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Abstract—Although human genetics has resulted in the identification of novel lipid-related genes that can be targeted for
the prevention of atherosclerotic vascular disease, medications targeting these genes or their protein products have shortterm effects and require frequent administration during the course of the lifetime for maximal benefit. Genome-editing
technologies, such as CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR–associated 9)
have the potential to permanently alter genes in the body and produce long-term and even lifelong protection against
atherosclerosis. In this review, we discuss recent advances in genome-editing technologies and early proof-of-concept
studies of somatic in vivo genome editing in mice that highlight the potential of genome editing to target disease-related
genes in patients, which would establish a novel therapeutic paradigm for atherosclerosis.
Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2018;38:12-18.
DOI: 10.1161/ATVBAHA.117.309326.)
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W

CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR–associated 9) and a new generation
of base editors, describe early findings with respect to efficacy
and safety of genome-editing tools in preclinical models, and
highlight how genome editing of atherogenic genes, such as
PCSK9, might prove useful for clinical protection against atherosclerotic vascular disease. More comprehensive reviews of
the use of genome editing in cardiology and the cardiovascular sciences are available elsewhere.5–9

ith atherosclerotic vascular disease being the leading
cause of death in the United States and worldwide,1 enormous effort has been focused on understanding the development
and progression of disease, with an eye toward improving the
prevention and treatment of disease.2 In just the last decade,
genotyping and sequencing studies have considerably expanded
our knowledge of how genetic variation influences the pathology of atherosclerotic vascular disease and pointed to novel
therapeutic targets.3 The discovery of PCSK9 (proprotein convertase subtilisin/kexin type 9) as a positive regulator of blood
low-density lipoprotein (LDL) cholesterol levels via antagonism
of the LDL receptor has resulted in the development of antibody-based, PCSK9-targeting therapeutics that have been demonstrated to substantially reduce blood LDL cholesterol levels
in patients and even reduce the risk of a combined end point of
cardiovascular death, myocardial infarction, and stroke.4

Genome-Editing Technologies
Tools such as zinc-finger nucleases,10 transcription activatorlike effector nucleases,11,12 meganucleases,13 adenoviruses,14
and adeno-associated viruses (AAVs)15 have been successfully used to introduce directed changes in genomes. During
the past few years, CRISPR-Cas9 systems developed from
naturally occurring adaptive immunity mechanisms in various bacterial species, such as Streptococcus pyogenes (S.
pyogenes) and Staphylococcus aureus (S. aureus), have been
widely applied in mammalian cells and organisms and are
generally acknowledged as a game-changing technology.16–23
CRISPR-Cas9 systems comprise a Cas9 nuclease and a
≈100-nucleotide synthetic guide RNA that complex together
to target and bind a specific genomic site. The synthetic guide
includes around 20 nucleotides that can hybridize to a complementary sequence on either genomic DNA strand, called the
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Recently developed genome-editing technologies have
for the first time made it feasible to permanently alter target
genes in living animals. As such, 1-time genome editing in
human patients offers a compelling potential alternative to
current treatment options (statins, ezetimibe, PCSK9 antibodies, etc) that entail repeated daily or monthly dosing during
the course of a lifetime. In this focused review, we discuss
recent advances in genome-editing technologies, such as
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adeno-associated virus
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repeats (CRISPR)-CRISPR–associated 9
homology-directed repair
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protospacer, which directly borders a protospacer-adjacent
motif. On hybridization of the guide RNA to genomic DNA,
Cas9 induces a double-strand break in the genomic DNA.
On introduction of a double-strand break, either nonhomologous end-joining (NHEJ) or homology-directed repair
(HDR) is initiated by the cell (Figure). Double-stranded breaks
are most commonly repaired through NHEJ without the use of
a repair template, but NHEJ can result in semirandom insertion or deletion (or both) of DNA basepairs (indels) at the site
of repair that can cause frameshift mutations, likely rendering the protein product of a targeted gene nonfunctional. This
error-prone cellular repair process has, thus, proven useful
for the intentional disruption of a gene in cellular and animal
models. Through the less frequently used HDR pathway, precise introduction of a specific mutation can be achieved with
a synthetic, custom-made repair template that has homology
to the target site, either a single-strand DNA oligonucleotide
or double-strand DNA vector. In contrast to NHEJ, which is

active in all cells at all times, HDR is limited to proliferating cells in the S and G2 phases of the cell cycle. Because of
this, precise genome editing by HDR is typically much less
efficient than gene disruption by NHEJ, especially in living
animals. This distinction has important therapeutic implications, as described below.
Recently, CRISPR-Cas9 has been adapted so that it cannot
directly generate double-strand breaks in DNA but can nevertheless alter specific nucleotides in the DNA sequence—a
phenomenon known as base editing (Figure).24–28 Addition of
a cytosine deaminase domain adapted from an RNA-editing
or DNA-editing enzyme to a catalytically impaired Cas9
protein confers the ability to convert cytosine bases near the
CRISPR-Cas9 target site (as determined by the guide RNA)
into uracil bases, which can then be converted into thymine
bases by exploiting endogenous DNA repair machinery
(eg, nicking just the opposite strand with Cas9, causing an
adenine base to be placed opposite the uracil base during
nick repair, and subsequently allowing base excision repair
to replace the uracil base with thymine). In principle, base
editing allows for specific alterations—such as the correction of disease-causing mutations—to be made with high
efficiency and without the limitations of HDR genome editing (restriction to proliferating cells, the need for a repair
template). At present, base editing is limited to cytosine-tothymine changes or (if the base editor is targeted to the opposite strand) guanine-to-adenine changes. Nonetheless, base
editing can be useful if any of the following has a desirable

Figure. Schematic of possible outcomes of genome editing that are relevant to the prevention and treatment of atherosclerosis. On the
left, standard CRISPR-Cas9 is directed to a genomic site by the protospacer-adjacent motif (PAM) in the DNA and protospacer sequence
in the guide RNA, whereupon it generates a double-strand break (location indicated by arrows pointing to DNA strands). The break is
repaired by either nonhomologous end-joining (NHEJ) or homology-directed repair (HDR), which yield different outcomes. On the right,
the base editor does not generate a double-strand break but rather converts a cytosine base (or bases) into a uracil base, which is ultimately replaced with a thymine base (with a complementary change of guanine-to-adenine on the opposite strand).
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therapeutic effect: (1) alteration of a wild-type codon to a
stop codon (nonsense mutation); (2) alteration of a wild-type
codon so that the encoded amino acid disrupts the function
of the protein (missense mutation); (3) direct reversal of a
pathogenic thymine-to-cytosine or adenine-to-guanine mutation; or (4) because of wobble in the genetic code, alteration
of a pathogenic mutant codon with a cytosine-to-thymine
or guanine-to-adenine change such that the edited codon
encodes the wild-type amino acid, even though the original
mutation is not directly reversed (codon editing).
With respect to ease of use, CRISPR-Cas9 and its derivative base editors are unrivaled when compared with other
genome-editing technologies; with a change of only the
≈20-nucleotide protospacer sequence in the guide RNA,
Cas9 can be redirected to any genomic site, in contrast to
other technologies where whole proteins or viral vectors
have to be re-engineered. However, CRISPR-Cas9 systems
have several important limitations (Table). First, the desired
target genomic site has to be close to a naturally occurring
protospacer-adjacent motif sequence. This can sometimes be
remedied by the use of different Cas9 proteins that offer an
expanded set of protospacer-adjacent motif sequences.20,21,29,30
Second, the repair of double-strand DNA breaks at the desired
target site can have unintended consequences, such as insertion of undesired sequences, large deletions that impinge on
the target gene in undesired ways or affect surrounding genes,
and even chromosomal rearrangements. This can be remedied by the use of base editors that do not require the introduction of double-strand DNA breaks to make the desired
alterations, although the base editors are themselves limited
by their restriction to specific kinds of basepair changes and
the need for appropriately juxtaposed protospacer-adjacent
motif sequences.24–28 Third, CRISPR-Cas9 can cause offtarget mutagenesis at unintended sites in the genome, potentially leading to undesired gene disruption, alteration of cell
survival or proliferation, or promotion of oncogenesis. This
limitation has been addressed in a substantial body of literature since the introduction of CRISPR-Cas9, including
Table.
Use

Current Limitations of CRISPR-Cas9 for Therapeutic

Precise genome editing with HDR is inefficient, especially in
nonproliferating cells.
Restricted to genomic sites with a PAM.
Potential for unintended consequences at the target site, eg, insertion of
undesired sequences, large deletions, and chromosomal rearrangements.
Off-target mutagenesis can occur at unintended sites in the genome but is
difficult to detect with current technology.
Durable changes to the genome that are currently prohibitive to reverse.
Too large to easily accommodate in AAV vector—the preferred viral vector
for human therapeutics.
Requires testing in human or humanized models to accurately assess
efficacy and safety.
Immunologic responses against Cas9-expressing cells, especially if AAV is
used.
AAV indicates adeno-associated virus; HDR, homology-directed repair; and
PAM, protospacer-adjacent motif.

but not limited to use of truncated guide RNAs or mutated
Cas9 nucleases to reduce off-target mutagenesis.31–37 Fourth,
from a therapeutic perspective, CRISPR-Cas9 genome editing would cause durable changes that with the current state
of the technology could not be easily reversed, unlike with
most medications (although this presumes that genome-editing technology will not advance considerably in the coming
years). This could prove problematic if unintended negative
consequences of a therapeutic intervention were to emerge
later in life.

Disruption of Atherogenic Genes
by Genome Editing
Naturally occurring loss-of-function mutations that are protective against atherosclerotic vascular disease but that do
not cause serious adverse health consequences, even in the
homozygous or compound heterozygous state (ie, full knockout of gene function), have been described in several genes,
most notably PCSK9, ANGPTL3, and APOC3.38–44 Each of
these genes is preferentially expressed in hepatocytes, with
the protein product secreted into the bloodstream. These
findings showcase these genes as highly promising therapeutic targets. PCSK9 has garnered much attention since its
discovery in 2003 as a regulator of blood LDL cholesterol
levels. Dysregulation of the PCSK9 protein through gain-offunction mutations impairs LDL clearance via antagonism of
LDL receptor and results in autosomal dominant hypercholesterolemia.45–47 Conversely, disruption of PCSK9 activity
through either naturally occurring loss-of-function mutations, antibody-based therapeutic inhibition of the PCSK9
protein, or siRNA gene silencing can substantially reduce
circulating LDL-C levels and even decrease coronary heart
disease risk.4,38,48,49
Genome editing to introduce loss-of-function frameshift
mutations via NHEJ into any of these genes within the hepatocytes of a patient should, in principle, mimic the atheroprotective effects of naturally occurring loss-of-function variants
in the gene. Permanent disruption of PCSK9 with genome
editing in vivo has been recently reported in several proof-ofprinciple studies in mice. In the first such study, an adenoviral
vector containing S. pyogenes Cas9 and a guide RNA targeting the first exon of Pcsk9 was injected into mice, resulting in
a high rate of NHEJ-mediated indel mutagenesis—the majority of the Pcsk9 alleles in the liver—that reduced circulating
PCSK9 protein levels by >90% and reduced total cholesterol
levels by ≈40%.50 An important limitation of the S. pyogenes
CRISPR-Cas9 system is that it is too large to fit within an
AAV vector—the preferred viral vector for gene therapy applications because of its favorable safety profile compared with
adenoviral vectors. A subsequent study used AAV to deliver
the smaller Cas9 from S. aureus and a guide RNA targeting
Pcsk9 into mouse liver; this study also demonstrated efficient
disruption of Pcsk9 alleles in the liver, reduction of circulating
PCSK9 protein levels by >90%, and reduction of total cholesterol levels by ≈40%.20 Two studies have explored the possibility of targeting Apob in mice to reduce the production and
secretion of lipoprotein particles into the bloodstream, thereby
reducing blood cholesterol levels by a different mechanism
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than PCSK9 inhibition20,51; however, both studies documented
substantial hepatic steatosis, consistent with observations in
people with naturally occurring loss-of-function mutations in
APOB.52
Although these studies are encouraging, the information
they yielded is not directly relevant to human therapeutics.
Murine and human gene orthologs differ substantially in their
primary nucleotide sequences (relevant to efficiency, ie, ontarget mutagenesis), as do the mouse and human genomes
(relevant to safety, ie, off-target mutagenesis). In a followup study, the ability of CRISPR-Cas9 to disrupt the human
PCSK9 gene in human hepatocytes in vivo was assessed
using a liver-humanized mouse model (based on the Fah–/–
Rag2–/– Il2rg–/– mouse, which permits the controlled ablation
of endogenous mouse hepatocytes) in which primary human
hepatocytes had been transplanted and engrafted in the liver in
large proportions. S. pyogenes CRISPR-Cas9 delivered by an
adenoviral vector efficiently disrupted the human PCSK9 gene
and significantly reduced circulating human PCSK9 protein
levels.53 Notably, S. aureus CRISPR-Cas9 demonstrated no
appreciable activity against the human PCSK9 gene in human
hepatocytes in the same liver-humanized model (unpublished
observations) in contrast to the aforementioned study in which
efficient activity was seen with S. aureus CRISPR-Cas9 in
wild-type mice.20 This suggests that different CRISPR-Cas9
systems might have different degrees of activity in different
species and emphasizes the importance of testing CRISPRCas9–based therapeutics directly in authentic human cells
rather than extrapolating entirely from observations in nonhuman model systems.
As alluded to above, unintended on-target and off-target
mutagenesis is the most worrisome concern on the safety
of CRISPR-Cas9 genome editing. In the aforementioned
Pcsk9/PCSK9 and Apob studies, no off-target mutagenesis
was observed at a limited number of genomic sites predicted
to be most likely to experience mutations, with the caveat
that next-generation DNA sequencing is not sensitive enough
to recognize mutagenesis occurring at rates much <0.1%.
However, in one of the Apob studies, integration of AAV vector sequences at the Apob target site was observed at rates
as high as 26%.51 This observation underscores the fact that
NHEJ repair is unpredictable in nature, potentially leading to
unintended consequences even at the desired target site.
In principle, base editors are a safer alternative to standard CRISPR-Cas9 because the lack of need for double-strand
DNA breaks means there would be greatly reduced on-target
indel mutagenesis, and any off-target mutagenesis would be
largely limited to cytosine-to-thymine substitutions. In general, cytosine-to-thymine changes would be more benign than
indels or chromosomal rearrangements resulting from doublestrand breaks. This is true even in coding sequences because
of wobble in the genetic code rendering many cytosine-tothymine changes into synonymous variants, whereas most
frameshifts and in-frame insertions or deletions would be deleterious. Furthermore, the indels can be as large as kilobases
and affect multiple genes.
What is less clear is whether base editors can match
standard CRISPR-Cas9 with respect to efficacy, although in

vitro studies suggest that this is in fact the case.54 In a recent
proof-of-principle study, an adenoviral vector containing the
base editor called BE3 and a guide RNA targeting Pcsk9 was
injected into mice, resulting in the introduction of site-specific
nonsense mutations (altering one or both guanine bases in a
tryptophan TGG (thymine-guanine-guanine) codon into adenine bases, yielding stop codons) in ≤31% of the Pcsk9 alleles
in the liver.55 The base editing reduced circulating PCSK9
protein levels by >50% and reduced total cholesterol levels
by ≈30%, establishing base editing as a viable therapeutic
approach. No evidence of off-target mutagenesis, either indels
or base edits, was observed. A major limitation of this work is
that base editors are larger than standard Cas9 proteins, making them even more challenging to deliver with AAV.

Correction of Atherogenic Gene Mutations
or Insertion of Protective Genes
Some patients experience premature atherosclerosis that is
largely attributable to a single mutation that disrupts protein
function, for example, autosomal dominant hypercholesterolemia from a mutation in LDLR, APOB, or PCSK9.45,56,57 In
principle, genome editing could address such a mutation by
several different strategies: (1) the use of HDR with a synthetic repair template or if the mutation is either a thymineto-cytosine change or an adenine-to-guanine change, through
the use of base editing whereby the mutant allele is corrected,
(2) impairment of the mutation’s dominant effect by NHEJmediated disruption of the mutant allele (while sparing the
wild-type allele), or (3) HDR-mediated insertion of additional
wild-type copies of the affected gene to dilute the mutant
allele’s effect.
Depending on the strategy used, the on-target editing
efficiency of currently available CRISPR-Cas9 technology
might not be sufficient to achieve the desired goal. This is
particularly true for the use of HDR to either correct a mutation or insert wild-type gene copies. Although the latter has
been successfully undertaken with hemophilia in a mouse
model,58 that disease can be treated if only a small percentage of cells express clotting factor because achieving only 5%
of the normal factor levels is sufficient to eliminate the most
serious aspects of the disease. The same is not true of hypercholesterolemia and its attendant risk of atherosclerotic vascular disease. To date, the most successful execution of HDR
in a mouse model (ornithine transcarbamylase deficiency)
resulted in 10% to 20% allele correction; notably this level of
correction was observed in newborn mice with rapidly proliferating hepatocytes but not in adult mice with relatively static
hepatocytes in which only 1% to 2% allele correction was
observed.59 For these reasons, NHEJ and base editing are the
more likely avenues for success in the prevention of atherosclerosis for the foreseeable future.

Next Steps
Generally speaking, the next steps in translating antiatherogenic genome-editing approaches into the clinic will entail
optimizing their efficacy and safety. For both, an important
consideration is the delivery route. As adenoviral vectors
are disfavored for use in humans because of safety concerns,
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AAVs are the preferred viral delivery vehicle.60,61 AAV has
2 shortcomings that will need to be addressed. First, the
size limitation inherent in AAV vectors prevents the delivery of S. pyogenes Cas9 or base editors. Exploration of
smaller Cas9 proteins from other bacterial species is needed
to identify those that are effective in human hepatocytes but
small enough to be accommodated by AAV. Second, AAV
vectors result in prolonged expression (ie, weeks to months)
of the delivered genes. Although this may be advantageous
for gene therapy applications, prolonged Cas9 expression
might be counterproductive in that it could increase the burden of off-target mutagenesis and could elicit immunologic
responses against the Cas9-expressing cells, the same cells
in which the desired genome editing would have occurred.
Indeed, the development of antibodies against Cas9 has
been documented in AAV-treated mice.62 One potential
solution is the inclusion in the vector of an additional guide
RNA that targets the Cas9 gene itself, resulting in cleavage
of the vector that self-limits the duration of expression.63
An entirely different solution would be the use of lipid
nanoparticles to deliver Cas9 messenger RNA into hepatocytes, relieving the size restriction imposed by AAV, as
well as providing Cas9 in a form that is rapidly degraded
in cells.64,65
Although the proof-of-principle preclinical studies that
have been performed to date have shown little evidence of offtarget mutagenesis, the limited sensitivity of next-generation
DNA sequencing cannot rule out rare mutations. In the context of the billions of cells in the human liver that would need
to be targeted by genome editing, rare mutations could still be
problematic. Furthermore, next-generation DNA sequencing
can only be applied at a discrete number of genomic sites, not
genome wide, and so investigators need to decide beforehand
the sites at which they think off-target mutations are most
likely to occur. There are techniques to empirically determine
the most likely off-target genomic sites in an unbiased way,
but to date, these techniques are limited to in vitro experiments.20,66–69 Unbiased approaches that can be applied in vivo
are needed to better assess the safety of potential genomeediting therapies.
Although there is much work still to be done in preclinical animal models, genome-editing therapies will eventually
need to be tested in humans. With respect to atherosclerotic
vascular disease, the best candidates for first-in-human studies would be patients for whom the potential benefits greatly
outweigh the risks. They might include (1) patients with
autosomal dominant hypercholesterolemia who are unable
to achieve lipid goals with existing therapies and (2) elderly
patients with high risk for future coronary events (eg, secondary prevention patients) who have maximal indications
for lipid-lowering therapy. With respect to the latter, their
life expectancy would be sufficiently limited that the most
feared complication of genome editing—the development
of cancer over time—might not be a serious consideration.
On demonstration of efficacy paired with acceptable safety
profiles in these selected patients, genome-editing therapies
could then be entertained for larger segments of the patient
population.
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Highlights
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• Genome-editing tools, especially those based on CRISPR-Cas9, provide a novel approach to the development of durable therapies for atherosclerosis.
• Proof-of-principle studies in mouse models establish the feasibility of genome-editing therapies but also highlight challenges with the approach.
• CRISPR-Cas9 genome editing currently has substantial limitations that need to be addressed with technology development if it is to be used
in patients.
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