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HIGHLIGHTS

� For clinical findings, patients with LMD

had an earlier stage of disease

progression when receiving heart

transplantation, and the degree of

impairment to heart structure and

function was relatively mild.

� For the primate model, CRISPR-mediated

adenine base editing constructed the first

gene-edited primate model of DCM.

� The primate model was highly similar to

patients with LMD in terms of symptoms,

disease progression, histopathology, and

electrophysiological and transcriptional

features.

� Arrhythmia events in patients with LMD

and the primate model predated

impairment of heart structure and

function.
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SUMMARY
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ABE = adenine base editing

CRT = cardiac

resynchronization therapy

DCM = dilated cardiomyopathy

ECG = electrocardiogram

GAPDH = glyceraldehyde

3-phosphate dehydrogenase

HF = heart failure

HTx = heart transplantation

ICD = implantable
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To solve the clinical transformation dilemma of lamin A/C (LMNA)-mutated dilated cardiomyopathy (LMD), we

developed an LMNA-mutated primate model based on the similarity between the phenotype of primates and

humans. We screened out patients with LMD and compared the clinical data of LMD with TTN-mutated and

mutation-free dilated cardiomyopathy to obtain the unique phenotype. After establishment of the LMNA c.357-

2A>G primate model, primates were continuously observed for 48 months, and echocardiographic, electro-

physiological, histologic, and transcriptional data were recorded. The LMD primate model was found to highly

simulate the phenotype of clinical LMD. In addition, the LMD primate model shared a similar natural history

with humans. (J Am Coll Cardiol Basic Trans Science 2024;9:380–395) © 2024 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

overter-defibrillator
cardi
LMD = lamin A/C–mutated

dilated cardiomyopathy

LMNA = lamin A/C

LP = likely pathogenic

LV = left ventricular

LVEDD = left ventricular end-

diastolic diameter

LVEF = left ventricular

ejection fraction

mRNA = messenger RNA

MT = mutated type

P = pathogenic

PCR = polymerase chain

reaction

sgRNA = single guide RNA

SNV = single nucleotide

variant

TMD = TTN-mutated dilated

cardiomyopathy

VUS = variant of uncertain

significance

WT = wild-type
D ilated cardiomyopathy (DCM) is a type of
cardiomyopathy characterized by left ven-
tricular (LV) enlargement and reduced car-

diac function, and it is an important cause of heart
failure (HF) and sudden cardiac death worldwide.1

DCM has a heterogeneous etiology, with about 40%
of patients having a genetic background, and patho-
genic mutations mainly affecting the structural com-
ponents of myocardial cells such as sarcomere,
cytoskeleton, and nuclear envelope.2 Lamin A/C
(LMNA) is a fibrous structure located in the inner nu-
clear membrane, playing a role in supporting nuclear
membrane structure, maintaining nuclear function,
and regulating transcription; mutations in its encod-
ing gene account for 10% of genetic DCM cases.3 Pa-
tients with LMNA-mutated DCM (LMD) have a high
incidence of adverse arrhythmic events (conduction
block [73%], supraventricular arrhythmias [61%],
and ventricular arrhythmias [50%]),4 and the progres-
sion rate of end-stage HF and the rate of requiring
heart transplantation (HTx) are higher than with
other types of genetic DCM, making it the worst prog-
nosis type among the genetic DCMs.5

Implantable cardioverter-defibrillators (ICDs) and
anti-HF therapy are the main treatment options for
LMD, but their effectiveness is limited, and HTx is the
only end-stage treatment for the disease.6 Targeted
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interventions against LMNA mutations and
downstream signaling systems (eg, the
mitogen-activated protein kinase signaling
system) are important directions for precision
treatment of LMD7,8; however, there are
currently no targeted drugs with sufficient
evidence-based medical support applied in
actual clinical practice. The translational
dilemma in LMD research partly arises from
the disparity between LMD mice and humans.
Although LMD mice successfully replicate
alterations in cardiac structure and function,
they do not exhibit the characteristic mani-
festations of conduction abnormalities and
arrhythmias commonly observed in human
patients with LMD.9

To bridge this gap in translational
research, alternative models that can capture
the complete spectrum of LMD-related car-
diac phenotypes is necessary. Primates are
highly similar to humans in terms of genome,

transcriptome, proteome, and cardiovascular anat-
omy.10,11 The present study compared LMD vs TTN-
mutated DCM (TMD) and a mutation-free DCM con-
trol group to extract unique clinical and pathologic
features of LMD. Furthermore, we successfully
generated the first LMD primate model using the
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adenine base editing (ABE) technique and conducted
a comprehensive assessment of its cardiac structure,
function, electrophysiology, and pathologic pheno-
types compared with the clinical LMD cohort.
RNA-sequencing was also performed to explore
the transcriptional disturbance in LMD primates.
This pioneering DCM primate model represents a
significant advancement, providing a robust and
consistent research platform for conducting preclini-
cal experiments.

METHODS

STUDY POPULATION. The study population included
patients with DCM (N ¼ 302) who underwent HTx and
gene testing from November 2004 to September 2017;
this DCM cohort was of single-center origin (Depart-
ment of Cardiac Surgery, Fuwai Hospital, Chinese
Academy of Medical Sciences and Peking Union
Medical College, Beijing, China). DCM was defined as
the presence of LV dilatation or biventricular dilata-
tion with systolic dysfunction, as measured by echo-
cardiography and/or cardiac magnetic resonance
imaging. LV dilatation was defined as LV end-
diastolic diameter (LVEDD) >5.0 cm (female)/5.5 cm
(male) or LVEDD >117% of the predicted value for
body surface area and age. Systolic dysfunction was
defined as an LV ejection fraction (LVEF) <45% and
LV short-axis shortening rate <25%. Patients with
secondary causative etiologies (including hyperten-
sion, valvular disease, congenital heart disease, and
ischemic heart disease) were excluded.12

The normal control hearts (n ¼ 9) in the study were
derived from donor hearts originally considered for
HTx but abandoned due to heart size or blood type
mismatching factors. The donor hearts were derived
from brain-dead donors whose hearts functioned
normally in vivo and were transferred to the labora-
tory under refrigerated storage after cardioplegia
infusion. Written informed consent for research use
was obtained from families.13 The Ethics Committee of
Fuwai Hospital approved and supervised this study.

GENE CAPTURE AND SEQUENCING. The genomic
DNA was extracted from peripheral blood according
to the manufacturer’s instructions (Blood DNA
Extraction Kit, Enriching Biotechnology). Probands
were screened with 189 cardiovascular disease–
related genes (Supplemental Table 1), including 14
DCM-related genes (including DES, DMD, MYH7,
MYBPC3, TNNT2, DSP, Titin [TTN], LMNA, MYH6,
MYPN, sodium voltage-gated channel alpha subunit 5
[SCN5A], RBM20, ANKRD1, and RAF1) by captured
next-generation sequencing using the HiSeq 2500
platform (Illumina). All variants were annotated
by using several strategies. First, variants with a
minor allele frequency <1% in 1,000 genomic
data (1000g_all),14 esp6500siv2_all, and gnomAD data
(gnomAD_ALL and gnomAD_EAS)15 were used. Sec-
ond, only single nucleotide variants (SNVs) occurring
in exons or splice sites (splicing junction 10 bp) were
further analyzed because we were interested in
amino acid changes. Third, synonymous SNVs that
are not relevant to the amino acid alternation pre-
dicted by dbscSNV are then discarded, and the small
fragment non-frameshift (<10 bp) indel in the repeat
region defined by RepeatMasker are discarded.
Fourth, variations are screened according to scores of
SIFT,16 PolyPhen,17 MutationTaster,18 and CADD19

software. The potentially deleterious variations are
reserved if the score of more than one-half of these
four softwares support harmfulness of variations.20

Sites (>2 bp) that did not affect alternative splicing
were removed. Fifth, for TTN variants, only truncated
variants remained for pathogenesis analysis. Sanger
sequencing was used to validate putatively patho-
genic variants and screen family members.

To better predict the harmfulness of variation, the
classification system of the American College of Med-
ical Genetics and Genomics was used. The variations
are classified into pathogenic (P), likely pathogenic
(LP), variant of uncertain significance (VUS), likely
benign, and benign.21 In addition, when selecting the
DCM control group without gene mutation back-
ground, the criteria were non-P/LP/VUS carriers of
cardiovascular diseases (n ¼ 48) to reduce bias.

CLINICAL CHARACTERIZATION COLLECTION. Clin-
ical data, including HF symptoms (dyspnea, pre-
syncope, syncope, abdominal distension, bilateral
edema, and NYHA functional class) and palpitation,
were collected from medical records. Data from
electrocardiogram (ECG) monitoring, including atrial
fibrillation, atrioventricular blocks, ventricular ar-
rhythmias (premature ventricular complexes, ven-
tricular premature contraction, and nonsustained
ventricular tachycardia), were recorded; among
these, major arrhythmic cardiovascular events were
defined as arrhythmic syncope, sustained ventricular
tachycardia, ventricular fibrillation, ICD implanta-
tion, cardiac resynchronization therapy (CRT), and
CRT-defibrillator.22 LV and right ventricular struc-
tural remodeling and systolic function were assessed
by using echocardiography.

PATHOLOGIC EXAMINATION AND QUANTITATIVE

ANALYSIS. Full-thickness myocardial tissue was
dissected. The tissue was fixed in 10% formaldehyde
and then embedded in paraffin, and a 4-mm paraffin
section was prepared by using a slicer (Leica).

https://doi.org/10.1016/j.jacbts.2023.11.002
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Hematoxylin and eosin staining and Masson staining
were performed with standard protocols. The staining
section images were obtained by a high-resolution
digital scanner system (Aperio, Leica). Image-Pro
Plus version 6.0 (Media Cybernetics) was used to
quantify the areas of cardiomyocytes (red), adipose
tissue (white), and fibrosis (blue). The myocyte
disarray was semi-quantified by identifying areas of
cellular interlacing, whorling, or herringbone pat-
terns (Grade 0: 0% disarray area; Grade 1: 1%-25%
disarray area; Grade 2: 25%-50% disarray area; Grade
3: >50% disarray area).23

ANIMALS. All animals were housed at the Yunnan
Key Laboratory of Primate Biomedical Research. All
animal procedures were performed following the As-
sociation for Assessment and Accreditation of Labo-
ratory Animal Care International for the ethical
treatment of primates.

PREPARATION OF MESSENGER RNA AND SINGLE GUIDE

RNA. pCMV_ABEmax_P2A_GFP and pCMV_ABE7.10
plasmids were obtained from Addgene (#112101 and
#102919). The plasmid was linearized with the re-
striction enzyme AgeI, and messenger RNA (mRNA)
was synthesized and purified by using an in vitro RNA
transcription kit (mMESSAGE mMACHINE T7 Ultra
kit, Ambion). Single guide RNA (sgRNA) oligos were
amplified and transcribed in vitro by using the
GeneArt Precision gRNA Synthesis Kit (Thermo Fisher
Scientific) and purified with the MEGAclear Kit
(Thermo Fisher Scientific) according to the manufac-
turer’s instructions.

OOCYTE COLLECTION AND IN VITRO FERTILIZATION.

Oocyte collection and fertilization were performed as
previously described.24 In brief, healthy female cyn-
omolgus monkeys aged 5 to 8 years with regular
menstrual cycles were selected as oocyte donors for
superovulation, which was performed by intramus-
cular injection with recombinant human follitropin
alfa (GONAL-f, Merck Serono) for 8 days, and then
recombinant human chorionic gonadotropin alpha
(Ovidrel, Merck Serono) administration on day 9.
Oocytes were collected by laparoscopic follicular
aspiration 32 to 35 hours after administration of re-
combinant human chorionic gonadotropin alpha.
Follicular contents were placed in HEPES-buffered
Tyrode’s albumin lactate pyruvate medium contain-
ing 0.3% body surface area at 37�C. Oocytes were
stripped of cumulus cells by pipetting after a brief
exposure (<1 minute) to hyaluronidase (0.5 mg/mL)
in HEPES-buffered Tyrode’s albumin lactate pyruvate
medium to allow visual selection of nuclear maturity
metaphase II (first polar body present) oocytes. The
maturity oocytes were immediately subjected to
intracytoplasmic sperm injection and then cultured in
CMRL-1066 containing 10% fetal bovine serum at 37�C
in 5% carbon dioxide. Fertilization was confirmed
by the presence of the second polar body and 2
pronuclei.

ABE mRNA/sgRNA INJECTION, EMBRYO CULTURE,

AND TRANSPLANTATION. Six to eight hours after
intracytoplasmic sperm injection, the zygotes were
injected with a mixture of ABEmax or ABE7.10 mRNA
(100 ng/mL) and sgRNA (50 ng/mL) with a total volume
of 5 pL for each zygote. Microinjections were per-
formed in the cytoplasm of oocytes using a microin-
jection system under standard conditions. Zygotes
were then cultured in the chemically defined hamster
embryo culture medium (HECM)-9 containing 10%
fetal bovine serum (Gibco) at 37�C in 5% carbon di-
oxide to allow embryo development. The culture
medium was replaced every other day until the
blastocyst stage. The cleaved embryos with high
quality at the two-cell to blastocyst stage were
transferred into the oviduct of the matched recip-
ient monkeys.

Fifteen monkeys were used as surrogate recipients.
The earliest pregnancy diagnosis was performed by
ultrasonography about 20 to 30 days after the embryo
transfer. Both clinical pregnancy and the number of
fetuses were confirmed by fetal cardiac activity and
the presence of a yolk sac as detected by
ultrasonography.

FIBROBLAST ISOLATION AND CELL CULTURE. Ear
skin was obtained and sterilized with 75% ethyl
alcohol and washed with phosphate-buffered saline,
then cut into pieces and adhered to the culture dish
after removing the hair and fat tissues. The fibroblasts
can be outgrown in about 1 week. All cells were
cultured in Dulbecco’s modified Eagle’s medium
high-glucose (HyClone) medium containing 10% fetal
bovine serum (Gibco), 1% GlutaMAX (Gibco), 1%
penicillin/streptomycin (Gibco), 2.5 mg/mL Plasmocin
(Invitrogen), and 1 mol/L tenofovir under 37�C, 5%
carbon dioxide conditions.

GENOMIC DNA EXTRACTION AND SEQUENCING.

After mRNA injection, embryos were cultured until
the blastocyst stage, and the genomic DNA was
extracted by using the REPLI-g Single Cell Kit (Qia-
gen). For fibroblast cells and heart tissues, the
genomic DNA was extracted by using a Wizard
Genomic DNA Purification Kit (#A1125, Promega)
according to the manufacturer’s instructions.
Sanger sequencing after polymerase chain reaction
(PCR) was performed with primers as follows:
F: 50-GGCAAGCAGATGCAAACCAA-30; R: 50-CTCCAA
GTCCTTCAGCCGAG-30. The PCR products also were
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joined into a T vector, and 20 to 50 colonies were
picked to TA-cloned sequencing every sample.

REVERSE TRANSCRIPTION-PCR AND SEQUENCING.

Total RNA was extracted with TRIzol reagent (Invi-
trogen) and quantified by NanoDrop OneC (Thermo
Fisher Scientific). Total RNA (1 mg) was reverse-
transcribed to complementary DNA using the Prime-
Script RT reagent Kit (Takara). PCR was performed
with primers as follows: F: 50-GCAGGAGCTCAAT-
GATCGCT-30; R: 50-CTGTTCTCAGCATCCACCCG-30.
The reverse transcription-PCR products also were
joined into a T vector, and 30 to 80 colonies were
picked to TA-cloned sequencing every sample.

WESTERN BLOT AND SEMI-QUANTITATIVE ANALYSIS.

For cultured fibroblast cell protein analysis, cells
were harvested and washed with cold phosphate-
buffered saline and lysed with RIPA lysis buffer
(Beyotime). For the monkey and human heart tissues,
approximately 50 mg of heart tissue was washed by
using cold phosphate-buffered saline solution and
lysed with RIPA lysis buffer. The lysate was quanti-
fied by using the BCA Kit (Beyotime); approximately
20 mg proteins per lane were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride mem-
branes (Millipore). The membrane was blocked with
5% non-fat milk and probed with the indicated pri-
mary antibodies overnight at 37�C. Antibodies for
Western blot were anti-LMNA (sc-7293, 1:1,000; Santa
Cruz Biotechnology) and anti–glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (60004-Ig,
1:1000; Proteintech). After incubation with the
horseradish peroxidase–linked secondary antibodies
(AP308P, 1:2000; Sigma), the signal was detected with
the Pierce enhanced chemiluminescent Western
Blotting Substrate kit (Thermo Fisher Scientific).

For the semi-quantitative analysis, Western blot-
ting image data were processed with Image J software
(National Institutes of Health), and the gray values of
LMNA or GAPDH bands were calculated. LMNA was
normalized with GAPDH.

ECHOCARDIOGRAPHY IN PRIMATES. At baseline,
15 days, and 1, 2, 3, 6, 9, 12, 18, 24, 30, 36, 42, and
48 months, transthoracic echocardiography (Vivid iq,
GE HealthCare) was performed in nonanesthetic pri-
mates in a supine position. The structural features of
the heart (LVEF, fraction shortening, LVEDD, LV end-
systolic diameter, LV posterior wall thickness, and
left atrial diameter) were measured from two-
dimensional images, and the observation sections
included the LV long-axis section, the apical
4-chamber section, the apical 5-chamber section, and
the apical 3-chamber section. In addition, spectral
Doppler was used to measure the aortic peak
systolic velocity.

ECG IN PRIMATES. For the evaluation of ECG pa-
rameters, the 12-lead ECG was evaluated by 2 inde-
pendent senior electrophysiology experts of Fuwai
Hospital who were blinded to the clinical, pathologic,
and genetic diameters. Due to changes in the cardiac
electrophysiological features under anesthesia,25 the
12-lead ECG was measured in nonanesthetic primates,
given the inability of primates to remain stationary
for an accurate baseline assessment. In addition, we
continuously observed the cardiac electrophysiology
of the primate model using the single-lead ECG re-
sults of the integrated monitoring device (Nicolet
Monitor, Natus).

CIRCULATORY MARKER TESTING IN PRIMATES. To
assess HF and myocardial damage in primates, N-
terminal pro–B-type natriuretic peptide, high-
sensitivity troponin I, myoglobin, and creatine
kinase-MB levels in plasma were measured at
42 months in all primates using a chemiluminescence
analyzer (I2000, Abbott).

RNA-SEQUENCING. RNA-sequencing was performed
to explore the transcriptional profile of the mutated
type (MT) primates. LV samples from 2 sacrificed
monkeys (192007 and 192011) were included, with 3
replicates per individual. Wild-type (WT) individuals
(n ¼ 6) served as a normal control group using data
from the GSE219045 database. Detailed experiment
and analysis information is described in the
Supplemental Methods.

STATISTICAL ANALYSIS. All values are expressed as
mean � SD unless otherwise specified. Statistical an-
alyses were performed by using Prism 8 (GraphPad
Software). Unpaired Student’s t-test was performed
when comparing data from 2 groups (normality and
homogeneity of variance were tested by Shapiro-Wilk
test and variance ratio test). Chi-square tests and
Fisher exact tests were used to compare qualitative
variables between 2 groups. For comparison of his-
tologic features between 4 groups, based on
normality (by Shapiro-Wilk test), the Kruskal-Wallis
test (Holm-Bonferroni method was used to control
for type I error for multiple comparisons), and Dun-
nett test were used. Kaplan-Meier method and log-
rank test were used to compute survival curves. A
2-sided P value <0.05 was considered statistically
significant. Statistical details of the RNA-sequencing
analysis are described in the Supplemental Methods.

https://doi.org/10.1016/j.jacbts.2023.11.002
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RESULTS

DESCRIPTION OF GENETIC MUTATIONS IN THE

CLINICAL STUDY POPULATION. Of the 302 patients
who underwent HTx and genetic testing, 66 patients
(21.9%) had P or LP genetic mutations associated with
DCM (Supplemental Table 1). These patients were
affected by mutations of TTN (n ¼ 20 [6.6%]),
MYBPC3 (n ¼ 11 [3.6%]), MYPN (n ¼ 10 [3.3%]), LMNA
(n ¼ 10 [3.3%]), MYH7 (n ¼ 6 [2.0%]), TNNT2 (n ¼ 5
[1.7%]), SCN5A (n ¼ 4 [1.3%]), DSP (n ¼ 3 [1.0%]), and
RBM20 (n ¼ 3 [1.0%]). In addition, 7 patients (2.3%)
had a background of multiple mutated genes
(Supplemental Figures 1A and 1B).

Among LMNA mutation types, 5 patients had
missense mutations, 4 showed nonsense mutations,
and 1 showed splice-site mutations. In addition, 1
patient (patient No. 2) carried two LMNA missense
mutations (Figure 1A, Supplemental Table 2). Because
TMD is the subtype with the highest proportion of
hereditary DCM, its mild clinical characteristics
(compared with the mutation-free DCM control
group, the HTx rate and mortality were not affected
by TTN mutation) have been relatively clear,26 and we
included the TMD group as one of the controls. In the
TMD group (n ¼ 20), each patient carried one TTN
mutation type, and the mutations were P or LP
(Supplemental Table 2).

Through panel sequencing, 48 patients in the DCM
control group without a P/LP and VUS cardiovascular
disease gene mutation background were selected and
compared with the LMD group. In addition to the
gene/gene cluster of DCM, 191 cardiovascular disease
genes (Supplemental Table 1) were included in the
exclusion criteria of the DCM control group
(Supplemental Figures 1C and 1D).

CLINICAL PHENOTYPE OF PATIENTS WITH LMD.

Compared with the TMD group and DCM control
group, a relatively high incidence rate of arrhythmia
events was a characteristic feature of patients with
LMD. Arrhythmia events in LMD include atrial fibril-
lation (70.0%), third-degree atrioventricular block
(60.0%), premature ventricular contractions (40.0%),
nonsustained ventricular tachycardia (80.0%), and
major arrhythmic cardiovascular events (70.0%).22

Moreover, the rate of ICD implantation, CRT, and
CRT-defibrillator is 60.0% in patients with LMD.
These arrhythmia-related events and treatments had
a statistically significant higher incidence in the LMD
group than in the DCM control and/or TMD groups.

In addition, in terms of holistic symptoms, the
incidence of palpitation (70.0%), presyncope (70.0%),
and syncope (40.0%) in patients with LMD was
significantly higher than in patients of the DCM con-
trol and TMD groups. Because this cohort included
patients who received HTx and were in end-stage
disease, there were no significant differences in the
symptoms of HF (including dyspnea, abdominal
distension, bilateral edema, and NYHA functional
score) between the LMD and the other 2 groups.

Patients with LMD received HTx at a time when the
left ventricular structure (LVEDD) and function
(LVEF) were less impaired, and the decision factors
for relatively early surgery were refractory
arrhythmia, quality of life impairment, and the
disability-adjusted life years of high-risk patients as
determined by a transplantation committee (Table 1).
The natural history and cardiac events of each patient
were recorded in the 3 groups (Supplemental
Figure 2).

HISTOLOGIC PHENOTYPE OF PATIENTS WITH LMD.

Compared with analysis of the TMD and DCM control
groups, histologic analysis of the LMD group revealed
that cardiomyocytes of LMD had the typical charac-
teristic of nuclear malformation, which was related to
the decrease in the nuclear structure strength
(Figure 1B-I, Supplemental Figure 3A).27 Car-
diomyocyte vacuolation and increased intercellular
space between cardiomyocytes were observed in the
LMD group (Figures 1B-ii and 1B-iii, Supplemental
Figures 3B and 3C).3,28 The patients with LMD had
significant fibrosis characteristics (Figure 1B-iv);
however, because this DCM cohort was in end-stage
disease, there was no evidence that this pathologic
feature was specific to LMD (Supplemental Figures 3D
and 3E). In addition, significant myocyte disarray was
observed in the LMD group (Figure 1B-v,
Supplemental Table 3).23

ABEmax WAS USED TO CONSTRUCT AN LMNA

MUTANT MONKEY MODEL. To better recapitulate
human LMNA-related DCM phenotypes, ABE was
used to generate the LMNA (c.357-2A>G, splice
acceptor of Ex2) mutation in cynomolgus monkeys,
which is a novel splice-site mutation in LMD hu-
man.29 An sgRNA Ex2-gA5 was designed to introduce
the LMNA (c.357-2A>G) mutation and was co-injected
into 61 monkey zygotes alone with ABEmax or
ABE7.10 mRNA, and ABEmax displayed a higher
editing efficiency (Supplemental Table 4). Thus, we
chose to use ABEmax for constructing the non-human
primate model carrying the LMNA (c.357-2A>G) mu-
tation (Figure 2A).

After injection, 45 well-developed blastocysts were
transplanted into 15 surrogate monkeys, and 8 sur-
rogates were successfully impregnated. Finally, 5
full-term (approximately 150 days) monkey infants
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FIGURE 1 Mapping of LMNA Variants and Histology Characteristics of Heart Tissue

(A) Diagrams representing the structure of lamin A/C (LMNA) and the distribution of LMNA variants. (B) Histologic characteristics. (B-i) Hematoxylin-eosin staining

revealed nuclear malformation of cardiomyocytes in the group with LMNA-mutated dilated cardiomyopathy (LMD). (B-ii and B-iii) Histologic analysis suggested

increased cell vacuolation and intercellular space in the LMD group. (B-iv) Heart tissue of end-stage LMD was characterized by fibrosis. (B-v) Heart tissue of LMD was

characterized by myocyte disarray. DCM ¼ dilated cardiomyopathy.
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were born (3 male [192007, 192009, and 192011] and 2
female [192018 and 192024]). PCR and Sanger
sequencing in fibroblast cells showed that the target
site was edited with an efficiency of 66.3% to 96.7%.
However, we observed bystander mutation A9>G9

and A11>G11, and monkey 192024 only displayed
bystander mutation A11>G11 with an editing efficiency
of 35.0% (Figure 2B, Supplemental Figure 4A). This
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TABLE 1 Baseline Characteristics of Patients With LMNA Variants and TTN Variants or DCM Control Subjects

LMD
(n ¼ 10)

TMD
(n ¼ 20)

DCM Control
(n ¼ 48)

P Value

LMD vs TMD LMD vs DCM Control

Male 5 (50.0) 18 (90.0) 37 (77.1) 0.026 0.12

Age of onset, y 37.5 � 9.9 37.7 � 13.2 41.2 � 12.6 0.98 0.39

Age of receiving HTx, y 42.0 � 10.8 43.4 � 14.1 45.5 � 13.3 0.79 0.45

Dyspnea 10 (100.0) 17 (85.0) 42 (87.5) 0.53 0.58

Palpitation 7 (70.0) 2 (10.0) 11 (22.9) 0.002 0.007

Presyncope 7 (70.0) 1 (5.0) 11 (22.9) <0.001 0.007

Syncope 4 (40.0) 0 (0.0) 7 (14.6) 0.008 0.083

Abdominal distension 5 (50.0) 5 (20.0) 16 (33.3) 0.23 0.47

Bilateral edema 9 (90.0) 11 (55.0) 28 (58.3) 0.10 0.077

Arrhythmia

Atrial fibrillation 7 (70.0) 6 (30.0) 14 (29.2) 0.056 0.027

Third-degree ventricular block 6 (60.0) 0 (0.0) 1 (2.1) <0.001 <0.001

Ventricular premature contraction 4 (40.0) 2 (10.0) 5 (10.4) 0.14 0.039

Premature ventricular complexes/24 h 4 (40.0) 5 (25.0) 17 (35.4) 0.43 >0.99

Nonsustained ventricular tachycardia 8 (80.0) 5 (25.0) 11 (22.9) 0.007 0.001

MACE 6 (60.0) 1 (5.0) 7 (14.6) 0.002 0.005

ICD/CRT/CRT-D 5 (50.0) 2 (10.0) 9 (18.8) 0.026 0.050

NYHA functional class 0.21 0.28

I 0 (0.0) 0 (0.0) 0 (0.0)

II 0 (0.0) 0 (0.0) 1 (2.1)

III 1 (10.0) 7 (35.0) 16 (33.3)

IV 9 (90.0) 13 (65.0) 31 (64.6)

Cardiac ultrasound (n ¼ 9) (n ¼ 20) (n ¼ 33)

RV dilation 5 (55.6) 5 (25.0) 16 (48.5) 0.21 >0.99

RV wall motion abnormalities 4 (44.4) 3 (15.0) 13 (39.4) 0.16 >0.99

RVEDD, mm 31.1 � 9.1 26.0 � 5.1 27.8 � 5.5 0.078 0.18

LV wall motion abnormalities 9 (100.0) 20 (100.0) 33 (100.0) >0.99 >0.99

Interventricular septal thickness, mm 8.2 � 1.0 8.0 � 1.1 8.7 � 1.5 0.60 0.42

LVEDD, mm 63.8 � 5.2 71.2 � 8.9 77.3 � 12.8 0.029 <0.001

LVEF, % 30.2 � 5.2 24.7 � 7.7 24.1 � 5.9 0.066 0.007

Values are n (%) or mean � SD. Bold values are <0.05, which are statistically significant.

CRT ¼ cardiac resynchronization therapy; CRT-D ¼ cardiac resynchronization therapy–defibrillator; DCM ¼ dilated cardiomyopathy; HTx ¼ heart transplantation;
ICD ¼ implantable cardioverter-defibrillator; LMD ¼ lamin A/C–mutated dilated cardiomyopathy; LV ¼ left ventricular; LVEDD ¼ left ventricular end-diastolic diameter;
LVEF¼ left ventricular ejection fraction; MACE¼major arrhythmic cardiovascular events; RV¼ right ventricular; RVEDD¼ right ventricular end-diastolic diameter; TMD¼ TTN-
mutated dilated cardiomyopathy.
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mutation has not been reported to be associated with
DCM; no DCM-like phenotypes were observed in the
following study. We therefore did not include mon-
key 192024 in the MT or WT group for the subsequent
statistical analysis.

To detect mutation at the mRNA level, we per-
formed reverse transcription–PCR and Sanger
sequencing. The results showed that there are
abnormal mRNA types in the MT monkey; the types of
alternative splicing included skipping exon2, 3 bp,
10 bp, or 13 bp deletion and single nucleotide alter-
ations c.361A>G (Figure 2C). As a result of the mRNA
alterations, we predicted the alterations of amino
acid sequences (Supplemental Figure 4B). In addi-
tion, the Western blot analysis showed that the MT
monkeys’ LMNA was significantly reduced compared
with WT monkeys in fibroblast (Figure 2D); this may
be caused by aberrant mRNA splicing, which leads to
premature termination of translation of the protein.
Two MT monkeys were sacrificed, one at 3.5 years old
(192011) and one at 4 years old (192007). We observed
similar DNA editing efficiency, and the expression of
LMNA was significantly reduced by approximately
35.0% in heart tissue (Supplemental Figures 4C
to 4E). A similar result was observed in patients
with LMD (LMNA-1,6,9,10) (Supplemental Table 2)
which carried mutation of LMNA-truncated
(Supplemental Figure 4F).

CLINICAL PHENOTYPE OF LMNA C.357-2A>G PRIMATES.

Echocardiography, circulatory markers associated
with HF and myocardial injury, and cardiac electro-
physiological characteristics were used to identify the
clinical phenotypes of MT monkeys. It was found that
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FIGURE 2 Construction of LMNA c.357-2A>G Primate Model and Identification at the Molecular Level

Continued on the next page
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except for monkey 192018 who did not develop
symptoms of DCM for the time being, other MT
monkeys showed cardiac remodeling, cardiac func-
tion reduction, myocardial damage, and arrhythmia
phenotypes (Supplemental Figure 5).

Echocardiography revealed a significant decrease
in cardiac function in the MT group, including LVEF
(Figure 3A), fraction shortening (Figure 3B), and aortic
peak systolic velocity (Figure 3C), except in the
asymptomatic monkey (192018). In terms of cardiac
remodeling, statistically significant LV dilatation (LV
end-systolic diameter) was observed (Figure 3E). In
addition, at the LVEDD, left atrial diameter, and LV
posterior wall thickness levels, higher values were
observed in the MT group, but these differences were
not statistically different (Figures 3D, 3F, and 3G).
There was no significant difference in body weight
between the MT and WT groups (Figure 3H), which
ruled out bias in the measurements of heart function
and structure due to weight and growth differences.

By observing the symptoms in the LMNA c.357-
2A>G primate model, we found that the arrhythmia
phenotype in the symptomatic monkeys was earlier
than the cardiac structural and functional abnormal-
ity (Figure 4A), which was similar to the natural his-
tory we observed in the LMD clinical cohort
(Supplemental Figure 2). Fifty percent of the MT
monkeys died by the fourth year (Figure 4B). Among
them, monkey 192007 showed significant multi-organ
edema (pericardial effusion: right ventricle lateral
wall 0.4 cm, right ventricle anterior wall 0.2 cm, and
left ventricle posterior wall 0.4 cm; bilateral pleural
effusion [maximum depth was 2.2 cm]; and diffuse
abdominal effusion), which was relieved after HF
medication (spironolactone 2 mg/kg per day, furose-
mide 2 mg/kg per day, and valsartan-sacubitril 10 mg/
kg per day) (Supplemental Figure 6).

In terms of circulatory indicators, a noteworthy
finding was the significant up-regulation of amino-
terminal pro-brain natriuretic peptide, a recognized
marker of HF, in monkeys 192007 and 192011
(Supplemental Figure 7A). In addition, high-
sensitivity troponin I, a marker of myocardial injury,
FIGURE 2 Continued

(A) The schematic showed the process of generating DCM monkeys (upp

by ABEmax in monkeys (below). (B) Heat map of the editing efficiency i

polymerase chain reaction to amplify LMNA gene Ex1 to Ex3 of MT and

messenger RNA (mRNA) alternative splicing–based TA-cloned sequencing

monkeys via Western blot analysis. LMNA was normalized by glyceralde

monkeys (n ¼ 4), the MT monkeys (n ¼ 3) exhibited lower LMNA prote

*P < 0.05. ABE ¼ adenine base editing; other abbreviations as in Figur
was observed to have higher expression in the MT
group. High expression of myoglobin and creatine
kinase-MB was observed only in monkey 192007
(Supplemental Figures 7B to 7D).

In terms of cardiac electrophysiological features,
we captured atrial fibrillation in monkey 192007 using
a 12-lead ECG (Figure 4C). A single-lead continuous
monitoring ECG device was used, and atrial flutter
was observed in monkey 192011, atrial fibrillation in
monkey 192007, and supraventricular premature
contraction in monkey 192009 (Figure 4D). The pri-
mates underwent biannual ECG monitoring; three
(192007, 192011, and 192009) began to develop ar-
rhythmias around age 3 years, and the arrhythmia
events were continuously observed during subse-
quent monitoring.

HISTOLOGIC PHENOTYPE OF LMNA C.357-2A>G

PRIMATES. Histologic analysis revealed that LMNA
c.357-2A>G primates had similar histologic charac-
teristics as humans. Compared with WT primates, the
cardiomyocyte nucleus of LMNA c.357-2A>G primates
(from 192007 and 192011) was malformed (Figure 4E-I,
Supplemental Figure 8A). In addition, increased
intercellular space (Figure 4E-ii, Supplemental
Figure 8B), fibrosis (Figure 4E-iii, Supplemental
Figures 8C and 8D), and the feature of myocyte
disarray (Figure 4E-iv) were observed. However, no
cardiomyocyte vacuolation was found in the LMNA
c.357-2A>G primate model. Because vacuolar degen-
eration is associated with the accumulation of path-
ologic changes at the organelle level,30 the sacrificed
monkeys might not have had a sufficient duration for
pathologic changes to develop significant vacuolar
degeneration in cardiomyocytes. Compared with
clinical samples, the histologic findings of LMNA
c.357-2A>G primates were highly similar to those of
patients with LMD (Supplemental Figures 8E and 8F,
Supplemental Table 5).

TRANSCRIPTIONAL PROFILE OF LMNA C.357-2A>G

PRIMATES. In terms of pathogenesis, in addition to
the resulting structural defects and reduced me-
chanical strength of cardiomyocytes, LMNA mutation
er) and general outcomes of LMNA c.357-2A>G mutations mediated

n mutated type (MT)-monkey fibroblast. (C) Reverse transcription–

wild-type (WT) monkey’s fibroblast (upper) and percentage of

(below). (D) Comparison of protein levels between the MT and WT

hyde 3-phosphate dehydrogenase (GAPDH). Compared with WT

in expression using a 2-sided Student’s t-test (P ¼ 0.047).

e 1.
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FIGURE 3 Echocardiographic and Weight Characteristics in Primates

The continuous change curve of echocardiographic and weight data between the WT group (192015, 192017, 192028, and 192030) and the MT group (192007,

192009, 192011, and 192018) (left). The month 42 echocardiographic and weight data between the WT group (192015, 192017, 192028, and 192030) and the

symptomatic MT group (192007, 192009, and 192011) (right). (A) Left ventricular ejection fractions (LVEF). (B) Fraction shortening (FS). (C) Aortic peak systolic

velocity (APSV). (D) Left ventricular end-diastolic diameter (LVEDD). (E) Left ventricular end-systolic diameter (LVESD). (F) Left ventricular posterior wall thickness

(LVPW). (G) Left atrial diameter (LAD). (H) Weight. Values are presented as mean � SD. Unpaired 2-sided Student’s t-test was performed when comparing data

from 2 groups. *P < 0.05. ns ¼ not significant; other abbreviations as in Figure 2.
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could affect transcription and gene localization
through lamin–chromatin interactions.31 We
compared transcriptional patterns in LV tissue of MT
primates (n ¼ 6, from 192007 and 192011) and WT
primates (n ¼ 6, from the GSE219045 database) using
RNA-sequencing analysis. Results of the fragments
per kilobase per million mapped fragments suggested
that there was no batch effect between the data
(Supplemental Figure 9A). We captured significantly
differentially expressed genes in the MT group, with
714 genes down-regulated and 807 genes up-
regulated (Figures 5A and 5B). It was found that
there was a distinct clustering of samples from the MT
and WT groups (Figure 5C, Supplemental Figure 9B).

Gene ontology analysis was performed on the up-
regulated and down-regulated gene sets. The down-
regulated differentially expressed genes were found
to be enriched in cardiac action potential, cardiac
conduction, cellular respiration, and fatty acid
oxidation–related biological processes (Figure 5D,
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FIGURE 4 ECG and Histologic Characteristics in Primates

(1) Timeline of symptom onset in MT group primates. (B) Kaplan-Meier curves for the monkeys in the MT and WT groups. (C) Twelve-lead electrocardiogram (ECG)

characteristics of WT (normal ECG phenotype) and MT (atrial fibrillation) monkeys. (D) Single-lead ECG characteristics of WT (normal ECG phenotype) and MT (192011,

atrial flutter; 192007, atrial fibrillation; 192009, supraventricular premature contraction) individuals. (E) Histologic characteristics of LMNA c.357-2A>G primates

(192007 and 192011). (Ei) Nuclear malformation of cardiomyocytes in LMNA c.357-2A>G primates. (Eii) Increased intercellular space in LMNA c.357-2A>G primates.

(Eiii) Fibrosis of heart tissue in LMNA c.357-2A>G primates. (Eiv) Heart tissue of LMNA c.357-2A>G primates was characterized by myocyte disarray. HF ¼ heart

failure; other abbreviations as in Figures 1 and 2.
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FIGURE 5 RNA-Sequencing Analysis Revealed Transcriptional Alteration in LMNA c.357-2A>G Primates

(A) Heatmap showing the up-regulated and down-regulated differentially expressed genes (DEGs) in the left ventricular tissue of LMNA c.357-2A>G primates. (B)

Volcano plot of DEGs. (C) Pearson correlation heatmap of RNA-sequencing showing distinct clustering of monkey samples from the WT and MT groups. (D) Gene

ontology enrichment analysis of the down-regulated genes (n¼ 714) in the MT group. (E) Gene ontology enrichment analysis of the up-regulated genes (n¼ 807) in the

MT group. (F) Gene set enrichment analysis (GSEA) plot showing the biological term of laminin complex (Gene Ontology [GO]: 0043256). (G) GSEA plot showing the

biological term of sequestering of metal ion (GO: 0051238). (H) GSEA plot showing the biological term of extracellular matrix assembly (GO: 0085029). The

Benjamini-Hochberg false discovery rate procedure was used for multiple testing. Abbreviations as in Figure 2.
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Supplemental Figure 9C); meanwhile, the up-
regulated genes were mainly enriched in extracel-
lular matrix and immune cell chemotaxis processes
(Figure 5E, Supplemental Figure 9D). Gene set
enrichment analysis suggested that the biological
processes related to laminin complex (Figure 5F), ion
exchange (Figure 5G), and extracellular matrix
(Figure 5H) were disrupted in the myocardial tissue of
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MT monkeys. These results were consistent with the
findings in the LMNA-related human induced
pluripotent stem cells.32,33

DISCUSSION

The rodent model is the most commonly used model
to study LMD, among which the LMNA c.665 A>C
mouse model developed by Arimura et al9 in 2005 is
one of the representative models widely used. The
pathogenesis of LMD, including alpha-tubulin acety-
lation,34 chromatin architecture disruption,35 and
pathologic activation of the TP53 pathway,36 has been
studied based on rodent models. However, due to the
differences between the phenotypic simulation of
LMD gene-edited rodents and actual clinical practice,
there are issues with the translational efficiency of
current LMD studies.

Large animal models have significant advantages
in translational medicine compared with rodent
models.37,38 In the field of DCM, large animal models,
including gene-edited pig models with RBM20 editing
by transcription activator–like effector nucleases,
have been constructed, yielding successful induction
of DCM phenotypes.39 Despite the similarities be-
tween pigs and humans in terms of anatomy,
genome, and gene expression, primates have not yet
been used for the construction of DCM models. With
the mature application of gene-editing technology in
primates,40 the development of an inherited DCM
primate model becomes possible.

To provide a more intuitive phenotype for valida-
tion of the LMD monkey model, we observed the
specificity of clinical and histologic features in pa-
tients with LMD using a DCM cohort. By comparing
LMD with TMD and mutation-free DCM, it was found
that LMD had a significant arrhythmia event rate,
which was consistent with the characteristic clinical
characteristics of LMD found in previous studies.41

These clinical data further confirmed that patients
with TTN mutation types had milder clinical charac-
teristics than patients with LMD.42 Moreover, in our
cohort, we found that patients with LMD underwent
HTx with a lower degree of cardiac remodeling
(LVEDD) and function reduction (LVEF), and we
found that it was related to the patient’s intolerance
to arrhythmia and the priority consideration of the
transplant committee. Histologically, the heart tissue
of patients with LMD had characteristic pathologic
changes (including nuclear malformation, car-
diomyocyte vacuolation, increased intercellular
space, and myocyte disarray). LMNA is the building
block of the filamentous network lining the nucleo-
plasmic side of the inner nuclear membrane, and
mutation of LMNA leads to impaired nuclear rigidity
and nuclear malformation.43 The phenotype of car-
diomyocyte vacuolation in patients with LMD was
related to the presence of perinuclear autophago-
somes and autolysosomes, which were used to
dispose of nuclear wastes produced by nuclear dam-
age.44 In addition, increased intercellular space be-
tween cardiomyocytes may be associated with
cardiomyocyte atrophy caused by LMNA mutations.45

In this study, we found that patients with LMD,
compared with TMD and DCM control patients, had a
higher degree of myocyte disarray, which was related
to cytoplasmic actin filament disturbance and struc-
tural remodeling in end-stage heart disease.45,46

To determine the characterization of clinical phe-
notypes in the LMNA c.357-2A>G primate model, we
observed pathologic features, cardiac remodeling,
reduced cardiac function, myocardial injury, and
cardiac electrophysiological abnormalities in pri-
mates. In terms of pathologic features, the primate
model exhibited typical features of nuclear malfor-
mation, fibrosis, enlargement of intercellular space,
and myocytes disarray, but cardiomyocyte vacuola-
tion was not found in the MT group, which might be
related to the limited age of primates within 4 years.
By comparison, the histologic phenotypes of human
patients were not fully observed in the study of LMD
mice, and the dominant histologic phenotypes of
LMD mice were increased intercellular space and
fibrosis28; however, fibrosis lacked LMD specificity. In
terms of structural remodeling and cardiac function
reduction, we found significant phenotypic changes
as DCM by echocardiography, and circulatory markers
were found to be significantly elevated in individuals
with HF phenotypes. In addition, monkey 192011
(moribund in month 42) had high expression of cir-
culatory markers of myocardial injury. In terms of
cardiac electrophysiology, arrhythmic events were
observed in MT individuals except for the asymp-
tomatic monkey (192018).

Due to the differences in electrophysiology be-
tween the mouse and human,47 mouse models cannot
faithfully simulate the characteristics of clinical
arrhythmia.9 By comparing the natural history be-
tween the monkey model and the LMD clinical
cohort, we found that arrhythmia events occurred
earlier than the structural and functional abnormality
of the heart, which, on the one hand, further sup-
ported the simulation of LMD in the primate model;
on the other hand, it suggested that early interven-
tion (including arrhythmia therapy, exercise intensity
limitation, and avoiding medications related to heart
damage) of LMD should take the occurrence of
arrhythmia events as the initial time node and follow



PERSPECTIVES

COMPETENCY IN PATIENT CARE AND PROCE-

DURAL SKILLS: Based on the natural history of

LMD, early cardiac risk management and diagnosis of

carriers of LMNA mutations require a focus on the

occurrence of arrhythmia events.

TRANSLATIONAL OUTLOOK: LMD primates

exhibited ventricular dilatation and reduced cardiac

function, consistent with the natural history in pa-

tients with LMD, and LMD primates showed high

similarity to humans in electrophysiological, histo-

logic, and transcriptional characteristics. These simi-

larities supported the LMD primate model as a reliable

platform for preclinical translational studies of LMNA-

mutated DCM.
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the cardiac structure and function closely after the
occurrence of arrhythmia.48,49 It is difficult to observe
a similar natural history in LMD mice due to prema-
ture death within few weeks,50 and because the
treatment of LMD is a long-term process, LMD mon-
keys provide a platform for translational research
with sufficient intervention time. At the transcrip-
tional level, RNA-sequencing data of LMD monkeys
confirmed the disturbance on action potential, ion
transfer, fatty acid metabolism, and cardiomyocyte
contraction. These results provided ideas for deter-
mining therapeutic targets, and the similarity in gene
expression between monkeys and humans provides
assurance for the translational value of these thera-
peutic targets.51

STUDY LIMITATIONS. Our study focused on pheno-
typic analysis and lacked detailed exploration of the
cellular biological mechanism of DCM caused by
LMNA c.357-2A>G.

CONCLUSIONS

In this study, we constructed a primate model that is
highly consistent with clinical LMD characteristics,
which potentially has higher clinical translational
value. In addition, because this primate model of
LMD does not have the problems of fetal death and
juvenile death, it can provide an experimental plat-
form for the development of long-term therapeutic
methods and continuous phenotype observation. We
hope that this primate model can provide a bridge
from basic research to clinical application for the
precision intervention of LMD and gene therapy of
hereditary diseases.
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