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Abstract

Background Gene editing has emerged as an exciting therapeutic development platform for numerous genetic
and nongenetic diseases. Targeting lipid-modulating genes such as angiopoietin-related protein 3 (ANGPTL3)
with gene editing offers hope for a permanent solution to lower cardiovascular disease risks associated with

hypercholesterolemia.

Results In this study, we developed a hepatocyte-specific base editing therapeutic approach delivered by dual
adeno-associated virus (AAV) to enable hepatocyte-specific targeting of Angpti3 to lower blood lipid levels. Systemic
AAV9-mediated delivery of AncBE4max, a cytosine base editor (CBE), targeting mouse Angpt/3 resulted in the
installation of a premature stop codon in Angpt/3 with an average efficiency of 63.3 +2.3% in the bulk liver tissue.

A near-complete knockout of the ANGPTL3 protein in the circulation were observed within 2-4 weeks following
AAV administration. Furthermore, the serum levels of triglyceride (TG) and total cholesterol (TC) were decreased by
approximately 58% and 61%, respectively, at 4 weeks after treatment.

Conclusions These results highlight the promise of liver-targeted Angpt/3 base editing for blood lipid control.
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Introduction

Elevated levels of low-density lipoprotein cholesterol
(LDL-C) and very-low-density lipoprotein cholesterol
(VLDL-C) play dominant roles among all the different
mechanisms involved in cardiovascular disease (CVD)
[1, 2]. The inhibitors of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase (statins) reduce cardio-
vascular risk by approximately 50-60% [3, 4]. In recent
trials, combination therapies of statins and non-statin
agents such as proprotein convertase subtilisin/kexin
type 9 (PCSK9) inhibitors (PCSK9i) are proven effec-
tive in promoting coronary atherosclerosis regression in
patients with moderate-to-high CVD risk [5-9]. How-
ever, a substantial number of patients who lack sufficient
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functional LDL receptor (LDLR) and are unable to reach
sufficiently low levels of LDL-C (<70 mg/dl in non-famil-
ial hypercholesterolemia), are drug intolerant, or do not
meet the U.S. Food and Drug Administration (FDA) and
the 2017 clinical American College of Cardiology Expert
consensus guidelines [1] for combination therapies. New
avenues of treatment are needed for these patients.

Angiopoietin-related proteins are important regula-
tors of lipoprotein metabolism. ANGPTL3 is an endog-
enous inhibitor of lipoprotein lipase (LPL), which is the
main enzyme involved in the hydrolysis of TG-rich lipo-
proteins and LDL for their clearance from the circulation
[10]. Population studies have shown that individuals with
the loss-of-function (LoF) variants in ANGPTL3 had sig-
nificantly lower TG levels and an over 40% lower risk of
cardiovascular events [11-13]. Monoclonal antibody,
antisense oligonucleotide and gene editing therapies have
been pursued to inactivate ANGPTL3 as a therapeutic
target. Evinacumab, a monoclonal anti-ANGPTL3 anti-
body developed by Regeneron, received FDA approval in
2021 [14]. Mice treated with antisense oligonucleotides
(ASOs) targeting Angptl3 messenger RNA had decreased
serum TG, and LDL-C levels and similar findings were
reported in clinical trial [15, 16]. Since the effect of ANG-
PTL3 inhibition on lipid levels is independent of LDLR
function [17], ANGPTL3 inhibitors may benefit hyper-
cholesterolemia patients who do not respond sufficiently
to statin or PCSK9 therapy, and further reduce CVD risks
for patients who are already on statin or PCSK9 drugs.

In contrast to monoclonal antibodies and ASOs that
require repeated administration, in vivo gene editing
holds the potential of “one-shot-cure” by introducing
permanent LoF mutations in the target genes. Qiu et al.
reported that lipid nanoparticle-mediated delivery of
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Cas9 mRNA and Angpti3-targeting gRNA profoundly
reduced serum LDL-C and TG levels in C57BL/6 mice
[18]. However, Cas9-induced DNA double-strand breaks
(DSBs) and undesired off-target mutations raised safety
concerns. CRISPR-derived base editors, on the other
hand, can install point mutations in the genome without
introducing DSBs [19, 20]. Chadwick et al. [21] employed
adenovirus to deliver base editor targeting Angptl3 in
mice and observed reduced serum levels of TG and TC in
the treated animals.

Here we explored the feasibility of AAV-delivered base
editor targeting Angpt/3. We demonstrated that base
editing can induce efficient editing of mouse Angpti3
in Neuro-2a (N2a) cells. We then employed the Gp41-1
intein split approach [22] to package AncBE4max [23]
under the control of the hepatocyte-specific promoter
human alpha-1-antitrypsin (hAAT) [24-26] and the
gRNA targeting mouse Angptl3 into AAV9. Systemic
delivery of AAV9-hAAT-AncBE4/Angptl3 conferred effi-
cient editing of Angptl3 in liver and resulted in signifi-
cantly reduced serum levels of ANGPTL3, TG and TC.
These results highlight the therapeutic potential of in
vivo ANGPTL3 base editing for plasma lipid control.

Results

In vitro validation of Angptl3-targeting gRNAs with ABE or
CBE

To induce LoF mutation, we designed two overlapping
gRNAs to install a premature stop codon (Q135X) into
the coding sequence of mouse Angptl3 using AncBE4max
[23] (Fig. 1A). At 72 h after transfection of N2a cells with
the gRNA and base editor, the gRNA1 and AncBE4max
combination induced 51.5%+4.6% conversion of C to T
at the Q135 codon, while the efficiency of gRNA2 and
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Fig. 1 /n vitro validation of Angptl3 gRNAs to introduce a premature stop codon with CBE. (A) Schematic showing two overlapping Angpt/3 gRNAs
(gRNAT and gRNA2) with different PAM-targeting CBEs (AncBE4max or CBE-SpG). The targeted cytosine is colored in red and the PAM sequences are
colored in blue. (B) Comparison of the editing efficiency of gRNAT and gRNA2 at mouse Angpt/3 locus. ***p <0.0001, ***p < 0.001; one-way ANOVA with
Turkey’s multiple comparisons test. (C) Measurement of base editing efficiency induced by Angpt/3- gRNAT when combined with N- and C-terminal

halves of AncBE4max. ****p < 0.001; two-tailed unpaired t test
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CBE-SpG was 39.81+0.5% (Fig. 1B). Given the higher edit-
ing efficiency of gRNA1 and AncBE4max, we chose this
combination for our in vivo studies.

As the size of AncBE4max together with the regulatory
sequences is beyond the packaging capacity of AAV, we
took the intein split strategy as we previously reported
[22] to split AncBE4max into two halves and tested in
N2a cells for editing Angptl3. Co-transfection of N2a cells
with AncBE4max-N and -C vectors resulted in robust
editing of Angpti3 to mutate the Q135 codon (Fig. 1C).

In vivo performance of AAV9-hAAT-AncBE4/Angpti3 in mice
As Angptl3 is a hepatocyte-specific gene [27, 28], we used
the hepatocyte-specific promoter, human alpha-1-anti-
trypsin [24-26], to drive the expression of AncBE4max.
The N- and C-terminal halves of the hAAT-AncBE4max
together with the U6-driven gRNA cassette were pack-
aged into two AAV9 vectors (Fig. 2A). The AAV9-hAAT-
AncBE4/Angptl3 (a total of 2x10' vg/kg, 1:1 of the
N- and C-terminal halves) was administered into eight
male C57BL/6] mice (6 weeks old) through tail vein injec-
tion. Two mice were sacrificed at one week and another
two at two weeks after injection for verification of gene
editing (Supplementary Fig. 1).

Blood samples were collected weekly to assess the
targeted protein and circulating lipid levels. All AAV9-
injected animals exhibited dramatically decreased
ANGPTL3 protein levels starting at one week after treat-
ment (after: 92.9+6.8 ng/ml vs. before: 161.2+9.2ng/
ml) and achieved nearly complete protein knockdown
at 2-4 weeks (Fig. 2B). Concordantly, AAV9-hAAT-
AncBE4/Angpti3 also dramatically decreased the TG lev-
els from 19.3+1.5 mg/dl to 8.1+0.8 mg/dl in all animals
at 4 weeks after treatment (Fig. 2C). As disrupted expres-
sion of ANGPTL3 protein are known to reduce both cho-
lesterol and triglycerides [29], we measured serum TC
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levels, which were also significantly reduced by AAV9-
hAAT-AncBE4/Angptl3 treatment starting from 3 weeks
post administration (Fig. 2D).

At 8 weeks after AAV administration, liver tissues
were harvested from the mice for gene editing analysis.
Sequencing the PCR amplicons of genomic DNA isolated
from the bulk mouse liver tissues showed that AAV9-
hAAT-AncBE4/Angptl3 treatment led to an editing effi-
ciency of 63.3+2.3% at Angptl3 (Fig. 3A). Sequencing of
the Angpti3 transcripts showed similar results (Fig. 3B).
To examine if the gene editing reduced the transcript
expression levels of Angptl3, we performed quantita-
tive reverse transcription-polymerase chain reaction
(qRT-PCR) on the liver tissues collected from the AAV9
treated and control mice. As shown in Fig. 3C, the tran-
script expression of Angptl3 was dramatically reduced by
88.0£0.8% in AAV9 treated mice. Consistently, Western
blot showed that the ANGPTL3 protein in the liver tis-
sues of AAV9-treated animals was reduced to undetect-
able levels (Fig. 3D).

To assess whether hAAT-driven AncBE4 expression
confers liver specificity, we measured the editing rate at
the Angpti3 locus in off-target tissues (heart, kidney, skel-
etal muscle) collected from the AAV9 treated animals.
Sanger sequencing analysis showed un-detectable editing
in any of these tissues (Supplementary Figs. 2—4).

Evaluation of liver toxicity and off-target activities

To examine if AAV9-delivered AncBE4 induced liver
toxicity, we first measured the serum levels of aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT). There were no significant changes in either AST
or ALT levels in the treated animals at 1 to 4 weeks after
AAV9 delivery (Fig. 4A, B). We also performed histo-
logical examination of the mouse liver tissues by hema-
toxylin and eosin (H&E) staining, which showed no signs
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Fig.2 /nvivo performance of AAV9-hAAT-Anc/Angpti3in mice. (A) Schematic showing AAV9-hAAT-Anc/Angpti3 N- and C-terminal halves design. (B) Mea-
surements of the serum levels of ANGPTL3 protein. (C, D) Measurements of serum TG (C) and TC (D) in mice at 1-4 weeks after AAV9-hAAT-Anc/Angptl3
administration. The control (Ctrl) mice received no treatments. ns, not significant; **p <0.01, ***p <0.001 and ****p < 0.0001; one-way ANOVA with Turkey's

multiple comparisons test
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Fig. 3 Base editing outcomes of Angpt/3 in the liver tissues of the mice. (A, B) Quantification of editing efficiency at the genomic DNA (A) and the tran-
script (B) levels by BEAT analysis of Sanger sequencing data. AAV9-Anc, AAV9-hAAT-Anc/Angpti3 treated group. ****p <0.0001; two-tailed unpaired ¢ test.
(C) gRT-PCR analysis of Angpti3 expression in the liver tissues of mice treated with or without AAV9-hAAT-Anc/Angpti3. ***p < 0.001; two-tailed unpaired ¢
test. (D) Western blot analysis of ANGPTL3 in the mouse liver tissues treated with or without AAV9-hAAT-Anc/Angpti3 (60 pg per lane). GAPDH was probed

as a loading control
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Fig.4 Livertoxicity analysis in mice treated with AAV9-hAAT-Anc/Angpti3. (A, B) Measurement of serum AST and ALT levels in mice at first four weeks after
treatment with AAV9-hAAT-Anc/Angpti3. ns, not significant; one-way ANOVA with Turkey's multiple comparisons tests

of inflammation such as aggregates of lymphocytes or
macrophages were detected (Supplementary Fig. 5A).
Immunofluorescence staining with the anti-CD3 anti-
body did not detect increased CD3+T lymphocyte infil-
tration (Supplementary Fig. 5B). These results suggest
that AAV9-hAAT-Anc/Angptl3 treatment exhibited no
detectable liver toxicity or T cell infiltration.

One concern over in vivo base editing is the poten-
tial off-target (OT) activities such as bystander edit-
ing, gRNA mismatch tolerance and gRNA-independent
editing. There are several cytosines (e.g., C4 and C5) at
the Angpti3 target site within the targeting window of
AncBE4max. As expected, we found that both cytosines
at position 4 and 5 were highly edited in the liver tis-
sues from mice treated with AAV9-hAAT-Anc/Angpti3
(Fig. 5A). Prediction by Cas-OFFinder [30] showed that
a total of twelve sites have three mismatches. As Cas9-
based base editors are less tolerant to the mismatches in
the last 12 positions proximal to the protospacer adjacent
motif (PAM) sequence [31], we selected two OT sites

that have no mismatches in the last 12 positions: OT1
(located on chromosome 1) and OT2 (located on chro-
mosome 16). Targeted deep sequencing of the genomic
DNA amplicons from N2a cells showed that there were
significant but low levels of editing activities at both OT1
and OT?2 sites (Fig. 5B&C). Finally, to detect gRNA-inde-
pendent off-target editing activities, we performed the
orthogonal R-loop assay [32], in which a gRNA and dead
SaCas9 (dSaCas9) were used to induce a R-loop forma-
tion and the editing of this open loop by AncBE4max
without its cognate gRNA was examined by targeted
deep sequencing. Consistent with previous reports [32,
33], AncBE4max induced low but significant gRNA-inde-
pendent editing along the R loop (Fig. 5D).

Discussion

In this study, we utilized a dual-AAV system to deliver
AncBE4max with a heptaocyte-specific promoter target-
ing mouse Angptl3 in order to achieve lipid lowering. Sys-
temic AAV9-mediated delivery of AncBE4max induced



Zuo et al. Cell & Bioscience (2023) 13:109

(A) (B)

by-stander off-target
gRNA: AGCC*C°TTC®AACACAAGGTCA

25- dookok ok 80' dokokok
g 20_ :\5 °
2 % = 60 e
& 154 . s
2 D 40-
= 10- £
u —
w5 @ 20-
> | s

0 T T o0l ote |
<O
d§9 ng &@ $§
@) N 00 QO_)

v ¥

D
( )gRNA-independent off-target (R loop)

dSa: TC?TGCTTC®TC"C""AGC™C"™C'"*TGGC*°

(C)
gRNA-dependent off-target

OT2: GTCC*C TTC*TACACAAGGTCA

©
N
]

§ mm Control
@ 3 AAVO-Anc
® 0.2
m dekk lLI
£o1{ 1
= I 1
w
= 0.1 -
S
O golmm . -
™ % >
O O O

Page 5 of 9

gRNA-dependent off-target
OT1: TGCC*C°TC’C®.ACCACAAGGTCA

o
w
1

*dk

§ — mm Control
2 = [ AAV9-Anc
©
x 0.2
=]
£ ok
E= * - i
w014 —
- +
3 ﬁ
o 00- T T -|
> ) A >
O O (@] O

§2‘O_ A mm Control

@ | 1 AAVO-Anc

® 1.5

%) hkk

c i m

% 1.0 -

w m

= 054 *

o mn

e’

© 0.0-
U N N R )
00y OO oO o

Sa gRNA

Fig. 5 /n vivo and in vitro OT activity analysis. (A) BEAT quantification of the bystander C4 and C5 editing in mice treated with or without AAVO.
**¥%p <0.0001; two-tailed unpaired t test. (B, C) Targeted deep sequencing of the genomic DNA PCR amplicons of the OT1 (B) and OT2 (C) from N2a cells
transfected with or without Angpt/3-gRNAT combined with N- and C-terminal halves of AncBE4max. *p < 0.05; **p < 0.01; ***p < 0.001; two-tailed unpaired
ttest. (D) Targeted deep sequencing to quantify the gRNA-independent off-target editing using orthogonal R-loop assay. *p < 0.05; **p < 0.01; ***p < 0.001;

two-tailed unpaired t test

63.312.3% genome editing at the Angpt/3 locus to install
Q135X premature stop codon. As a result of Angpt/3 base
editing, we observed dramatically decreased ANGPTL3
protein levels starting from one week after injection,
which became nearly undetectable at 2—4 weeks. More-
over, in vivo base editing of Angptl3 significantly lowered
blood levels of TG and TC. Thus, this dual AAV-deliv-
ered AncBE4max enables efficient hepatocyte-specific
gene editing of Angptl3, which could be developed as a
potential therapy for reducing atherosclerotic cardiovas-
cular risk.

The base editing shows great promise in correct-
ing numerous inherited disorders [19, 20, 34]. How-
ever, the large size of base editors makes the choices of

carrier vehicle for safe and efficient delivery very lim-
ited. Our previous study reported a dual trans-splicing
AAV approach to deliver ABE using split intein Gp41-1,
achieving robust editing efficiency to correct a Duchenne
muscular dystrophy mutation in adult mice [22]. Simi-
lar approaches have been previously utilized to deliver
CBE [35, 36]. In the current study, we adopted this
Gp41-1 intein split approach to deliver AncBE4max to
achieve tissue-specific gene editing. To balance the size
of N- and C- terminal halves of AncBE4max, we chose
the amino acid position 573 and 574 of the Cas9 nick-
ase as the splitting site because previous studies showed
that 573/574 split Cas9 exhibited near the full-length
Cas9 activity [37]. The cell specificity was achieved with
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the combination of a highly efficient AAV serotype and
a hepatocyte-specific promoter to drive the AncBE4max
expression. This approach enabled efficient hepatocyte-
specific editing of Angptl3 and could be broadly imple-
mented to achieve other tissue-specific base editing.

Interestingly, our measured editing rates at both the
DNA and RNA levels were about 63% while the ANG-
PTL3 protein showed almost a complete disruption.
This discrepancy is likely due to an under-estimation of
the editing rates at both the DNA and RNA levels for the
following reasons. Liver tissues contain only~52-70%
of hepatocytes [38, 39] and the other cell types were
unlikely to be edited due to the utilization of liver specific
hAAT promoter to drive the base editor expression. Our
qRT-PCR data showed that the Angptl3 transcript level
in the edited livers was greatly reduced to only 12% of
control livers, suggesting that the majority of the edited
transcripts in the edited livers had been degraded likely
due to the nonsense-mediated decay. However, from
the WT transcript leftover in the edited samples (12% x
(1-63.4%)=4.4%), we can estimate that the editing rate
at the transcript level is about 95.6%, matching what we
observed at the protein level as detected by Western blot
and ELISA.

Although highly efficient, the AAV delivery could cause
serious adverse events as reported in several recent clini-
cal trials [40—43]. Prolonged expression of the transgene
delivered in AAV vectors can be problematic when the
transgene expression is needed for only a very limited
duration as in the case of gene editing. The continued
expression of base editors can potentially lead to accumu-
lation of unwanted off-target editing events (see Fig. 5)
and elicit undesired host immune responses against the
edited cells [22, 44]. Further efforts would be required to
develop novel approaches to offer temporal control of the
gene editing reagents. Alternatively, transient delivery
of base editors in the forms of ribonucleoprotein (RNP)
[45-47] or mRNA [18, 48, 49] instead of DNA using non-
viral approaches can bypass the size limitation, maintain
the high editing efficiency and lower the OT activities.
Lipid nanoparticle (LNP), formed by lipids and polyeth-
ylene glycol (PEG) encapsulating transgene materials, has
been developed as a leading non-viral delivery method
in gene therapy. Delivery of chemically modified ABE
mRNA and gRNA targeting Pcsk9 via LNP achieved over
60% editing in mouse liver and 95% knockdown in serum
PCSK9 protein levels [50]. Moreover, ABE mRNA was
rapidly degraded within 12 h after injection and no DNA
off-target editing was detected in treated mice. Recently,
Banskota et al. [47] engineered viral-like particles (VLPs)
to encapsulate base editor protein and Pcsk9-targeting
gRNA. Systemic injections of the particles into mice
achieved 63% editing in liver, resulting in a 78% reduction
in serum PCSK9 protein levels in treated mice. However,
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the tissue specificity, scale-up feasibility and storage sta-
bility of such LNP- or VLP-packaged mRNA or RNP
delivery approaches remain to be addressed in future
studies.

Materials and methods

Ethics statement

The C57BL/6] mice purchased from the Jackson Labora-
tory and housed at The Ohio State University Laboratory
Animal Resources in accordance with animal use guide-
lines. All the experimental procedures were approved by
the Institutional Animal Care and Use Committee of the
Ohio State University. All mice were maintained under
standard conditions of constant temperature (72+4 °F),
humidity (relative, 30—70%), in a specific pathogen-free
facility and exposed to a 12-h light/dark cycle.

Generation of AAV particles and administration into mice
The AAV9 vectors were produced and purified by Ande-
lyn Biosciences [51]. All AAV9 vectors were titered using
digital droplet PCR. Titers are expressed as DNase resis-
tant particles in vector genome per ml (vg/ml): 2.7x10'3
vg/ml for AAV9-hAAT-AncBE4-N and 2.3x10% vg/
ml for AAV9-hAAT-AncBE4-C. AAV9 particles (total:
2x10" vg/kg, 1:1 of N and C) were systemically adminis-
tered into a total of eight C57BL/6] mice at 6 weeks of age
through tail vein injection as described previously [22].
Two mice were sacrificed at 1 week and two additional
mice at 2 weeks after AAV administration to examine the
gene editing efficiency. Blood samples were collected via
facial vein before and weekly after AAV9 injection for
four weeks. At 8 weeks after AAV9 injection, all the rest
animals were sacrificed and liver tissues were harvested
for gene editing analysis.

Plasmid construction

The CBE plasmids including pCAG-CBE4max-SpG-P2A-
EGFP [52] (Addgene #139,998), pCMV_AncBE4max
[23] (Addgene #112,094) and pAAV-pCMV-dSaCas9-
VP64-pU6-sgRNA (Addgene #158,990) were obtained
from Addgene (Watertown, MA). All gRNA oligos were
annealed and cloned into pLenti-ogRNA via BsmBI site.
The hAAT promoter sequence was PCR amplified from
the genomic DNA of HEK293 cells. The hAAT promoter,
Gp41-1 intein split base editor fragments, and the human
U6-driven gRNA fragment, were PCR amplified and
inserted into the AAV transfer plasmids pZC0031 and
pZC0033 as described previously [22].

Cell culture and transfection

N2a cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Fisher Scientific, 11-965-092) with
10% FBS and 1%100X penicillin-streptomycin (Thermo
Fisher Scientific, 15,140,122) in 10 cm? dish. Medium
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were replaced every 2 days or as needed. Cells were
seeded in 6-well plates and transfected with 2 pg plas-
mids when cell density reached~70% confluency. For
gRNA and base editor co-transfection, the ratio of the
two plasmids was 1:1. The transfection was conducted
by X-tremeGENE HP DNA trasfection reagent (Milli-
poreSigma, 6,366,546,001) according to manufacturer’s
protocol.

Genomic DNA and total RNA extraction, PCR and Sanger
sequencing

Genomic DNA extraction was extracted using DNA
lysis buffer (100 mM Tris-Cl pH 8.0, 50 mM EDTA and
1% SDS) with proteinase K according to manufacturer’s
instruction. Total RNA was extracted using Quick-RNA
MiniPrep Kit (ZYMO Research, R1055) and RT-PCR was
conducted using RevertAid RT Reverse Transcription
Kit (Thermo Fisher Scientific, K1691) with 100 ng RNA
as template. One ul cDNA or 100 ng genomic DNA was
used as template in regular PCR reactions using GoTaq
Master Mix (Promega, M7122). The PCR products were
purified by Wizard SV Gel and PCR Clean-Up System
(Promega, A9285) according to manufacturer’s protocol.
Purified products were sent for Sanger sequencing at the
Genomics Shared Resource of the Ohio State Univer-
sity Comprehensive Cancer Center and analyzed by the
BEAT program [53]. Quantitative RT-PCR (qRT-PCR)
was performed using PowerUp™ SYBR™ Green Master
Mix (Thermo Fisher Scientific, A25741) in QuantStu-
dio™ 5 Real-Time PCR System (Thermo Fisher Scientific,
A34322) using 1 ug cDNA and normalized to glyceralde-
hyde 3-phosphate dehydrogenase (Gapdh).

Orthogonal R-loop assay and targeted deep sequencing
The gRNA-independent off-target editing activities
were examined by the orthogonal R-loop assay [32].
Briefly, HEK239 cells were transfected with catalytically
dead SaCas9 (dSaCas9) and a cognate gRNA (TCT-
GCTTCTCCAGCCCTGGC, PAM: CTGGGT) as well
as AncBE4max without its cognate gRNA. At 72 h after
transfection, the genomic DNA was extracted, and the
dSaCas9 gRNA target site was amplified. The amplicons
were subjected to next-generation sequencing (NGS)
using a MiSeq nano-scale flow cell (Paired-end 300 base-
pair reads) at The Genomics Services Laboratory of
Nationwide Children’s Hospital. Sequencing data were
analyzed using CRISPResso2 [54].

The Angptl3 off-target loci (OT1: TGCCCTCCAC-
CACAAGGTCA PAM: GGG; OT2: GTCCCTTC-
TACACAAGGTCA  PAM: GGG)  were first
amplified by genomic DNA PCR using site-specific
primers (OT1-F: CGTGTGCTTCCACAGTTCAT;
OT1-R: CAATCCAGGCCTTCAGACAT; OT2-
E: CTGTCCCAGCTCCTCTTTTG; OT2-R:
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CAATGTTTTCCTTGGCTGGT). The PCR products
were purified by Wizard SV Gel and PCR Clean-Up
System (Promega, A9285) according to manufacturer’s
protocol. Purified products were diluted to equimo-
larity at 20 ng/pl and submitted to GeneWiz (Azenta
Life Sciences) for NGS (Amplicon-EZ: Illumina MiSeq,
2% 250 bp sequencing, paired end). Sequencing data were
analyzed using CRISPResso2 [54].

Western blot analysis

Liver tissues from mice treated with or without AAV9-
hAAT-AncBE4/Angptl3 were lysed with cold RIPA buf-
fer supplemented with 10x protease inhibitor. Protein
samples were separated using 4-15% SDS-PAGE gel
(Bio-Rad, 17,000,927) and transferred onto 0.45 uM poly-
vinylidene difluoride membrane. The goat polyclonal
anti-ANGPTL3 (R&D Systems, AF136, 1:1500) and rab-
bit monoclonal anti-GAPDH (Cell Signaling Technology,
2118 S, 1:2000) antibodies were used for immunoblotting
analysis as primary antibodies. HRP conjugated goat anti-
rabbit (Cell Signaling Technology, 7074 S, 1:4000) and
chicken anti-goat IgG (R&D Systems, HAF019, 1:2000)
were used as secondary antibodies. The membranes were
developed using ECL Western blotting substrate (Pierce
Biotechnology, Rockford, IL) and scanned by ChemiDoc
XRS+system (BioRad, Hercules, CA).

Immunofluorescence staining

Liver tissues were harvested from mice treated with
or without AAV9-hAAT-Anc/Angptl3 at 8 weeks after
AAV9 injection. Liver tissues were embedded in opti-
mal cutting temperature (OCT, Sakura Finetek, Neth-
erlands) compound and snap-frozen in cold isopentane
for cryosectioning. The tissues were stored at —80 °C.
Frozen cryosections (7 um) were fixed with 4% parafor-
maldehyde for 15 min at room temperature. After wash-
ing with PBS, the slides were blocked with 3% BSA for
1 h. The slides were incubated with primary antibodies
against CD3 (Abcam, ab5690, 1:100) at room tempera-
ture for 1 h, followed by 3 times PBS wash and incubation
with secondary antibodies Alexa Fluor 488 Donkey anti-
Rabbit IgG (Thermo Fisher Scientific, A21206, 1:400) for
1 h at room temperature. The slides were then washed 3
times with PBS and sealed with VECTASHIELD Antifade
Mounting Medium with DAPI (Vector Laboratory, Burl-
ingame, CA). All images were taken under a Nikon Ti-E
fluorescence microscope (magnification 200x) (Nikon,
Melville, NY).

H&E staining

Ten microns of frozen sections were fixed in 10% form-
aldehyde for 5 min at room temperature and then pro-
ceeded to the standard protocol of H&E staining as
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described previously [55]. All images were taken under a
Nikon Ti-E fluorescence microscope, magnification x200.

Quantification of plasma lipid profile

Blood samples collected from the animals were allowed
for clotting at room temperature for 10 min. Serum was
isolated by centrifugation at 5000 rpm for 10 min and
stored at -80 °C in small aliquots. Determination of TG
and TC was performed using the triglyceride and cho-
lesterol assay kit (Abcam, ab65336 and ab65390, respec-
tively) according to the manufacture’s instruction.

ELISA measurement of serum ANGPTL3

The serum ANGPTL3 protein levels were determined by
using the mouse Angiopoietin-like 3 quantikine ELISA
Kit (R&D systems, MANL30) according to the manufac-
ture’s instruction.

Statistical analysis

The data are expressed as the mean+SEM, analyzed by
using GraphPad Prism v.8.0.1 (GraphPad Software).
Statistical differences were determined by two-tailed
unpaired Student’s ¢ test for two groups and one-way
ANOVA with Turkey’s post tests for multiple group com-
parisons. A p value<0.05 was considered as significant.

Abbreviations

AAV adeno-associated virus

ABE adenine base editor

ALT alanine aminotransferase
ANGPTL3 angiopoietin-like 3

ASOs antisense oligonucleotides
AST aspartate aminotransferase
CBE cytosine base editor

CVD cardiovascular disease

DAPI 4'6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle Medium
DSBs double-strand breaks

FDA Food and Drug Administration

Gapdh glyceraldehyde 3-phosphate dehydrogenase
hAAT human alpha-1-antitrypsin

H&E hematoxylin and eosin

HMG-CoA  3-hydroxy-3-methylglutaryl coenzyme A
LDL-C low-density lipoprotein cholesterol

LDLR low-density lipoprotein receptor

LNP Lipid nanoparticle

LoF loss-of-function

LPL lipoprotein lipase

N2a Neuro-2a

or off-target

PAM protospacer adjacent motif

PCSK9 Proprotein convertase subtilisin/kexin type 9
PEG polyethylene glycol

RNP ribonucleoprotein

qRT-PCR quantitative reverse transcription-polymerase chain reaction
TC total cholesterol

TG triglyceride

VLDL-C very-low-density lipoprotein cholesterol
VLPs viral-like particles

Page 8 of 9

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513578-023-01036-0.

[ Supplementary Material 1 ]

Acknowledgements
The authors would like to thank all lab members for their constructive
comments and suggestions.

Authors’ contributions

R.H. conceived the study and revised the manuscript. Y.Z. performed the
experiments, analyzed the data and drafted the initial manuscript. C.Z.
and Y.Z. assisted in ELISA. H.L. assisted in serum preparation. All co-authors
have reviewed and approved the final version of the manuscript prior to
submission.

Funding

This work was partially supported by the National Heart, Lung and Blood
Institute grant [HL159900 to RH. and Y.E.C]; and the Parent Project Muscular
Dystrophy award (to RH.).

Data availability

All relevant data supporting the key findings of this study are available within
the article and its Supplementary Information files or from the corresponding
author upon reasonable request.

Declarations

Ethics approval and consent to participate

All animal studies were approved by the Institutional Animal Care and Use
Committee of the Ohio State University, and all procedures were conducted
strictly in accordance with the Guide for the Care and Use of Laboratory
Animals.

Consent for publication

All co-authors have reviewed and approved of the manuscript prior to
submission. The manuscript has been submitted solely to this journal and is
not published, in press, or submitted elsewhere.

Competing interests
The authors declare that they have no conflict of interests.

Received: 17 February 2023 / Accepted: 18 April 2023
Published online: 15 June 2023

References

1. Stone NJ, et al. 2013 ACC/AHA guideline on the treatment of blood choles-
terol to reduce atherosclerotic cardiovascular risk in adults: a report of the
American College of Cardiology/American Heart Association Task Force on
Practice Guidelines. J Am Coll Cardiol. 2014;63:2889-934.

2. Goldstein JL, Brown MS. A century of cholesterol and coronaries: from
plagues to genes to statins. Cell. 2015;161:161-72.

3. Taylor Fetal. Statins for the primary prevention of cardiovascular disease.
Cochrane Database Syst Rev, CD004816 (2013).

4. Khan SU et al. A Bayesian network meta-analysis of PCSK9 inhibitors, statins
and ezetimibe with or without statins for cardiovascular outcomes. Eur J Prev
Cardiol, 2047487318766612 (2018).

5. ElShahawy M, et al. Efficacy and safety of Alirocumab Versus Ezetimibe over 2
years (from ODYSSEY COMBO II). Am J Cardiol. 2017;120:931-9.

6. Farnier M. Alirocumab for the treatment of hyperlipidemia in high-risk
patients: an updated review. Expert Rev Cardiovasc Ther. 2017;15:923-32.

7. McCullough PA, et al. Efficacy and safety of Alirocumab in High-Risk Patients
with Clinical Atherosclerotic Cardiovascular Disease and/or heterozygous
familial hypercholesterolemia (from 5 placebo-controlled ODYSSEY trials). Am
J Cardiol. 2018;121:940-8.


http://dx.doi.org/10.1186/s13578-023-01036-0
http://dx.doi.org/10.1186/s13578-023-01036-0

Zuo et al. Cell & Bioscience

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

(2023) 13:109

Giugliano RP, et al. Clinical efficacy and safety of Evolocumab in High-Risk
Patients receiving a statin: secondary analysis of patients with low LDL
cholesterol levels and in those already receiving a maximal-potency statin in
a Randomized Clinical Trial. JAMA Cardiol. 2017;2:1385-91.

Ray KK, et al. Reductions in atherogenic lipids and Major Cardiovascular
events: a pooled analysis of 10 ODYSSEY trials comparing Alirocumab with
Control. Circulation. 2016;134:1931-43.

Dewey FE, et al. Genetic and pharmacologic inactivation of ANGPTL3 and
Cardiovascular Disease. N Engl J Med. 2017,377:211-21.

Romeo S, et al. Rare loss-of-function mutations in ANGPTL family mem-

bers contribute to plasma triglyceride levels in humans. J Clin Invest.
2009;119:70-9.

Musunuru K; et al. Exome sequencing, ANGPTL3 mutations, and familial
combined hypolipidemia. N Engl J Med. 2010;363:2220-7.

Helgadottir A, et al. Variants with large effects on blood lipids and the role of
cholesterol and triglycerides in coronary disease. Nat Genet. 2016;48:634-9.
Kuehn BM. Evinacumab approval adds a new option for homozygous familial
hypercholesterolemia with a hefty price tag. Circulation. 2021;143:2494-6.
Bell TA. Antisense oligonucleotide-mediated inhibition of angiopoietin-

like protein 3 increases reverse cholesterol transport in mice. J Lipid Res.
2021;62:100101. 3rd et al.

Graham MJ, et al. Cardiovascular and Metabolic Effects of ANGPTL3 antisense
oligonucleotides. N Engl J Med. 2017;377:222-32.

Wang Y, et al. Inactivation of ANGPTL3 reduces hepatic VLDL-triglyceride
secretion. J Lipid Res. 2015;56:1296-307.

Qiu M et al. Lipid nanoparticle-mediated codelivery of Cas9 mRNA and
single-guide RNA achieves liver-specific in vivo genome editing of Angptl3.
Proc Natl Acad Sci U S A 118 (2021).

Gaudelli NM, et al. Programmable base editing of A*T to G*C in genomic
DNA without DNA cleavage. Nature. 2017;551:464-71.

Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable editing of a

target base in genomic DNA without double-stranded DNA cleavage. Nature.

2016,533:420-4.

Chadwick AC, Evitt NH, Lv W, Musunuru K. Reduced blood lipid levels with in
vivo CRISPR-Cas9 base editing of ANGPTL3. Circulation. 2018;137:975-7.

Xu L, et al. Efficient precise in vivo base editing in adult dystrophic mice. Nat
Commun. 2021;12:3719.

Koblan LW, et al. Improving cytidine and adenine base editors by expression
optimization and ancestral reconstruction. Nat Biotechnol. 2018;36:843-6.
Dalsgaard T, et al. Improved Lentiviral Gene Delivery to Mouse Liver by
Hydrodynamic Vector Injection through tail vein. Mol Ther Nucleic Acids.
2018;12:672-83.

Miao CH, et al. Inclusion of the hepatic locus control region, an intron, and
untranslated region increases and stabilizes hepatic factor IX gene expression
in vivo but not in vitro. Mol Ther. 2000;1:522-32.

Aronson SJ, et al. Liver-directed gene therapy results in long-term correction
of progressive familial intrahepatic cholestasis type 3 in mice. J Hepatol.
2019;71:153-62.

Inaba T, et al. Angiopoietin-like protein 3 mediates hypertriglyceridemia
induced by the liver X receptor. J Biol Chem. 2003;278:21344-51.

Conklin D, et al. Identification of a mammalian angiopoietin-related protein
expressed specifically in liver. Genomics. 1999,62:477-82.

Koishi R, et al. Angptl3 regulates lipid metabolism in mice. Nat Genet.
2002;30:151-7.

Bae S, Park J, Kim JS. Cas-OFFinder: a fast and versatile algorithm that
searches for potential off-target sites of Cas9 RNA-guided endonucleases.
Bioinformatics. 2014;30:1473-5.

Sternberg SH, LaFrance B, Kaplan M, Doudna JA. Conformational control of
DNA target cleavage by CRISPR-Cas9. Nature. 2015;527:110-3.

Doman JL, Raguram A, Newby GA, Liu DR. Evaluation and minimization

of Cas9-independent off-target DNA editing by cytosine base editors. Nat
Biotechnol. 2020;38:620-8.

Page 9 of 9

33. YuWX et al. Harnessing A3G for efficient and selective C-to-T conversion at
C-rich sequences. BMC Biol 19 (2021).

34.  Landrum MJ, et al. ClinVar: public archive of interpretations of clinically
relevant variants. Nucleic Acids Res. 2016;44:D0862-868.

35. Levy JM, et al. Cytosine and adenine base editing of the brain, liver, retina,
heart and skeletal muscle of mice via adeno-associated viruses. Nat Biomed
Eng. 2020;4:97-110.

36. Lim CKW, et al. Treatment of a mouse model of ALS by in vivo base editing.
Mol Ther. 2020,28:1177-89.

37. Truong DJ, et al. Development of an intein-mediated split-Cas9 system for
gene therapy. Nucleic Acids Res. 2015;43:6450-8.

38. Gao B, Jeong WI, Tian Z. Liver: an organ with predominant innate immunity.
Hepatology. 2008;47:729-36.

39. Baratta JL, et al. Cellular organization of normal mouse liver: a histological,
quantitative immunocytochemical, and fine structural analysis. Histochem
Cell Biol. 2009;131:713-26.

40. High-dose. AAV gene therapy deaths. Nat Biotechnol. 2020;38:910.

41. Day JW, et al. Onasemnogene abeparvovec gene therapy for symptomatic
infantile-onset spinal muscular atrophy in patients with two copies of SMN2
(STR1VE): an open-label, single-arm, multicentre, phase 3 trial. Lancet Neurol.
2021;20:284-93.

42. Miesbach W, et al. Gene therapy with adeno-associated virus vector 5-human
factor IX in adults with hemophilia B. Blood. 2018;131:1022-31.

43. Mendell JR, et al. Current clinical applications of in vivo gene therapy with
AAVs. Mol Ther. 2021;29:464-88.

44, Nelson CE, et al. Long-term evaluation of AAV-CRISPR genome editing for
Duchenne muscular dystrophy. Nat Med. 2019,25:427-32.

45, Jang HK et al. High-purity production and precise editing of DNA base edit-
ing ribonucleoproteins. Sci Adv 7 (2021).

46. Rees HA, et al. Improving the DNA specificity and applicability of base
editing through protein engineering and protein delivery. Nat Commun.
2017;8:15790.

47. Banskota S, et al. Engineered virus-like particles for efficient in vivo delivery of
therapeutic proteins. Cell. 2022;185:250-265e216.

48. JiangT, et al. Chemical modifications of adenine base editor mRNA and guide
RNA expand its application scope. Nat Commun. 2020;11:1979.

49.  Stadelmann C, et al. mRNA-mediated delivery of gene editing tools to
human primary muscle stem cells. Mol Ther Nucleic Acids. 2022;28:47-57.

50. RothganglT, et al. In vivo adenine base editing of PCSK9 in macaques
reduces LDL cholesterol levels. Nat Biotechnol. 2021;39:949-57.

51. ElRefaey M, et al. In vivo genome editing restores Dystrophin expression and
cardiac function in Dystrophic mice. Circul Res. 2017;121:923-9.

52. Walton RT, Christie KA, Whittaker MN, Kleinstiver BP. Unconstrained genome
targeting with near-PAMless engineered CRISPR-Cas9 variants. Science.
2020;368:290-6.

53. Wang P, Xu L, Gao Y, Han RBEON. A functional fluorescence reporter for
quantification and Enrichment of Adenine Base-Editing activity. Mol therapy:
J Am Soc Gene Therapy. 2020;28:1696-705.

54. ClementK, et al. CRISPResso2 provides accurate and rapid genome editing
sequence analysis. Nat Biotechnol. 2019;37:224-6.

55. XuJ, et al. Genetic disruption of Ano5 in mice does not recapitulate human
ANO5-deficient muscular dystrophy. Skelet Muscle. 2015;5:43.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Liver-specific ﻿in vivo﻿ base editing of ﻿Angptl3﻿ via AAV delivery efficiently lowers blood lipid levels in mice
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿﻿In vitro﻿ validation of ﻿Angptl3﻿-targeting gRNAs with ABE or CBE
	﻿﻿In vivo﻿ performance of AAV9-hAAT-AncBE4/﻿Angptl3﻿ in mice
	﻿Evaluation of liver toxicity and off-target activities

	﻿Discussion
	﻿Materials and methods
	﻿Ethics statement
	﻿Generation of AAV particles and administration into mice
	﻿Plasmid construction
	﻿Cell culture and transfection
	﻿Genomic DNA and total RNA extraction, PCR and Sanger sequencing
	﻿Orthogonal R-loop assay and targeted deep sequencing
	﻿Western blot analysis
	﻿Immunofluorescence staining
	﻿H&E staining
	﻿Quantification of plasma lipid profile
	﻿ELISA measurement of serum ANGPTL3
	﻿Statistical analysis

	﻿References


