpression of two human
proteins, hCD46 and hTBM, achieved life-supporting function in
baboons for 6 months (45), suggesting the feasibility of long-term
graft survival using genetically engineered pig organs. We have
since engineered pigs with both PERV-KO and enhanced mo-
lecular compatibility (46), representing a significant step toward
clinical application of xenotransplantation.
Another interesting application of germline-modified pigs is to

produce commercially relevant bioproducts. For example, pigs
have been engineered to produce human hemoglobin, which is
potentially useful for life-saving transfusions in trauma patients
with severe blood loss (15, 47). Similarly, human albumin (48),
coagulation factors (49), and protein C (50) have all been
produced in pigs.
In addition, for agricultural applications, a number of pigs

have been genetically modified to increase litter size (51), en-
hance meat production (52–55), and achieve pathogen resistance
(5, 56) (Fig. 1). While none of these modified pigs have been

approved for human consumption, they show great promise to
enhance both health and economic benefits to the breeder and
the consumer. For example, PRRSV (porcine reproductive and
respiratory syndrome virus) is the most economically impactful
epidemic disease in the pork industry, with no effective vaccine
to date. It has been demonstrated that CD163 KO pigs display
normal physiology and gain complete resistance to PRRSV viral
infection in vivo (5). Long-term follow-up studies to examine the
impact of this modification on subsequent generations are
needed to warrant the effective use of this new porcine breed in
agricultural practice. Similarly, efforts have been taken to engi-
neer pigs to gain natural resistance to African swine fever virus
(57), coronavirus, and numerous bacteria (58). The Genome
Project-write consortium, for example, has launched an effort to
recode the entire pig genome, replacing at least one redundant
genetic codon (i.e., TAG->TAA and/or TTR->CTN) and re-
moving the corresponding translation machinery; such an effort
would prevent the survival of any exogenous virus that are de-
pendent on this codon (https://engineeringbiologycenter.org/
ultrasafecells/).

Insights and Challenges of Germline Genome Editing
The wealth of information obtained from genome-modified an-
imals has allowed the scientific community to better understand
the biological complexity of germline genome editing. A
genome-modified somatic cell must undergo reprogramming (via
SCNT), embryogenesis, development, and gametogenesis in or-
der to pass its information onto the resulting animal and its
offspring. As such, the engineered genomic information is sub-
ject to dynamic tissue-specific regulations in vivo. Here, we lay
out a few insights from our practice to illustrate the challenges
and considerations to achieve functional germline genome
engineering (Fig. 3).

Fig. 1. Key events in pig germline genome engineering.
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First, the frameshift KO might not result in complete loss of
functional protein production (Fig. 3A). It has been reported
that CRISPR KO cells and animals can demonstrate rescued
targeted protein expression through exon skipping and transla-
tion reinitiation mechanisms (59, 60). Such biological plasticity
has striking heterogeneity, likely due to varied nonsense-
mediated decay (NMD) efficiency or tissue-specific isoform
choices. In light of these observations, large deletions (rather
than point mutations) are recommended to achieve complete
KO in live animals (60).
In addition, consistent transgene expression in an animal re-

quires the comprehensive consideration of epigenetic, posttran-
scriptional, and posttranslational regulation (Fig. 3B). In vivo
gene silencing has been a major problem for transgenic animal
production since the 1990s. De novo DNA methylation during
early embryogenesis is highly dynamic and stochastic (61) and
can lead to permanent silencing of exogenously introduced
DNA. The extent of silencing depends heavily on the choices of
promoters, expression strategy used, and the genomic location of
transgene insertion. For example, targeting genes to the pig
Rosa26 site led to consistently high expression levels of the
transgene (62). We recently demonstrated that, even though we
could detect transgene expression at the bulk tissue level of our
engineered pigs, close examination revealed mosaic gene ex-
pression, likely derived from early lineage-specific silencing. We
initially hypothesized that gametogenesis could reset the epige-
netic system, and therefore allow the offspring to exhibit uni-
versal transgene expression. However, we found that offspring
from transgenic pigs still could not achieve universal transgene
expression.

Beyond transcriptional regulation, posttranscriptional modifi-
cations, including tissue-specific pre-messenger RNA (pre-mRNA)
splicing, mRNA transportation, and RNA interference (RNAi),
allow multicellular organisms to create a huge diversity of pro-
teomes from a finite number of genes. Such diversity, however,
poses multiple challenges to obtaining consistent transgene ex-
pression in an animal. Unpredictable cryptic RNA splicing within
the coding region of transgenes has been previously described
(63), which abrogates the proper expression of the transgene
protein. This cryptic splicing pattern is also tissue specific, and,
therefore, difficult to predict with current available algorithms.
In addition, RNAi is a well-described protective mechanism in
plants and certain organisms (such as Caenorhabditis elegans) to
silence exogenous transcripts in a tissue-specific fashion. It re-
mains to be determined the degree to which the RNAi pathway
plays a role in regulating transgene expression in the mammalian
system.
Last but not least, the majority of natural proteins bear some

form of posttranslational modification (PTM), such as glycosyl-
ation, carboxylation, hydroxylation, sulfation, and amidation.
These modifications influence the stability and biological activity
of proteins. For example, tissue-specific down-regulation of the
transgene protein has been reported in mice, despite ubiquitous
transgene RNA expression (64). Furthermore, whereas the ma-
jority of PTM pathways are highly conserved among mammalian
species, there are some species-specific pathways that can alter
the makeup of the transgene protein. As such, some human
proteins produced in nonhuman species have been found to be
inactive and unstable (65).
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Fig. 2. Comparison of methods for producing germline genome-engineered pigs. All three methods require production of modified embryos, which are
transferred into surrogate sows to give birth to germline-engineered pigs. (A) In the method of somatic cell genome engineering, somatic cells are modified,
and the modified cell is fused with an enucleated egg to produce a reconstituted zygote. The reconstituted zygote then develops into an embryo in vitro
before being transplanted into a surrogate sow. (B) In the method of zygote modification, gene modification is carried out at the stage of the zygote, which
produces genome-modified zygotes. (C) In the method of gamete modification, either sperm or oocyte are modified in the desired loci before producing
zygotes via in vitro fertilization.
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In light of these biological considerations, different strategies
have been explored and developed to ensure consistent
transgene expression (Fig. 4).

Self-Contained Regions and Safe “Harbors.” One strategy to stabi-
lize transgene expression is to incorporate cis-acting DNA ele-
ments in the construct to shield the transgene from endogenous
regulations. Insulators, such as chicken β-globin 5′ HS4, are the
most commonly utilized elements (Fig. 4A) (66). Other ele-
ments, such as UCOE, MARs, and STAR (67), have also been
shown to be beneficial for long-term transgene expression. One
caveat is that naturally occurring insulators are lineage specific.
It is unknown if these cis-elements can protect transgene ex-
pression on a universal level (66).
Besides adding cis-acting DNA, a different approach is to in-

sert transgenes into “open safe harbors,” which are endogenous
sites in the genome where ubiquitous and high gene expression
occurs. Multiple safe harbors have been identified in the mouse
genome, including ROSA26, ColA1, and TIGRE (68). Studies
are underway to determine whether the homology regions in the
pig genome can be similarly utilized (62). We envision that a
detailed characterization of the epigenetic status and tran-
scriptome of the pig genome will provide further guidance on
choosing “open safe harbors.” In fact, such data will soon be-
come available. Pig Model Project (PMP; Fig. 1) is on a mission
to generate and interpret consolidated pig genomic, epigenomic,

and transcriptomic information (2), ultimately providing tre-
mendous value to both agricultural and biomedical research.

Coengineering the Epigenetic Status. Dynamic histone modifica-
tion and DNA methylation are important means of transcrip-
tional regulation (Fig. 4B). Previous studies have suggested that
epigenetic modifications are responsible for transgene silencing
in vivo. Therefore, it has been postulated that targeted epige-
netic modifications can restore transgene expression. Targeted
histone acetyltransferase activities have been demonstrated to
increase transgene expression in vitro (69). Similarly, recent
studies have shown potent local epigenetic modifications with
dCas9-p300 (70) and dCas9-Tet1 fusions (71). Future studies
are needed to investigate whether such an epigenetic engi-
neering system can override the endogenous silencing mecha-
nism against transgenes in vivo and, if so, what the safety
implications in the engineered animals would be given the potential
off-target effects.

Large-scale Chromosomal Engineering to Preserve Endogenous
Regulation. An alternative strategy to preserve endogenous reg-
ulation of the foreign genetic circuit is to graft the entire geno-
mic region of interest, including enhancers, promoters, introns,
exons, and untranslated regions (UTRs), into the new organism
(Fig. 4C). Such strategy can help maintain transgene expression
by providing a buffer to the neighboring genes, thereby pre-
serving the anticipated activity profile of the target locus. The

Fig. 3. Genomic knockout (KO) may not result in complete protein KO in vivo, and transgene knock-in may not result in proper in vivo expression. (A) A
normal gene produces mature mRNA transcripts with all introns correctly spliced out. In the scenario with proper gene KO as illustrated here, genomic
engineering leads to a frameshift mutation in exon 2. As a result, the resulting mRNA is degraded by nonsense-mediated decay (NMD) with complete loss of
protein expression. However, alternative splicing can take place that skips the targeted exon, producing an isoform protein that is potentially functional. In
another scenario, translation may be reinitiated at exons after the modified site, and the target gene locus produces a truncated protein which can also be
potentially functional. (B) In an ideal knock-in scenario, the transgenes, which are usually used in the form of complementary DNA (cDNA), are correctly
transcribed and translated into functional protein. In one scenario, the transgene may be inactivated by epigenetic silencing via promoter CpG methylation
or/and enhancer histone deacetylation. In another scenario, the transgene may fail to produce the correct mRNA, due to unpredicted cryptic splicing in the
transgene. Subsequently, the incorrect mRNA is degraded by NMD or is translated into a truncated protein. In the last scenario, the transgene mRNA is the
target of endogenous microRNA (miRNA) or small interfering RNA, which leads to mRNA degradation and loss of protein expression.
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feasibility of this approach has been established via bacterial
artificial chromosome-assisted or yeast artificial chromosome-
assisted recombineering (72, 73). Despite these promises, ro-
bust application of this approach still requires technology ad-
vancement in handling large DNA fragments on the order of 0.1
Mn to 10 Mn base pairs throughout the manipulation process.
Recent advancements in artificial chromosome engineering may
offer a novel route to engineering heritable large engineered
genetic circuits (74, 75).

Broad Implications and the Clinical Prospects
Taken together, predictable germline genome engineering in
animals requires careful consideration of various epigenetic,
transcriptional, posttranscriptional, and translational regula-
tions. The biological pathways governing these processes also
play significant roles in other biological manipulations, such as
in vivo gene editing and gene therapy. Therefore, animal germ-
line engineering offers unique scientific and technological in-
sights for other applications.
The long-term impact of genome editing tools in vivo remains

to be investigated for safe therapeutic applications. Germline-
modified large animals provide a good surrogate system to un-
derstand the safety aspects of genome editing tools. In our
studies for xenotransplantation (4), we closely monitor multiple
blood panels, vital organ function, fertility, and genetic herita-
bility of the genome-modified pigs. We are mindful that cloned
animals may have epigenetic abnormalities despite having a
normal phenotype at a young age. Therefore, we plan to follow
our genome-modified animals for multiple generations to iden-
tify the potential impact of genome editing tools.
We also envision germline editing in humans as a possible

therapeutic approach, complementing somatic gene editing

approaches in humans (Fig. 5). Admittedly, safety and ethical
issues need to be closely examined and answered before any
clinical application. A recent report from an international com-
mission of the US National Academy of Medicine, US National
Academy of Sciences, and the UK’s Royal Society can be used as
general guidelines to consider potential benefits, harms, and
uncertainties regarding application of heritable human genome
editing. The report also specifies stringent preclinical and clinical
requirements for safety, efficacy, and long-term monitoring of such
genome editing applications (76). With that said, human germline
editing has merits that warrant further discussion and investigation.
First, unlike somatic gene editing, where millions and sometimes
billions of cells are exposed to the genome editing tool, germline
gene editing has millions-fold reduction of off-target mutations,
given that only a few cells are exposed to the tool. Furthermore, the
clonability of germline cells provides an additional level of safety
control. We can perform whole genome sequencing before the
modified cells are released into the next stage; this quality control
process is not feasible for ex vivo or in vivo gene editing. Similarly, it
is technically feasible to deliver genome editing tools to single

Fig. 4. Synthetic approaches to achieve programmable transgene expressions in vivo. (A) Self-contained regions with insulators to shield the transgene from
epigenetic silencing. (B) Tools such as dCas9-P300 and dCas9-Tet fusions can override the epigenetic status of the transgene genomic context and ensure
consistent gene expression. (C) Large-scale chromosomal engineering to graft the entire genomic region of interest to preserve endogenous level of gene
regulation for transgene expression.

Fig. 5. Germline (vs. somatic) genome engineering.
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germline cells to achieve 100% efficiency, while it is nearly im-
possible to obtain such efficiency for somatic genome editing. In
addition, as most genome editing tools have foreign protein el-
ements, immunogenicity commonly develops for in vivo gene
therapy; conversely, germline editing does not expose the editing
tool to the human immune system. Last but not least, from a
health economics perspective, germline editing allows for a cure

that is heritable, without any manipulation and cost needed for
subsequent generations.

Data Availability. There are no data underlying this work.
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