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Cardiovascular disease (CVD) is the leading cause of death
globally and is exacerbated by elevated blood levels of low-
density lipoprotein cholesterol (LDL-C) and triglycerides
(TGs). Existing approaches for decreasing blood lipid levels
rely on daily medications, leading to poor patient adherence.
Gene therapy represents a promising "one and done" strategy
to durably reduce blood lipid levels. ANGPTL3 has emerged as
a potential target for gene therapy, as naturally occurring
loss-of-function variants are cardioprotective. Here, we use
lipid nanoparticles to package and deliver CRISPR adenine
base editors (ABEs), which enable gene knockout without
requiring potentially harmful DNA double-strand breaks.
We package ABE mRNA and a synthetic guide RNA targeted
to disrupt an important splice site in Angptl3, which we
administered to mice intravenously. We achieved over 60%
base editing in the liver and durable reductions in serum
ANGPTL3, LDL-C, and TGs for at least 100 days. Notably,
blood lipid levels remained low when mice were challenged
with a high-fat high-cholesterol diet up to 191 days after
therapy. These results provide a foundation for a potential
one-and-done treatment for CVD.
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INTRODUCTION
Cardiovascular disease (CVD) encompasses a range of conditions
affecting the circulatory system, which comprises the heart and the
vasculature responsible for the transportation of blood throughout
the body. As the leading cause of death worldwide, CVD remains a
significant global health concern. The incidence of CVD is growing
annually, exacerbated by lifestyle changes such as an increase in
sedentary or remote jobs, a decrease in physical activity, and higher
calorie diets with more saturated fats.1,2 Elevated levels of cholesterol
and/or fats in the blood can lead to the development of atheroscle-
rosis, thereby increasing the risk of CVD in patients. Current treat-
ment options for CVD, including chronic medications (e.g., statins)
and lifestyle changes, face challenges in patient adherence, partly
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due to the daily dosing of medication and constant need for managing
exercise and dietary habits.

Gene therapy offers a unique opportunity to create a one-and-done
therapy for patients by durably reducing blood cholesterol and
fats.3,4 The gene, encoding angiopoietin-like 3 (ANGPTL3), a protein
that regulates plasma lipoprotein levels, has been identified as a candi-
date target for treating dyslipidemia-related diseases. ANGPTL3 is
primarily expressed by liver hepatocytes and is secreted into the
bloodstream, where it inhibits enzymes involved in cholesterol and
triglyceride (TG) metabolism, leading to increased plasma lipid
levels.5 Loss of function (LOF) variants of ANGPTL3 are naturally
occurring in the human population with no known associated com-
plications.6–8 Individuals with these mutations have shown reduced
levels of plasma low-density lipoprotein cholesterol (LDL-C) and
TGs, as well as protection against CVD.7,8 Efforts to inhibit
ANGPTL3 for CVD treatment are ongoing, using antisense
oligonucleotides, short interfering RNA, and monoclonal anti-
bodies.9–12 However, these approaches suffer from similar limitations
to existing therapies, such as temporary therapeutic effects that
require regular redosing. We rationalized that inducing a LOF
mutation inANGPTL3 represents a more precise and durable strategy
for reducing ANGPTL3 levels and may confer protection
against CVD.
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Generating an LOF mutation in ANGPTL3 may be achieved with
in vivo genome editing. The CRISPR-Cas system has emerged as a
powerful genome editing tool that enables precise genetic
changes.13,14 Cas nucleases, such as Cas9, generate a DNA double-
strand break (DSB) at a target sequence, which can be repaired by
non-homologous end-joining or homology-direct repair. Previously,
we used CRISPR-Cas9 to generate indels within exon 1 of Angptl3 in
mice, leading to a functional gene knockout.15 Cas9 mRNA and a sin-
gle guide RNA (sgRNA) were packaged in a liver-targeting lipid
nanoparticle (LNP) and delivered to mice via tail vein injection. We
achieved editing of approximately 35% in the liver and a significant
reduction in serum ANGPTL3, LDL-C, and TG for up to 100 days.

While this technique offers a promising strategy, DSBs generated by
Cas nucleases are of significant concern due to the potential for com-
plex deletions, translocations, and chromosomal rearrangements,
which could lead to oncogenic transformation.16–18 Moreover,
DSBs can initiate a cascade of internal signaling that leads to p53-
mediated cell-cycle arrest or apoptosis.19–22 Recently, CRISPR base
editors (BEs) were shown to induce single nucleotide modifications
with minimal DSB byproducts.23–25 BEs contain a catalytically
impaired nickase Cas9 fused to an engineered deaminase enzyme,
which catalyzes a substitution reaction within a five-base activity win-
dow. Notably, BEs can disrupt genes by inactivating splice acceptor
and splice donor sites at the intron-exon junctions.26 We thus ratio-
nalized that using CRISPR BEs could represent a safer approach to
knockout Angptl3.

Successful delivery of BE mRNA and sgRNAs to the liver signifies
a critical step for our one-time in vivo therapy. Previous studies tar-
geting Angptl3 for gene therapy use adeno-associated virus (AAV)
vectors.27,28 However, LNPs offer advantages over AAV as a delivery
system, such as reduced immunogenicity, greater packaging capacity,
transient expression of BEs, and targeted organ delivery.29,30 Here, we
describe the use of liver-targeting LNPs for the delivery of adenine
base editor (ABE) mRNA and sgRNAs targeting Angptl3 splice sites
in mice as a potential treatment for CVD.

RESULTS
sgRNA and LNP design enables efficient in vivo base editing of

Angptl3 in mice

We hypothesized that disrupting the highly conserved splice acceptor
(AG dinucleotide at the 30 end of an intron) or splice donor (GT dinu-
cleotide at the 50 end of an intron) sites in the mouse Angptl3 gene
would result in a functional knockout and decreased plasma lipid
levels. All possible ABE sgRNAs targeting splice sites were considered
and assessed for the presence of homologous protospacer adjacent
motif (PAM) sites in the human ANGPTL3 gene, which would
improve clinical translatability. Based on these criteria, we identified
two candidate sgRNAs disrupting the exon 6 splice acceptor
(sgAngptl3_SA) and splice donor (sgAngptl3_SD) sites (Figure 1A).
Given the protection against CVD conferred by naturally occurring
LOF mutations in exons 6 and 7 of the human ANGPTL3 locus, we
hypothesized that disrupting the splice sites at exon 6 using ABEs rep-
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resents a viable approach for achieving gene knockout.12,31 For both
sgRNAs, conversion of the adenine in position 6 (A6) of the proto-
spacer sequence to guanine (as predicted), thymine, or cytosine, re-
sults in disruption of the key splice recognition sites (Figure 1A).

Second, we wanted to screen multiple lipids for our liver-targeting
gene editing application. Our lab recently synthesized two novel
lipids, lipid 88 (L88) and lipid 10 (L10), predicted to enable efficient
liver targeting (Figure 1B). We have previously demonstrated that
LNPs formulated with L88 enabled delivery of mRNA to the mouse
liver after intramuscular injection.32 To test the ability of these new
lipids to delivery mRNA to the mouse liver after intravenous (IV) in-
jection, LNPs were formulated with L88, L10, and 306-O12B, a lipid
that previously enabled in vivoCas9-mediated knockout ofAngptl3 in
the mouse liver, and packaged with Firefly luciferase (FLuc) mRNA.
At 6 h after tail vein injection of LNPs into mice, L88 demonstrated a
significant increase in total radiance in the liver compared with
306-O12B and L10 (Figure 1C). Next, to test whether our lipids could
mediate base editing in the mouse liver, LNPs were packaged with
ABE8e mRNA and either sgAngptl3_SA or sgAngptl3_SD and
administered into 6- to 8-week-old C57BL/6J mice via tail vein injec-
tion at a total RNA dose of 3mg/kg. After 7 days, livers were harvested
for next-generation sequencing (NGS) and analyzed at the target site.
LNPs formulated with L88 exhibited robust disruption of the splice
site with efficiencies of 39.6% and 64% using sgAngptl3_SA and
sgAngptl3_SD, respectively (Figure 1D). In contrast, formulations
with L10 yielded editing rates of 26.1% and 47.5% for sgAngptl3_SA
and sgAngptl3_SD, respectively (Figure 1D). Due to the improved de-
livery of FLuc mRNA to the liver with L88 and higher average base
editing with L88 across both sgRNAs, we selected it as the active lipid
for LNP formulation in all remaining experiments.

In vivo base editing with splice donor targeting sgRNA achieves

high editing efficiency and minimal indel formation

LNPs were formulated with L88 and loaded with ABE8e mRNA and
either sgAngptl3_SA (denoted LNP_SA) or sgAngptl3_SD (denoted
LNP_SD) and delivered at a total RNA dose of 3 mg/kg. Before injec-
tion into mice, the zeta potential and effective diameter of the formu-
lated LNPs were measured. LNP_SA had an average effective diam-
eter of 103.1 nm, a polydispersity index (PDI) of 0.21, and a zeta
potential of �9.3 mV, whereas LNP_SD had an average effective
diameter of 131.4 nm, a PDI of 0.24, and a zeta potential of
�3.9 mV (Table S1).

Seven days after tail vein injection into C57BL/6J mice, livers were
harvested for detailed NGS analysis. We found that total editing at
the A6 position was 63.1% for LNP_SA and 64.6% for LNP_SD (Fig-
ure 2A). A high purity of A-to-G conversions was observed, account-
ing for more than 95% and 99% of edits at A6 with LNP_SA and
LNP_SD, respectively (Figures S1A and S1B). Given our approach
of targeting splice sites to disrupt Angptl3, rather than precisely cor-
recting specific pathogenic mutations, A-to-T and A-to-C edits are
not detrimental and still result in gene knockout. Bystander edits
were observed at adenines located between positions 4 and 14 within



Figure 1. sgRNA design and LNP formulation

facilitate efficient in vivo base editing of Angptl3 in

mice

(A) Schematic showing the mouse Angptl3 locus. Both

the mouse and human Angptl3 gene are composed of 7

exons (green). The highly conserved splice acceptor (SA)

site (AG dinucleotide at the 30 end of the intron, red) of

exon 6 can be disrupted using sgAngptl3_SA (red), which

converts the adenine (A) at position 6 of the protospacer

on the sense strand to a guanine (G). Alternatively, the

splice donor (SD) site (GT dinucleotide at the 50 end of the

intron, blue) of Exon 6 can be disrupted using

sgAngptl3_SD (blue), which converts the A at position 6 of

the protospacer on the anti-sense strand to a G, resulting

in a cytosine (C) on the sense strand. NGG refers to the

PAM sequences. (B) Chemical structure of L88 (top) and

L10 (bottom). (C) Total radiance observed in the mouse

liver via an IVIS imaging system 6 h after IV injection with

LNPs formulated with lipid 306-O12B, L10, or L88, and

packaged with FLuc mRNA (n = 2–4). (D) Total editing

in mouse livers 7 days after administration of LNPs

formulated with L88 or L10 and coloaded with ABE8e

mRNA and either sgAngptl3_SA or sgAngptl3_SD (n =

2–3). Results displayed as mean ± standard deviation.

Significance determined by one-way ordinary ANOVA.

*p < 0.05, **p < 0.01.
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the protospacer sequence (Figures S1C and S1D). However, as
bystander edits are not expected to interfere with the splice disruption
caused by editing of the target adenine at position 6, these edits do not
Molecula
compromise the intended outcome. Impor-
tantly, we observed minimal indels at the target
loci for both LNP_SA and LNP_SD. LNP_SA
exhibited a 3.34% indel rate with an editing-
to-indel ratio of 19.6, while LNP_SD resulted
in a lower indel rate of 1.47% and a higher edit-
ing-to-indel ratio of 44.2 (Figures 2B and 2C).
This suggests that LNP_SD has a safer thera-
peutic profile by mitigating the risks associated
with DNA DSB generation. The liver is
composed of approximately 60%–70% hepato-
cytes, and editing up to 70% has been achieved
with adenine BEs (ABEs).3,4 To determine if we
could improve base editing efficiencies in the
liver to 70%, mice were administered either
one or two doses of 3 mg/kg LNPs, with a
48-h interval between doses. Rothgangl et al.4

demonstrated that a double dose regimen can
significantly increase in vivo base editing effi-
ciencies. We found no significant differences
in editing levels between mice receiving a single
or double dose of LNP_SA or LNP_SD (Fig-
ure 2D). This suggests that we achieved
maximum editing at our loci at approximately
60% with our LNP formulations. Based on these
results, future studies used a single dose of 3 mg/kg LNPs, which al-
lows for optimal editing efficiencies while limiting any potential
toxicity associated with multiple LNP doses. Finally, to ensure that
r Therapy: Nucleic Acids Vol. 36 June 2025 3
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Figure 2. Efficient in vivo base editing at Angptl3 with minimal indels and a favorable safety profile

(A) Total editing in mouse livers 7 days after administration of LNP_SA or LNP_SD (LNPs formulated with L88 and co-loaded with ABE8e mRNA and either sgAngptl3_SA or

sgAngptl3_SD) (n = 7). (B) Insertions and/or deletions (indels) at target loci 7 days after LNP administration (n = 7). (C) Total editing (A) to indel (B) ratio after 7 days (n = 7). (D)

Total editing in mouse livers after administration of 1 or 2 doses of 3 mg/kg LNPs. Second dose was given 48 h after the first dose and analysis was completed 7 days after the

first dose (n = 3–5). (E) Serum levels of ANGPTL3 7 days after LNP administration (n = 7–9). (F) Total editing in six different organs 7 days after LNP administration (n = 7–10). (G

and H) ALT at (G) 6 h (n = 4–5) and (H) 48 h (n = 3–5) after administration of LNPs.

Results displayed as mean ± standard deviation. Significance determined by unpaired student’s T test for (A), (B), (C), and (D), and with one-way ordinary ANOVA for (E), (F),

(G), and (H). **p < 0.01, ****p < 0.0001.
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base editing led to a reduction in ANGPTL3 levels, serum ANGPTL3
was measured 7 days after IV injection of LNPs into mice. We
observed a greater than 90% decrease in serum ANGPTL3 with
both LNP_SA and LNP_SD (Figure 2E).

LNPs packaged with splice donor targeting sgRNA enables a

safer therapeutic design

Achieving high tissue tropism is critical for ensuring the safety of
genome editing therapies. Our lab and others have shown that certain
LNPs are able to target the liver with high specificity.33 To determine
the ability for LNPs formulated with L88 to deliver base editing appa-
ratus with hepatotropism, editing frequencies were assessed in six
different organs. We found that the liver was the predominant site of
on-target editing for both LNP_SA and LNP_SD (Figure 2F). While
editing in the spleen was significantly lower than in the liver for both
formulations, LNP_SD treated mice exhibited a reduced spleen editing
rate of 0.5% compared with 1.5% in LNP_SA treated mice. We found
that editing rates in the brain, heart, lung, and kidney were less than
0.2% for both LNP_SA and LNP_SD, consistent with untreated con-
trols and representative of baseline NGS error. To determine the off-
target activity for our Angptl3-targeting sgRNAs, we performed an in
silico prediction of potential off-target sites using Cas-OFFinder. For
4 Molecular Therapy: Nucleic Acids Vol. 36 June 2025
both sgAngptl3_SA and sgAngptl3_SD, no DNA off-target sites were
identified with 1 or 2 mismatches to the protospacer sequence. For
sgAngptl3_SA, 20 sites were identified with 3 mismatches, whereas
for sgAngptl3_SD, 7 sites were identified with 3 mismatches
(Tables S2 and S3). PCR amplification and NGS analysis of these po-
tential off-target sites was performed. Five of the 20 sgAngptl3_SA
and 1 of the 7 sgAngptl3_SD off-target sites failed to specifically
amplify, likely due to their location within repetitive sequences. Of
the 15 successfully amplified potential off-target loci for sgAngptl3_SA,
we observed a significant increase in A-to-G editing at one site, off-
target site 10 (OT10_SA), where editing rates increased by 5.29% in
LNP_SA-treated mice (Figure S2A). Two of the 15 predicted
sgAngptl3_SA off-target sites exhibited low (<0.5%) but statistically
significant indel formation, including OT10_SA (Figure S2B). Off-
target site 10 is located on chromosome 9 within Gm19324, a predicted
gene with unknown functions. In contrast, none of the six successfully
amplified potential off-target loci for sgAngptl3_SD showed increased
A-to-G editing, and only two of the six exhibited very low (<0.04%) but
significant indel formation above untreated controls (Figures S2C and
S2D). Finally, to determine the potential hepatotoxicity of our LNPs,
we analyzed serum alanine transaminase (ALT) at 6 and 48 h after
LNP administration. Compared with untreated controls, mice treated
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Figure 3. LNPs enable durable editing and serum

reductions of fats in mice up to 100 days

(A) Total editing in mouse livers 7 and 100 days after

administration of LNP_SD (n = 3–7). (B) Serum levels of

ANGPTL3 (n = 4–11), LDL-C (n = 3–9), and TGs (n = 3–

4) at days 7, 30, and 100 post injection, presented as

percent of untreated controls. Statistics are relative to

untreated controls for that measurement at day 100, as

seen in (C–E). (C) Serum levels of ANGPTL3 (n = 8–9),

(D) LDL-C (n = 8–9), and (E) TGs (n = 3-5) at day 100

after injection, presented as the raw values. Results

displayed as mean ± standard deviations. Significance

determined by unpaired Student’s t test. **p < 0.01,

****p < 0.0001.
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with LNP_SA and LNP_SD demonstrated significantly elevated serum
ALT at 6 h after administration (Figure 2G). After 48 h, mice treated
with LNP_SA maintained high ALT levels, whereas no significant dif-
ference in ALTwas observed between untreated controls and LNP_SD-
treated mice (Figure 2H). However, as there was no statistically signif-
icant difference in ALT levels between LNP_SA and LNP_SD at 48 h,
we cannot be fully confident that LNP_SA is more immunogenic.

Overall, our findings indicate that LNP_SD exhibits a favorable pro-
file with lower indel rates, an elevated edit-to-indel ratio, diminished
editing in the spleen, and fewer off-target editing events when
compared with LNP_SA. Therefore, LNP_SD was selected as the
formulation for subsequent analysis.
Angptl3 knockout reduces serum ANGPTL3, LDL-C, and TG

levels up to 100 days

Sustained editing at the Angptl3 locus is critical for demonstrating a
potential one-and-done treatment for dyslipidemia-related diseases.
Long-term therapeutic effects were analyzed up to 100 days after
LNP administration, with serum analysis of ANGPTL3, LDL-C,
and TG occurring at days 7, 30, and 100. Notably, no significant dif-
ferences in editing levels were observed in the liver of mice adminis-
tered LNP_SD at day 7 (64.6%) or day 100 (65.8%) (Figure 3A).
Compared with untreated controls, mice injected with LNP_SD ex-
hibited a 92.6% reduction in serum ANGPTL3 by day 7 (Figures 3B
and S3A). Importantly, a significant decrease in serum ANGPTL3
was sustained at over 92% for the remainder of the study, aligning
Molecula
with the high editing levels at day 100
(Figures 3B, 3C, and S3A). Mice treated with
LNP_SD exhibited statistically significant re-
ductions in serum LDL-C of 28.5%, 57.7%,
and 47% compared with untreated controls at
days 7, 30, and 100, respectively (Figures 3B–
3D and S3B). Finally, a durable reduction in
TG levels was also observed. Compared with
untreated controls, mice treated with LNP_SD
exhibited a decrease in serum TG of 56.4%,
64.7%, and 59.8% at days 7, 30, and 100, respec-
tively (Figures 3B–3E and S3C). Taken together, we demonstrate sus-
tained editing with LNP_SD for up to 100 days with statistically sig-
nificant reductions in serum ANGPTL3, LDL-C, and TG, signifying a
potential therapy for CVD.

Angptl3 knockout maintains reduced lipid levels despite a high-

fat, high-cholesterol diet challenge

Elevated blood levels of LDL-C and TGs in individuals susceptible to
CVD frequently results from the consumption of a diet rich in choles-
terol and fats. To determine whether our gene editing strategy main-
tains a therapeutic effect when challenged with a comparable diet,
mice treated with LNP_SDwere started on a high-fat high-cholesterol
diet (HFHCD) 100 days post-treatment and continued for 13 weeks
(91 days) (Figure 4A). The 13-week duration was chosen because pre-
vious work demonstrated that mice on an HFHCD for 13 weeks
exhibit atherosclerosis and diet-induced obesity.34 Editing levels in
the liver remained high after HFHCD, at 56.1% (Figure 4B). Serum
levels of ANGPTL3, LDL-C, and TGs were reduced by 88.9%,
44.7%, and 36.1%, respectively, compared with untreated mice also
fed an HFHCD (Figures 4C–4E). Our results demonstrate that
Angptl3 knockout can durably reduce blood lipid levels even when
challenged with an HFHCD.

LNPs enable efficient multiplex base editing at Angptl3 and

Pcsk9

CVD and other diseases originating in the liver may benefit from the
ability to edit multiple disease-causing genes simultaneously or to
r Therapy: Nucleic Acids Vol. 36 June 2025 5
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Figure 4. Therapeutic reductions in blood lipid

levels are maintained after a HFHCD challenge

(A) Experimental timeline shows mice injected at day 1,

started on a HFHCD diet at day 100, and euthanized at

day 191, 13 weeks after initiation of HFHCD. Serum

and liver samples were collected at day 191 for ELISAs

and NGS, respectively. (B) Total editing in mouse livers

191 days after LNP administration (n = 3). (C) Serum

levels of ANGPTL3 (n = 3), (D) LDL-C (n = 3–4), and (E)

TGs (n = 3). Results displayed as mean ± standard

deviation. Significance determined by unpaired

Student’s t test. **p < 0.01.
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correct a disease phenotype while selectively expanding gene-edited
hepatocytes.35,36 Building on the success of our LNP base editing sys-
tem in achieving high efficiency single-target editing, we aimed to
provide a proof of concept for multiplex in vivo base editing at clin-
ically relevant targets.

Pcsk9 represents another target gene to treat CVD that was previ-
ously edited with ABEs in mice and non-human primates.3,4 Recent
studies suggest that pharmacological inhibition of ANGPTL3 and
PCSK9 simultaneously could have additive or even synergistic ef-
fects.37,38 As a preliminary investigation into the feasibility of multi-
plex in vivo base editing with our LNPs, Angptl3 and Pcsk9 were tar-
geted concurrently. LNPs were formulated with a 1:1 ratio of total
sgRNA to ABE8e mRNA and administered at a single dose of
3 mg/kg. For multiplex base editing, the ratio of total sgRNA:ABE8e
mRNA remained 1:1. However, the total sgRNA was composed of a
1:1 ratio of Angptl3 sgRNA to Pcsk9 sgRNA. This strategy was cho-
sen to ensure optimal codelivery of both the sgRNAs and mRNA
into the liver, where each sgRNA retains an equal amount of
ABE8e mRNA for eventual formation of catalytically active ribonu-
cleoprotein complexes.39 When targeting Angptl3 alone, we
observed robust editing of 66.8% and 64.8% for sgAngptl3_SA
and sgAngptl3_SD, respectively, which was consistent with earlier
data. When targeting Pcsk9 alone, we also achieved high editing fre-
quencies of 66.7% (Figures 5A and 5B). Notably, multiplex editing
resulted in no significant changes in the editing efficiency at Pcsk9
(65.9% and 67.7% when multiplexed with sgAngptl3_SA and
sgAngptl3_SD, respectively), while a minimal decrease in editing
was observed at Angptl3 (59.9% and 52.1% with sgAngptl3_SA
and sgAngptl3_SD, respectively). This proof-of-concept multiplex
study suggests that co-inhibition of ANGPTL3 and PCSK9 is
achievable with our LNP delivery system, demonstrating the poten-
6 Molecular Therapy: Nucleic Acids Vol. 36 June 2025
tial for targeting multiple genes involved in
CVD or other disease processes where multi-
plexing is necessary.

Concurrent genome editing at multiple loci
may increase the likelihood of translocations
when targeted loci are on different chromo-
somes, or large deletions or inversions when
targeted loci are on the same chromosome.
Prior work has shown that translocations yielded frommultiplex cyti-
dine base editing was substantially reduced relative to Cas9 nuclease
and were not detected after multiplex adenine base editing.40,41 To
evaluate whether multiplex adenine base editing of Angptl3 and
Pcsk9 induces unintended genomic alterations, we conducted PCR as-
says to detect potential deletions or inversions, as both genes are
located on mouse chromosome 4. While inversions and large dele-
tions were detected in all positive control samples electroporated
with Cas9 mRNA and the same guide RNAs, PCR analysis of three
mice treated with ABE8e mRNA and sgAngptl3_SD and sgPcsk9
guide RNAs revealed no evidence of inversions and only one mouse
where PCR amplification of a large deletion was observed, albeit more
faintly than for the nuclease-treated control (Figures S4A–S4D).
These findings suggest that our in vivo multiplex editing strategy
does not lead to frequent undesired outcomes like inversions or large
deletions.

DISCUSSION
Current treatment recommendations for CVD include lifestyle
changes and chronic medication. However, these options suffer
from poor patient adherence, leading to adverse patient outcomes.
In contrast, gene therapy could provide a one-and-done treatment
option by targeting key genes involved in lipid metabolism and
permanently lowering blood levels of LDL-C and TGs, which are
key contributors to CVD. In our study, we found that ABEs packaged
in a liver-targeting LNP were effective in knocking out Angptl3 in the
liver and leading to durable reductions in serum ANGPTL3, LDL-C,
and TGs for up to 100 days.

In vivo gene therapy is complicated by the difficulty of delivering gene
editing apparatus, such as BEmRNA and sgRNAs, to a targeted organ
and without degrading the RNA in the process. While the U.S. Food



Figure 5. Efficient in vivo multiplex base editing at

Angptl3 and Pcsk9

(A) Total editing in mouse livers 7 days after administration

of LNPs packaged with ABE8e mRNA and either

sgAngptl3_SA, sgPcsk9, or sgAngptl3_SA and sgPcsk9.

Editing levels at the Angptl3 splice acceptor site (red) and

the Pcsk9 locus (green). (B) Total editing in mouse

livers 7 days after administration of LNPs packaged with

ABE8e mRNA and either sgAngptl3_SD, sgPcsk9, or

sgAngptl3_SD and sgPcsk9. Editing levels at the Angptl3

splice donor site (blue) and the Pcsk9 locus (green). Re-

sults displayed as mean ± standard deviation. Signifi-

cance determined by unpaired Student’s t test. *p < 0.05.
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and Drug Administration has recently approved gene editing prod-
ucts for the treatment of sickle cell disease and others, clinical trials
using LNPs containing genome editing tools are ongoing for the treat-
ment of hereditary transthyretin amyloidosis and hereditary angioe-
dema.42 Using a newly synthesized liver-targeting lipid, L88, our LNP
formulations consistently led to base editing rates of approximately
60% in the mouse liver at two target sites, which is comparable
with the highest reported standards in the literature. ANGPTL3 is pri-
marily expressed by liver hepatocytes, which make up roughly 60%–

70% of cells in the liver.4,28,43 Given that our editing resulted in a
reduction in serum ANGPTL3 by approximately 92%, our results
suggest we achieved biallelic editing in nearly all hepatocytes, high-
lighting the efficiency of our system. Importantly, we showed that
high editing rates in the liver did not compromise tissue tropism.
While LNPs formulated with L88 achieved approximately 60% edit-
ing in the liver, editing was observed at lower than 2% in the spleen
and was undetectable in all other tested organs. LNP uptake by the
spleen has been observed in other studies and is to be expected in
small amounts.4

In a previous report, we described the use of 306-O12B LNPs to
deliver Cas9 mRNA and sgRNAs to the mouse liver to knockout
Angptl3.15 We achieved approximately 38% editing in the liver at
day 7 and reductions in LDL-C and TG for up to 100 days. In the cur-
rent study, LNPs formulated with a newly synthesized lipid, L88, and
packaged with ABE8e mRNA and sgRNAs, demonstrated substan-
tially higher editing rates. As we did not test the use of Cas9 mRNA
in our new LNP formulations, or base editing with 306-O12B
LNPs, it remains unclear whether the improved editing rates are
due to the use of new lipids, superiority of BEs over Cas9 nuclease,
or a mix of both. Further work is needed to dissect this question
and is currently underway. One benefit of using BEs over Cas9 is
its ability to generate precise nucleotide conversions without gener-
Molecula
ating DNA DSBs, which have been shown to
result in complex deletions, translocations,
and chromosomal rearrangements. Our opti-
mized LNP formulation, LNP_SD, exhibited
64.6% base editing at our target site, while indel
rates remained below 1.5%. Compared with our
Cas9 approach, this editing strategy allowed for
more efficient editing while reducing indel formation by more than
95%. Overall, we achieved an edit-to-indel ratio of 44.2.

As our therapeutic approach is intended as a one-and-done treat-
ment, it was imperative to show the ability of LNP_SD to maintain
high editing levels and durably reduce serum LDL-C and TG. We
found no change in editing frequencies between 7 and 100 days after
treatment, highlighting the enduring nature of the edits. Moreover,
durable reductions in LDL-C and TGs up to 100 days after treatment
suggest a lasting effect of this potential therapy on inhibiting blood
lipid levels. As dyslipidemia in CVD patients is often due to diets
rich in cholesterol and fats, we assessed the long-term effects of our
therapeutic approach when challenged with an HFHCD for 13 weeks,
a regimen known to induce atherosclerosis and diet-induced obesity
in mice.34 We found that, compared with untreated mice on an
HFHCD, mice treated with LNP_SD maintained lower levels of
LDL-C and TG when on an HFHCD. Additionally, serum levels of
LDL-C and TG were comparable with those observed before the initi-
ation of an HFHCD.

Ensuring the safety and efficacy of our approach is paramount for
advancing our genome editing strategy toward clinical applications.
Comprehensive safety profiling is crucial, including experimental
off-target analysis in the human genomic context. Using Cas-
OFFinder, we identified 20 predicted off-target sites in the mouse
genome with 3 mismatches to the protospacer of sgAngptl3_SA
compared with just 7 sites with 3 mismatches to sgAngptl3_SD.
Recent studies have shown that off-target effects with ABEs decrease
significantly with three or more mismatches, suggesting that both of
our Angptl3-targeting sgRNAs have a favorable specificity for on-
target editing.44 Of the amplifiable off-target loci, 1 of the 15
sgAngptl3_SA sites and none of the 6 sgAngptl3_SD sites exhibited
a significant increase in A-to-G editing. We found a 5.29% increase
r Therapy: Nucleic Acids Vol. 36 June 2025 7
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in A-to-G editing at OT10_SA, a region of chromosome 9 located
within Gm19324, a predicted gene with unknown functions. While
assessing indel formation at each off-target loci, we found that two
of the 15 sgAngptl3_SA sites, including OT10_SA, and 2 of the 6
sgAngptl3_SD sites demonstrated low (<0.5% for sgAngptl3_SA
and <0.04% for sgAngptl3_SD) but significant editing. However,
while the exon 6 splice acceptor and splice donor sites are targetable
with ABEs using the same PAM positioning at the human ANGPTL3
locus, the exact sgRNA sequence differs by two and four sequences
from the mouse sgRNA sequences, respectively. This means that po-
tential off-target sites may differ between mouse and human sgRNAs
and will require further investigation, including an assessment of gen-
otoxic effects in the human genome.40 Another important aspect of
safety profiling is liver toxicity. Our study measured ALT levels at 6
and 48 h after infusion and found a return to baseline ALT levels
for LNP_SD at 48 h. This suggests that LNP_SD does not cause pro-
longed liver toxicity. However, further long-term studies are neces-
sary to confirm the absence of liver toxicity and the overall safety of
our approach. While our results provide a strong foundation for
the specificity of our base editing approach and show minimal indel
formation at both on-target and off-target sites, particularly when us-
ing sgAngptl3_SD, these additional investigations will provide a more
comprehensive understanding of the long-term effects and safety of
our LNP formulations.

We also demonstrated efficient in vivo multiplex base editing by
simultaneously targeting Angptl3 and Pcsk9, with no detectable evi-
dence of inversions and only a single mouse exhibiting a large dele-
tion. Concurrent inhibition of ANGPTL3 and PCSK9 represents a
promising strategy to further reduce blood lipid levels. While our cur-
rent study focuses on demonstrating the feasibility and efficiency of
this multiplex base editing approach, assessing LDL-C and TG levels
following theAngptl3-Pcsk9 double knockout will be vital in future in-
vestigations to fully evaluate the therapeutic potential of this strategy.
Importantly, this multiplex approach can be applied to other liver-
related diseases with multiple disease-causing mutations. Multiplex
editing could also potentially be used to introduce a variant that
can be subsequently selected for, permitting expansion of edited cells
even when low dose-low efficiency editing is applied.35,36

Overall, this study shows promise in developing an efficient in vivo
base editing strategy for a one-and-done treatment for CVD patients.

MATERIALS AND METHODS
Study design

The overall study was designed to (1) identify newly synthesized liver-
targeting LNPs with the highest transfection and editing efficiency
and (2) evaluate the long-term editing efficiency of our optimized
LNP formulations and assess their capacity to maintain reductions
in serum LDL-C and TG.

sgRNA design

Splice site targeting sgRNAs were designed with SpliceR (http://z.
umn.edu/spliceR), as previously described.26 Candidate sgRNAs
8 Molecular Therapy: Nucleic Acids Vol. 36 June 2025
were selected based on their predicted editing efficiency and the con-
servation of PAM sites within the human ANGPTL3 gene, thereby
ensuring their relevance for potential clinical application in human
patients (Table 1). The 100-nt sgRNAs bearing an exon 6 splice
acceptor 20-mer (sgAngptl3_SA; 50-TCTTTAGGAGAATTTTGG
TT-30) or exon 6 splice donor 20-mer (sgAngptl3_SD; 50-GAGA
TACCTGAGTAACTTTC-30) were chemically synthesized by Syn-
thego. The modified synthetic sgRNAs contained 20-O-methyl ana-
logs on the first and last three bases and 30 phosphorothioate internu-
cleotide linkages between the first three and last two bases. A sgRNA
targeting the exon 1 splice donor site of Pcsk9 (sgPcsk9; 50-CCCA
TACCTTGGAGCAACGG-30) was synthesized, as above.

Lipid synthesis

L88 was synthesized through Michael addition reactions. 3,30-Dia-
mino-N-methyldipropylamine (amine head 306) and an acrylate
tail 88 (5 eq.) were mixed in a Teflon-lined glass screw-top vial and
heated at 70�C for 48 h.32 For synthesis of L10, a 3,30-diamino-N-
methyldipropylamine (amine head 306) and an acrylate tail O12B
(3.2 eq.) were mixed in a Teflon-lined glass screw-top vial and heated
at 70�C for 48 h. For both lipids, the crude products were then puri-
fied by a Teledyne Isco Chromatography system using methanol/
DCM as mobile phase. The fractions containing the desired products,
which were checked by TLC and electrospray ionization mass spec-
trometry, were pooled and concentrated to afford L88 or L10. Lipid
306-O12B was synthesized as previously described.15

mRNA synthesis

Addgene plasmid ID: 221654 was PCR amplified using this forward
primer that corrects the inactive T7 promoter on the plasmid, pre-
venting round-the-plasmid transcription: 50-TCGAGCTCGGTACC
TAATACGACTCACTATAAGG-30 and with this reverse primer
that adds a 120nt polyA tail: 50-TTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTCTTCCTACTCAGGCTTTATTCAAAGACCA-30.
PCR consisted of a 2-min denaturation at 98�C followed by 30 cycles
of (15 s denaturation at 98�C, 20 s annealing at 71.4�C, and 1.5 min
extension at 72�C), followed by a final extension at 72�C for an addi-
tional 2 min. Amplified DNA was purified using a Qiagen PCR clean-
up kit and quantified by nanodrop. To transcribe RNA, we used the
NEB T7HiScribe kit (Cat. No. E2040L). Transcription was conducted
according to manufacturer instructions, using full substitution of
UTP for N1-methylpseudouridine-50-triphosphate (Trilink Cat. No.
N-1081) and with 100 mM CleanCap AG (Trilink Cat. No. N-
7113) and with 1 mg of DNA per 40 mL transcription reaction. Tran-
scription was conducted for 2 h at 37�C. Following transcription,
mRNA was purified using a lithium chloride precipitation. 7.5M
lithium chloride (Thermo Fisher Scientific AM9480) was diluted to
a final concentration of 2.5 M directly in the transcription solution.
The solution was chilled at �20�C for 30 min. Precipitated mRNA
was pelleted by centrifuging samples at 12,000� g on a benchtop mi-
crocentrifuge for 15 min. The supernatant was discarded and the pel-
let was washed with chilled 70% ethanol using a slightly larger volume
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Table 1. Protospacer sequence and PAM for candidate sgRNAs in both mice and human

sgRNA Mouse protospacer/PAM (50 to 30) Human protospacer/PAM (50 to 30)

sgAngptl3_SA TCTTTAGGAGAATTTTGGTT/GGG TTTTCAGGAGAATTTTGGTT/GGG

sgAngptl3_SD GAGATACCTGAGTAACTTTC/TGG AAGATACCTGAATAACCCTC/TGG

Target nucleotides are in bold/underline.
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than the original supernatant. After inversion and vortexing, mRNA
was pelleted again by a second centrifugation at 12,000�g for 15 min.
Supernatant was discarded and residual ethanol was pipetted away
and dried by placing open tubes in a biosafety cabinet to dry for
2 min. All mRNAs were normalized at a concentration of 1.6 or
2 mg of mRNA per microliter and stored at�80�C. Yield was approx-
imately 80–120 mg of mRNA per 40 mL transcription reaction.
Formulation of LNPs

LNPs were synthesized using previously established protocols with
modifications.15 LNPs were prepared using a NanoAssemblr micro-
fluidic system (Precision Nanosystems) at a flow ratio of 3:1 (aqueou-
s:organic) and flow rate of 12 mL/min. For in vivo luciferase mRNA
delivery, blank LNPs were prepared. The organic phase was prepared
by mixing lipid (L88, L10, or lipid 306-O12B), cholesterol, 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-dimyristoyl-
rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG 2000)
at the defined weight ratio (16:4:2:1). The aqueous phase was
25 mM sodium acetate (pH 5.4). The resulting LNPs were then dia-
lyzed in the Slide-A-Lyzer MINI Dialysis Device (Thermo Fisher Sci-
entific) with a molecular weight cut off (MWCO) of 3.5 KDa in PBS at
4�C for 4 h. Blank LNPS were mixed with luciferase mRNA at a
weight ratio of 10:1 (active lipid:mRNA) in aqueous solution. For
base editing experiments, the organic phase was prepared by mixing
lipid (L88 or L10), cholesterol, DOPC, and DMG-PEG 2000 at a
molar ratio of 45.8:41.6:11.0:1.6, respectively, and dissolving in pure
ethanol at a concentration of 15 mg/mL. The aqueous phase was pre-
pared by dissolving total sgRNA (Synthego) and ABE8e mRNA at a
ratio of 1:1 in 25 mM sodium acetate at a concentration of
10.46 mg/mL of total RNA. For multiplex base editing, the ratio of to-
tal sgRNA:ABE8e mRNA remained 1:1. However, the total sgRNA
was composed of a 1:1 ratio of Angptl3 sgRNA to Pcsk9 sgRNA.
The resulting LNPs were then dialyzed in the Slide-A-Lyzer MINI
Dialysis Device (Thermo Fisher Scientific) with an MWCO of 3.5
KDa in PBS at 4�C for 4 h. Size and zeta potential of dialyzed LNPs
were measured with dynamic light scattering (DLS) using a Malvern
ZetaPALS DLS machine (Brookhaven Instruments).
Animal studies

All animal experiments were approved by Tufts University Institu-
tional Animal Care and Use Committee and performed in accordance
with the National Institutes of Health guidelines for the care and use
of experimental animals. All mice were randomly assigned to various
experimental and control groups. For in vivo luciferase assay, LNPs
containing 5 mg luciferase mRNA and 50 mg active lipid were admin-
istered via IV tail vein injection to 4- to 6-week-old BALB/c mice
(Charles River Laboratories). Six hours after the injection, 100 mL
of D-luciferin (15 mg/mL) was intraperitoneally injected into the
mice. After 10 min, the mice, anesthetized under isoflurane, were
imaged using the In Vivo Imaging System and processed with Living
Image analysis software (Perkin Elmer). For base editing experiments,
LNPs were administered to 6- to 8-week-old female C57BL/6J mice
(Charles River Laboratories) via IV tail vein injection at a total
RNA dose of 3 mg/kg (unless otherwise stated).
NGS analysis

To assess editing rates, DNA was extracted from organs using a Qia-
gen DNEasy Blood and Tissue kit. For liver analysis, DNA was ex-
tracted from the median and left lateral lobe. Genomic DNA was
amplified by PCR using primers specific to the target genomic
sites—designed with Primer3 v.4.1.0 (https://primer3.ut.ee/)—con-
taining adapters for Illumina sequencing (Table 2). The PCR reaction
contained 0.4 mM of each primer, 1� Q5 High-Fidelity Master Mix
(New England Biolabs) or 1� Phusion U Multiplex PCR Master
Mix (Thermo Fisher Scientific), 100 ng genomic DNA, and water
to a final volume of 25 mL. The following PCR program was used:
step 1, 95�C for 2 min; step 2, 98�C for 10 s; step 3, annealing for
30 s (annealing temperatures for respective primer sets are detailed
in Table 2); step 4, 72�C for 2 min; step 5, repeat steps 2–4 for a total
of 30 cycles; step 6, 72�C for 2 min; and step 7, 4�C. After Illumina
barcoding, PCR products were purified by electrophoresis with a
2% agarose gel using a Monarch DNA Gel Extraction Kit (New En-
gland Biolabs) or QIAquick Gel Extraction Kit (Qiagen), eluting
with 30 mL H2O. DNA concentration was quantified using a Quibit
dsDNA High Sensitivity Assay Kit (Thermo Fisher Scientific) and
by qPCR using the KAPA Library Quantification Kit (Roche) before
being sequenced on an Illumina MiSeq instrument (single-end read,
250–300 cycles) according to the manufacturer’s protocols. Align-
ment of fastq files and quantification of editing frequency were per-
formed using CRISPResso2 in batch mode with a window width of
24 nucleotides.45 Total editing percentage was quantified by summing
the A-to-G, A-to-C, and A-to-T edits at the target nucleotide.
Serum ELISAs

Blood samples were taken at various timepoints either via sublaminar
cheek blood draw or cardiac punctures. Blood was allowed to clot for
2 h at room temperature and then was centrifuged at 5,400 rpm for
10 min. ELISAs were conducted to measure serum levels of
ANGPTL3 (R&D Systems), LDL-C (Crystal Chemical), TGs
(Cayman Chemical), and ALT (G-Biosciences). Absorbance levels
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Table 2. PCR primers for target site amplification

Site Forward primer (50 to 30) Reverse primer (50 to 30) Annealing temperature (�C)

Angptl3
Exon 6 SA

ACACTCTTTCCCTACACGACGCT
CTTCCGATCTNNNNACGTGTCAG
TCAGGTCCTG

TGGAGTTCAGACG
TGTGCTCTTCCGATCTTTTCTGGA
CAGTAGAGCTGTC

60

Angptl3
Exon 6 SD

ACACTCTTTCCCTACACGACGCT
CTTCCGATCTNNNNACATGTGGC
TGAGATTGCTG

TGGAGTTCAGAC
GTGTGCTCTTCCGATCTCACCAC
CAGCCACCTAAAAA

62

Pcsk9
Exon 1 SD

ACACTCTTTCCCTA
CACGACGCTCTTCCGATCTNNNN
GCTGCTGTTGCTGCTACTGT

TGGA
GTTCAGACGTGTGCTCTTCCGATC
TCAAGGTGCAGCTGAGCACTA

60

Adapters for Illumina sequencing are in bold.
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weremeasured using Thermo Fisher Scientific Varioskan LUXmicro-
plate reader.
Off-target prediction and analysis

The Cas-OFFinder on-line search tool (available at http://www.
rgenome.net/cas-offinder/) was used to search the mouse genome
(GRCm38/mm10) for potential Streptococcus pyogenes Cas9 off-
target sites (PAM = 50-NGG-30) using the unique, target-specific
portion of the sgRNAs used in this study (sgAngptl3_SA: 50-
TCTTTAGGAGAATTTTGGTT -30; sgAngptl3_SD: 50- GAGATA
CCTGAGTAACTTTC -30) as a query sequence while allowing for
up to three mismatched base pairs between the sgRNA and candidate
target sites.46 DNA was extracted from the median lobe of livers in
untreated or treated mice seven days after LNP administration.
Genomic DNA was amplified by PCR using primers specific to the
off-target genomic sites and sequenced on an Illumina MiSeq instru-
ment as described above in Methods: NGS analysis (Table S4).
Inversions and deletions analyses

For a Cas9 nuclease control, sgAngptl3_SD and sgPcsk9 were co-
delivered to N2a cells with Cas9 mRNA (TriLink, Cat. No. L-8106)
via electroporation using the Lonza 4D Nucleofector with SF solution
and code DS-137. We electroporated 1,000,000 cells per replicate in
20 mL volumes with 1.5 mL (2 mg) of mRNA and 0.5 mL of each
100 mM guide RNA, or water for a mock negative control. DNA
was extracted after 72 h as previously described.47 For multiplex edit-
ing conditions, LNPs were formulated with ABE8e mRNA and
sgAngptl3_SD:sgPcsk9 at a 1:1 ratio, as described above. We ampli-
fied 100 ng of genomic DNA from electroporated cells and mouse
livers using a matrix of PCR primers binding to each side of both edit-
ing loci (Table 2; Figure S4A). The PCR reactions contained 0.3 mMof
each primer, 1� KAPA HiFi HotStart Mix (Roche/Kapa biosystems),
100 ng genomic DNA, and water to a final volume of 25 mL. The
following PCR program was used: step 1, 98�C for 2 min; step 2,
95�C for 15 s; step 3, 63�C for 15 s; step 4, 72�C for 15 s; step 5, repeat
steps 2–4 for a total of 45 cycles; step 6, 72�C for 2 min; and step 7,
4�C. A high cycle number is necessary due to low proportion of tem-
plate genomic DNA containing these undesired editing outcomes; a
higher annealing temperature is used to reduce non-specific amplifi-
10 Molecular Therapy: Nucleic Acids Vol. 36 June 2025
cation that can occur due to the high cycle number. DNA amplicons
were resolved by capillary electrophoresis on a QIAxcel Connect Sys-
tem (Qiagen) using a DNAHigh Resolution kit according to the man-
ufacturer’s instructions.
Statistics

Graphs were produced using GraphPad Prism 10.0.0 Software and
statistical analysis was determined. Statistical analysis in experiments
containing two groups was performed using a two-tailed Student’s t
test, whereas analysis in experiments with more than two groups
was performed by one-way ANOVA with Tukey-Kramer test to
compare individual means. *p < 0.05 was considered statistically sig-
nificant. **p < 0.01, ***p < 0.001 ****p < 0.0001.
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