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Patients with Hutchinson—Gilford progeria syndrome (HGPS) present with a number of
premature aging phenotypes, including DNA damage accumulation, and many of them
die of cardiovascular complications. Although vascular pathologies have been reported,
whether HGPS patients exhibit cardiac dysfunction and its underlying mechanism is
unclear, rendering limited options for treating HGPS-related cardiomyopathy. In this
study, we reported a cardiac atrophy phenotype in the Lmna®*%'“*% mice (hereafter,
HGPS mice). Using a GFP-based reporter system, we demonstrated that the efficiency
of nonhomologous end joining (NHE]) declined by 50% in HGPS cardiomyocytes
in vivo, due to the attenuated interaction between YH2AX and Progerin, the causative
factor of HGPS. As a result, genomic instability in cardiomyocytes led to an increase
of CHK2 protein level, promoting the LKB1-AMPKa interaction and AMPKa phos-
phorylation, which further led to the activation of FOXO3A-mediated transcription
of atrophy-related genes. Moreover, inhibiting AMPK enlarged cardiomyocyte sizes
both in vitro and in vivo. Most importantly, our proof-of-concept study indicated that
isoproterenol treatment significantly reduced AMPKo and FOXO3A phosphorylation
in the heart, attenuated the atrophy phenotype, and extended the mean lifespan of
HGPS mice by ~21%, implying that targeting cardiac atrophy may be an approach to
HGPS treatment.

Hutchinson-Gilford progeria syndrome | cardiac atrophy | DNA repair |
nonhomologous end joining | aging

HGPS is a rare premature aging syndrome caused by a single point mutation, G608G,
in the human LMNA gene (G609G in the mouse Lmna gene), leading to the accumulation
of Progerin, the disease-causing mutant form of the Lamin A protein (1, 2). According
to the Progeria Research Foundation, the mean lifespan of HGPS patients is approximately
14.5 y. HGPS patients develop cardiovascular diseases, as evidenced by phenotypes asso-
ciated with atherosclerosis, and predominantly die because of heart failure, myocardial
infarction, and stroke (3). Several studies have explored the mechanisms underlying the
vascular pathologies in HGPS (4, 5). However, whether and how Lamin A mutation
directly causes heart dysfunction remains to be investigated in order to develop potential
approaches to treat cardiac abnormalities in HGPS.

The rise in genomic instability is a hallmark of aging (6). While no significant differences
were observed in the accumulation of single nucleotide variants in the hearts of HGPS
mice (7), it is important to note that both HGPS mice and human HGPS cells display
increased genomic instability and heightened sensitivity to DNA damage inducers, par-
ticularly those that cause double-strand breaks (DSBs) (8, 9). These findings suggest that
the accumulation of Progerin might result in impaired DSB repair in HGPS. Homologous
recombination (HR) impairment in HGPS cells and Lmna-depleted cells has been well
documented, while the alteration of nonhomologous end joining (NHE]) remains con-
tradictory in the literature (4, 8-10). These studies indicate that the dysregulation of
NHE] in HGPS may be context-dependent, and further clarification is needed to fully
understand this aspect.

Defects in DSB repair contribute to cellular senescence or apoptosis (11, 12), but the
connections between DSB repair alterations and tissue homeostasis have not been exten-
sively studied. In the case of cardiomyocytes, whether Progerin leads to changes in NHE],
the dominant DSB repair pathway in postmitotic cells, and whether such changes con-
tribute to heart dysfunction in HGPS are still not well understood. The lack of an appro-
priate tool for studying the change in NHE] in vivo is the major obstacle that hampers
one from addressing the critical question. We previously developed an NHE] reporter
mouse model, R26NHE] (13), for ex vivo NHE] efficiency analysis. However, the assay
requires isolating and culturing cells and introducing vectors expressing the I-Scel endo-
nuclease to induce DSBs. Due to the technical challenges associated with isolating and
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introducing exogenous DNA into primary adult cardiomyocytes,
it is necessary to create inducible-I-Scel mice that can be crossed
with R26NHE] mice. The resulting offspring can be used to meas-
ure changes in NHE] efficiency in cardiomyocytes in vivo.

Adenosine monophosphate (AMP)-activated protein kinase
(AMPK) functions as an energy sensor and comprises an o cata-
lytic subunit along with regulatory f and y subunits. It monitors
the intracellular AMP: adenosine triphosphate ratio, ensuring a
balance between anabolism and catabolism (14). While it is
expected that cellular energy expenditure would be altered in
response to genotoxic stress, the impact of DNA damage on
AMPK activity remains unclear (14). Additionally, AMPK has
been implicated in counteracting cardiac hypertrophy, and several
AMPK activators have been utilized for this purpose (15).
However, whether persistent activation of AMPK disrupts the
cardiac homeostasis has not been extensively assessed.

In this study, we reported a cardiac atrophy phenotype, as well
as an increasing amount of DSBs in the cardiomyocytes of a
Linna®°P%5C (hereafter, HGPS) mouse model (5). Moreover,
a transgenic mouse model was successfully established to provide
direct evidence of NHE] defects in the cardiomyocytes of HGPS
mice. We subsequently dissected the molecular mechanism by
which NHE] deficiency led to the cardiac atrophy in HGPS car-
diomyocytes through the CHK2-AMPKa-FOXO3A axis. In
addition, through the utilization of isoproterenol (ISO), a U.S.
Food and Drug Administration (FDA)-approved drug (16), we
also identified possible intervention options that may be clinically
utilized to treat HGPS patients.

Results

HGPS Mice Exhibit the Phenotype of Cardiac Atrophy. Cardiac
aging is often accompanied with cardiac hypertrophy (17). To
examine whether this outcome is present in HGPS cardiomyocytes,
hearts were dissected from a previously reported HGPS mouse
model (5). Contrary to our speculation, we observed smaller hearts,
as determined by the ratio of heart weight to tibia length (HW/
TL), in the 13- to 15-wk-old HGPS mice than in the age-matched
wildtype (WT) mice (Fig. 1 A and B and SI Appendix, Fig. S1A).
Hematoxylin and eosin (H&E) staining at the level of papillary
muscle confirmed that the hearts of HGPS mice were obviously
smaller than those of WT mice (Fig. 1C). However, the histological
morphology of the heart and the extent of cardiac fibrosis, which
was assessed by Masson’s trichrome staining, showed no significant
alterations (Fig. 1C). Immunostaining experiments with wheat
germ agglutinin (WGA) (Fig. 1D) staining for cross-sectional area
(CSA) analysis were also performed. Consistently, quantification of
the cardiomyocyte CSA revealed that the cardiomyocyte size in the
HGPS mice was actually significantly reduced, by ~20% (Fig. 1E).
Adult cardiomyocytes were then isolated from WT and HGPS
hearts, and measuring the cell size ex vivo further confirmed our
observation (Fig. 1 Fand G). Furthermore, our findings revealed
a significant decrease in heart weight with increasing age in HGPS
mice, whereas in WT mice, the heart weight gradually increased
(Fig. 1H). We also found that the apoptotic rate was significantly
increased in HGPS cardiomyocytes compared to that of WT
cardiomyocytes (S Appendix, Fig. S1 B-D). However, the increased
apoptotic rate did not lead to a significant reduction in the number
of cardiomyocytes in HGPS hearts (SI Appendix, Fig. S1E).
Furthermore, associated with the phenotype of cardiac atrophy, an
echocardiographic (ECHO) analysis confirmed that parameters
reflecting cardiac functions, including ejection fraction (EF) and frac-
tional shortening (FS), were significantly reduced in HGPS mice,
indicating deteriorated cardiac function (Fig. 1 /and Jand S7 Appendix,
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Fig. S1F). Data mining of previously published RNA-seq results
obtained with HGPS and WT mouse hearts (7) revealed that a num-
ber of genes were differentially expressed between the two groups.
Particularly, genes enriched in pathways that regulate cell growth and
cell size were down-regulated, while genes in pathways regulating
cellular responses to DNA damage, macromolecule catabolism, and
the proapoptotic process, were up-regulated in HGPS hearts (Fig. 1
Kand L and SI Appendix, Fig. S2). Notably, two major regulators
facilitating protein degradation and muscle atrophy, namely, Fbx032
(also known as Atrogin-1) and 77im63 (also known as MURF1) (18,
19), were both found to be significantly up-regulated in the hearts
of the HGPS mice (S Appendix, Fig. S2), consistent with the
observed cardiac atrophy phenotype.

The In Vivo Reporter System Reveals Impaired NHE) Capacity in
HGPS Mouse Cardiomyocytes. The rise in genomic instability is
the fundamental hallmark of premature aging and physiological
aging, and accumulation of DSBs has been observed in both
naturally aged and HGPS animals or humans (8, 20-23). To
dissect the molecular mechanism underlying cardiac atrophy in
HGPS mice, we sought to examine genomic stability in HGPS
hearts. Genes involved in DNA damage response were found to
be up-regulated in HGPS hearts (S] Appendix, Fig. S2), indicating
an elevated level of DNA damage. To further support this finding,
YH2AX, a marker of DSBs, was assessed in the hearts of HGPS
mice. Both western blot analysis and immunofluorescence assays
revealed that the amount of YH2AX was significantly increased in
the hearts of HGPS mice compared to that of WT mice (Fig. 2
A-D and SI Appendix, Fig. S3A4). Next, cardiomyocytes were
isolated from the hearts of HGPS mice and WT mice for use in
a comet assay. The results confirmed that genomic instability was
increased by ~1.7-fold in HGPS cardiomyocytes (Fig. 2 E'and F).
Moreover, a similar result was obtained when genomic instability
was measured by another well-accepted parameter, namely, the
percentage of DNA in the tail (24) (S Appendix, Fig. S3B).
While accumulating evidence suggests that deficiencies in DSB
repair are closely related to aging in various organs, the role of DSB
repair alterations in cardiomyopathy has not been extensively stud-
ied. Since the NHE] pathway is active primarily during the G1
stage (26), which is the cell cycle phase where postmitotic adult
cardiomyocytes are arrested, we hypothesized that Progerin impairs
DSB repair via NHE], thereby destabilizing the genome in cardi-
omyocytes. In our previous studies, we developed an R26NHE]
reporter mouse with a GFP-based NHE] reporter integrated at the
Rosa26site for ex vivo NHE] efficiency analysis (Fig. 2G) (13, 27).
The I-Scel-encoding plasmid was transfected into primary cells
isolated from R26NHE] mice to generate a DSB in the reporter,
and successful NHE] reconstituted functional GFP. Although sev-
eral protocols have been optimized, it is technically difficult to
extract and maintain primary adult cardiomyocytes in vitro, and
introducing exogenous DNA into primary cardiomyocytes is
extremely inefficient via traditional approaches (28, 29). Thus, to
test our aforementioned hypothesis, in vivo analysis tools need to
be established for examining the change in NHE] efficiency in
HGPS hearts. We therefore created a transgenic mouse model, named,
tgBreaker, that harbored a doxycycline-inducible I-Scel expression vec-
tor (Fig. 2H) (30, 31). We first characterized the tgBreaker mice by
feeding them doxycycline-supplemented water for 9 consecutive days
(ST Appendix, Fig. S4A). As expected, I-Scel expression was observed
in several organs such as hearts (S Appendix, Fig. S4 B and C). Given
that previous studies have shown cell type—specific expression patterns
in transgenic mice (32), we conducted further investigations to ascer-
tain the specific cell types in which the expression of I-Scel is induced
upon doxycycline treatment. Coimmunostaining experiments with
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Fig. 1.

HGPS mice exhibit the cardiac atrophy phenotype. (A) Hearts dissected from WT and HGPS mice. (Scale bar: 500 um.) (B) Relative heart weight measured

by the ratio of heart weight (mg) to tibia length (mm) (n > 5 mice per group). (C) H&E and Masson's trichrome staining of WT and HGPS hearts. (Scale bar: 500
um.) (D and E) The cross-sectional area (CSA) of cardiomyocytes. Immunofluorescence staining of cardiac tissues with Alexa Fluor 594-WGA conjugate is shown
in (D). (Scale bar: 200 um.) Each dot represents one mouse in the left panel of (E) (WT, n = 5; HGPS, n = 6). The detailed cell size data for two representative mice,
which are highlighted in red color, are shown in the right panel (each dot represents one cardiomyocyte). (F and G) Relative CSA of cardiomyocytes dissociated
from WT and HGPS mice. (Scale bar: 50 um.) The value was normalized to tibia length. (H) The heart weight of WT and HGPS mice at the indicated ages. (/ and J)
Analysis of cardiac function in 13- to 15-wk-old mice via echocardiography. Each dot represents one mouse. (K and L) Gene Ontology analysis based on the
RNA-seq data [GSE124087 (7)] of WT and HGPS mouse hearts (n = 4). Mann-Whitney U test for (B, E, and G-).

antibodies against HA (I-Scel) and the cardiomyocyte marker
o-Actinin or the fibroblast marker Vimentin revealed that I-Scel was
expressed in the nucleus of cardiomyocytes, and we observed that 35%
of the cardiomyocytes analyzed expressed I-Scel (S7 Appendix, Fig. S4
D-G). Confocal z-stack immunofluorescence labeling confirmed that
I-Scel was specifically expressed in the nucleus of a-Actinin-positive
cardiomyocytes (S Appendix, Fig. S4H).

We then crossed the tgBreaker mice with R26NHE] reporter
mice and obtained Rosz26™ "5+ tgBreaker mice. After 15 consec-
utive days of doxycycline administration, immunofluorescence
experiments with antibodies against GFP and a-Actinin revealed
that ~30% of the cardiomyocytes had successfully undergone
DSB repair via NHE] (87 Appendix, Fig. S4 A, I, and J). We then
bred the Rosa26™""* mice with tgBreaker mice and Lmnad"5!
mice to obtain LmnaS"C/C%C Rosa 26N HE* tgBreaker (HGPS
Rosa26~1E/ tgBreaker) mice. After feeding the HGPS or control

PNAS 2023 Vol.120 No.47 2309200120

Ro5a26™"™"" tg Breaker mice doxycycline-supplemented water for
15 consecutive days, we killed the mice and harvested the hearts
for analysis of NHE] efficiency (Fig. 27). We found that the per-
centage of GFP* cardiomyocytes was significantly reduced, by
~50%, in the hearts of the HGPS mice (Fig. 2 /and K), indicating
impaired NHE] pathway in the cardiomyocytes. Moreover, we
did not observe any difference in the transcript level of Rosa26
(Fig. 2L) and the HA-I-Scel expression and cutting efficiency
(Fig. 2M and SI Appendix, Fig. S4K) in HGPS and control
Rosa26™" tg Breaker mice.

The Impaired Interaction of Progerin and YH2AX Attenuates the
Recruitment of Mutant Lamin A to Damage Sites, Disrupting
the NHE]J Signaling Cascade. Since Lamin A is an endogenous
activator of SIRT6 (33), which is recruited to DSB sites to regulate
NHE] (34-36), we hypothesized that Lamin A, but not Progerin,
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Fig.2. Progerin-mediated NHE] impairment contributes to genome instability in the cardiomyocytes of HGPS mice. (A and B) yH2AX levels in WT and HGPS hearts
(WT, n =5; HGPS, n = 6). (C and D) Analysis of the yH2AX level in the cardiomyocytes by coimmunostaining with antibodies against yH2AX and cardiomyocyte
marker a-Actinin (Scale bar: 50 um) (n = 5). (E and F) Analysis of genomic stability by comet assay (WT, n = 8; HGPS, n = 13). For the left panel in (F), each dot
represents one mouse. The right panel shows the tail moment distribution for the mice highlighted in red in the left panel, and each dot represents one comet.
(G) Schematic diagram showing the NHE] reporter. (H) Schematic diagram showing the inducible I-Scel expression system for the construction of tgBreaker mice.
(/) Experimental design for NHEJ efficiency analysis. (/ and K) NHEJ efficiency of cardiomyocytes from 10- to 12-wk-old WT and HGPS mice (n = 5). (Scale bar: 50
um.) (L and M) Transcription of the Rosa26 locus and HA-I-Scel expression in the hearts of WT and HGPS mice fed doxycycline. (N) Chromatin immunoprecipitation
(ChIP) assay showing the recruitment of Lamin A and Progerin to DSB sites in previously reported NHEJ-I9A reporter cell line (25). (O) Analysis of Lamin A/
Progerin-yH2AX interaction in HEK293T cells. Cells were treated with or without 50 pM bleomycin for 2 h to induce DNA damage. (P) Analysis of the interaction
between Lamin A mutants with yH2AX in HEK293T cells. (Q and R) Immunofluorescence analysis of 53BP1 in WT and HGPS hearts (n = 5). (Scale bar: 50 um.) The

error bars indicate the SEM values if not specifically indicated. Student's t test for (N-P), and Mann-Whitney U test for other panels.

is recruited to DSB sites to activate the subsequent NHE]
signaling cascade. Using our NHEJ-I9A reporter cell line (25,
37-39), we found that Lamin A, but not Progerin, was recruited
to the I-Scel-generated DSB sites (Fig. 2V). The formation of
YH2AX at DSB sites is suggested to serve as docking sites for DSB
damage response proteins such as 53BP1 (40, 41); therefore, we
sought to determine whether the failed recruitment of Progerin to
DSB sites is due to the diminished interaction between Progerin
and YH2AX. Indeed, we observed that Lamin A interacted
with YH2AX, while Progerin showed a markedly diminished
interaction with YH2AX after DNA damage was induced in

40f12 https://doi.org/10.1073/pnas.2309200120

HEK293T cells and NRVCs (Fig. 20 and SI Appendix, Fig. S5A4).
Furthermore, co-IP experiments using two previously reported
Lamin A mutants, permanently farnesylated Lamin A-L647R (42)
and unfarnesylated Progerin-SSIM (43), indicated that both the
presence of farnesylation and the loss of 50 amino acids in Progerin
contributed to the decrease in the interaction between YH2AX
and Progerin (Fig. 2P). Moreover, consistent with previous reports
(8,9), immunofluorescence experiments indicated that, although
the number of DSBs in HGPS cardiomyocytes was much higher
than that in WT mice (Fig. 2 A-D), the number of 53BP1 foci
was significantly reduced in the cardiomyocytes of HGPS mice

pnas.org
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(Fig. 2 Qand Rand 81 Appendix, Fig. S5B). These results indicate
that the structural alteration of Progerin diminished its interaction
with YH2AX, thereby suppressing the recruitment of Progerin to
DSB sites and abolishing the subsequent recruitment of critical
DNA damage response proteins such as 53BP1.

DNA Damage Checkpoint Regulator CHK2 Interacts with AMPKax.
It is predictable that the decline in NHE] destabilizes the genome,
thereby promoting the apoptosis of cardiomyocytes (44, 45).
However, whether the NHE] decline-mediated increase in genome
instability causes cardiac atrophy in HGPS mice remained to be
determined. Previous studies have demonstrated that unrepaired
DSBs might cause a persistent DNA damage response, which
is mainly mediated via ATM and CHK2 in G1 phase-arrested
cells (46). In the present study, a western blot analysis indicated

that both the phosphorylation levels of ATM and CHK2, as well
as the protein level of CHK2, were increased in HGPS mouse
hearts (Fig. 3 A and B and S/ Appendix, Fig. S6 A and B). The
increased CHK2 protein level was not due to the upregulation
of CHK2 mRNA expression (SI Appendix, Fig. S6C), indicating
that, consistent with previous reports (47, 48), CHK2 might
be regulated at the posttranslational level. AMPKa is the key
protein regulating the size of muscle cells and the hypertrophic
growth of the heart (49), and its activation is dependent on the
phosphorylation at the Thr172 site within the catalytic domain
(50). A western blot analysis revealed that the phosphorylation
level of AMPKa was significantly increased in the hearts of the
HGPS mice (Fig. 3 C and D). Immunofluorescence experiments
were also performed to confirm our finding (Fig. 3 £ and F).
Since AMPKa activity was reduced by overactivated DNA-PKcs
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Fig. 3. CHK2 interacts with AMPKa. (A and B) Protein levels of phosphorylated CHK2 (pCHK2) (Thr68) and CHK2 in WT and HGPS hearts (n = 6 mice). (C and D)
Protein levels of phosphorylated AMPKa (pPAMPKa) (Thr172/183) in WT and HGPS hearts (WT, n = 7; HGPS, n = 8). (€ and F) Analysis of the pAMPK« level in the
cardiomyocytes of WT and HGPS mice (n = 5 mice). (Scale bar: 50 um.) (G) Protein interaction between CHK2 and AMPKa in HEK293T cells. Cells transfected with
the indicated vectors were harvested for co-IP with an antibody against GFP. (H) Validation of the protein interaction between CHK2 and AMPKa with an in situ
PLA assay. (Scale bar: 5 pm.) (/) Analysis of the CHK2-AMPKa interaction with an in vitro pull-down assay. (/) Schematic representation of Flag-tagged full-length
and truncated AMPKa. (K) Identification of the domains in AMPKa that mediate its interaction with CHK2. (L) Schematic representation showing GFP-tagged
full-length and truncated CHK2. (M) Identification of the domains in CHK2 that mediate its interaction with AMPKa. All experiments were repeated at least three
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in aged skeletal muscle (51), we performed a western blot analysis
with antibodies against DNA-PKcs and its phosphorylated
form. We ruled out the possibility that the alteration of AMPKa
phosphorylation was mediated by DNA-PKcs, as its expression
and phosphorylation were not significantly changed in the hearts
of HGPS mice (SI Appendix, Fig. S6 D and E). Several possible
reasons might explain the difference in DNA-PKcs activation
between the HGPS and normally aged mice. First, in comparison
to normal cells, HGPS vascular smooth muscle cells and fibroblasts
showed decreased nuclear distribution of DNA-PKcs (52). Second,
reduced 53BP1 recruitment to DNA damage sites in HGPS cells
might impair the transduction of the NHE] signaling cascade,
which may have resulted in the unsuccessful activation of DNA-
PKcs. Finally, the differences may be tissue specific.

Since both ATM and CHK2 are activated in HGPS hearts, we
hypothesized that the upregulation of AMPKa phosphorylation
levels was mediated by ATM and/or CHK2. Co-IP experiments
demonstrated that AMPKa interacted with CHK2, but no obvi-
ous interaction between ATM and AMPKa was observed (Fig. 3G
and SI Appendix, Fig. S6 Fand G), suggesting that AMPKa might
be a substrate of the CHK2 kinase. To test this possibility, subcel-
lular fractionation with HEK293T cells and co-IP experiments
with the cytosol and nuclear fractions were performed, and our
results showed that CHK2 and AMPKa interacted mainly in the
nucleus (87 Appendix, Fig. S6H). A proximity ligation assay (PLA)
confirmed the interaction between CHK2 and AMPKa in the
nucleus (Fig. 3H). Moreover, using purified recombinant proteins,
the interaction between CHK2 and AMPKa was observed in vitro
(Fig. 31). Then, we set out to determine which domains in AMPKa
interacted with CHK2. Vectors encoding different domains of
AMPKoa and CHK2 were created on the basis of previous studies
(53, 54). By performing co-IP experiments with vectors expressing
full-length and truncated AMPKa or CHK2, we found that both
the kinase domain and p-SID domain of AMPKa interacted with
CHK?2 (Fig. 3 / and K). Co-IP experiments also revealed that the
FHA and kinase domains of CHK2 interacted with AMPKa
(Fig. 3 L and M).

CHK2 Promotes the LKB1-AMPK« Interaction to Activate AMPKx
and FOXO3A-Mediated Pro-Atrophic Signaling. Because CHK?2 is
a kinase, we first speculated that the CHK2-AMPKa interaction
contributes to the CHK2-mediated phosphorylation and activation
of AMPKa. As expected, we found that CHK2 overexpression
promoted AMPKa phosphorylation (Fig. 44), and knocking down
CHK?2 abolished the stress-dependent upregulation of AMPKa
phosphorylation (Fig. 4B and S/ Appendix, Fig. S7A). However, the
enzymatically dead CHK2 mutant CHK2-D347A (55) interacted
with AMPKa (S] Appendix, Fig. S7B), and retained the stimulatory
effect on AMPKa phosphorylation (Fig. 4C). Consistently, inhibiting
the CHK2 kinase with its inhibitor BML-277 (56) did not abolish
the stress-dependent phosphorylation of AMPKa (Fig. 4D). These
results indicate that the stimulation of AMPKa phosphorylation by
CHK2 was independent of its enzymatic activity. Since AMPKa
is the substrate of LKB1 (57), we hypothesized that CHK2 might
promote the LKB1-AMPKu interaction to facilitate the subsequent
phosphorylation of AMPKa by LKB1. Co-IP experiments revealed
that CHK2 interacted with LKB1 (Fig. 4E'and S/ Appendix, Fig. S7C),
and the interaction was mediated by the FHA and kinase domains
of CHK?2 (81 Appendix, Fig. S7D). Moreover, CHK2 overexpression
greatly enhanced the LKB1-AMPKa interaction (Fig. 4F and
SI Appendix, Fig. S7E), while depleting CHK2 expression attenuated
the LKB1-AMPKa interaction (Fig. 4G and ST Appendix, Fig. S7F).
Thus, we hypothesized that CHK2 acts as a scaffold to improve
LKB1-AMPKa interaction. Consistently, deleting FHA and kinase
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domains (SCD-GFP) abolished the stimulatory effect of CHK2 on
LKB1-AMPKa interaction (Fig. 4H).

Previous studies have shown that AMPKa phosphorylates the
atrophy-related transcription factor Forkhead BoxO3 (FOXO3A)
(58) at the Ser 413 residue, resulting in its activation. Additionally,
AMPKa inhibits the mTOR signaling pathway to delay anabolic
processes (59). As expected, we observed an increase in the phos-
phorylation level of FOXO3A in the hearts of HGPS mice (Fig. 4 /
and J and ST Appendix, Fig. S7G). We also examined the phos-
phorylation levels of 4EBP1 and S6K1, two critical downstream
signaling factors of the mTOR pathway. The results showed that
phosphorylation of 4EBP1 was down-regulated, but there was no
obvious change in S6K1 phosphorylation in the hearts of the
HGPS mice (SI Appendix, Fig. S7 H-K). FOXO3A has been
reported to activate the transcription of several cardiac and skeletal
muscle-specific atrophy-related ubiquitin ligases, such as Atrogin-1
(Fbx032) and MURF1 (7Trim63) (18, 19). Therefore, real-time
quantitative PCR was performed, and the results clearly demon-
strated that the mRNA levels of both factors were significantly
elevated in the HGPS hearts (Fig. 4 K'and L), consistent with the
RNA-seq data (8] Appendix, Fig. S2). To validate our findings
in vitro, primary NRVCs were subjected to X-rays, and AMPKa
phosphorylation and atrogene expression were then analyzed. The
immunostaining results analyzed with a high-content imaging
system revealed that AMPKa phosphorylation was significantly
elevated after the X-ray treatment (Fig. 4 M and Vand SI Appendix,
Fig. S7 L and M), and the transcription of Fbx032 and Trim63
was activated (Fig. 4 O and P). To further validate our findings,
NRVC:s transfected with siRNA against CHK2 or control siRNA
were irradiated, and RT-qPCR analysis confirmed that both the
transcription of Fbx032 and Trim63 were significantly decreased
in CHK2 knockdown NRVCs compared to control cells (Fig. 4
Q-S5). Moreover, depletion of CHK2 significantly increased the
cardiomyocyte size measured by the area of individual NRVCs
(Fig. 4 T'and U). Together, these data demonstrate that the DNA
damage-induced increase in the CHK2 protein level promotes
LKB1-mediated AMPKa phosphorylation to activate FOXO3A,
resulting in elevated cardiac atrophy programs.

Targeted Inhibition of AMPK Activity Enlarges the Heart of HGPS
Mice. To further demonstrate that the phenotype of cardiac atrophy
is mediated by the activity of AMPKa, NRVCs were treated with
the AMPK inhibitor, Compound C (CC) (60-62), then stained
with anti-pAMPKa or/and anti-a-Actinin, and analyzed on a high-
content imaging system. CC treatment significantly decreased the
level of phosphorylated AMPKa (Fig. 5 A and B) and increased the
cell size of NRVC:s (Fig. 5 C and D). To investigate the efficacy of
CC treatment in vivo, HGPS mice were injected intraperitoneally
with CC (10 mg/kg) for four times with a 3-d interval between
each injection (Fig. 5E). Consistently, CC significantly enlarged
the heart, as well as the size of the cardiomyocytes (Fig. 5 F~H) of
HGPS mice. In addition, the phosphorylation of both AMPKa
and FOXO3A (Fig. 5 I-L) was greatly attenuated after CC
injection, indicating that the AMPK-mediated atrophy-promoting
signaling was inhibited. Collectively, our data demonstrated that
targeting AMPK could significantly ameliorated the cardiac
atrophic phenotype both in vitro and in vivo.

Forced Enlargement of Cardiomyocytes to a Normal Size
Reestablishes Cardiac Function and Extends the Lifespan
of HGPS Mice. AMPK is a master regulator of the whole-body
energy balance, thus directly targeted inhibition of AMPK with
CC might influence the energy homeostasis of multiple organs and
not be a suitable clinical approach. Therefore, we set out to look
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Fig.4. CHK2 activates AMPKa by enhancing its interaction with LKB1. (A) CHK2 overexpression on AMPKa phosphorylation level after exposure to 10 Gy ionizing
radiation (IR). (B) The effect of CHK2 depletion on AMPKa phosphorylation post IR. (C) The effect of overexpressing WT or enzymatically dead CHK2 on AMPKa
phosphorylation post IR. (D) The effect of treatment with 10 uM CHK2 inhibitor BML-277 on AMPKa phosphorylation. (E) Analysis of CHK2-LKB1 interaction in
HEK293T cells. (F) The effect of CHK2 overexpression on the AMPKa-LKB1 interaction. (G) Analysis of AMPKa-LKB1 interaction in CHK2-knockdown HEK293T cells.
(H) The effect of overexpressing full-length or truncated CHK2 on the AMPKa-LKB1 interaction. (/ and /) Immunofluorescence staining of phosphorylated FOXO3A
in heart sections (WT, n = 5; HGPS, n = 6). (Scale bar: 50 um.) (K and L) Analysis of the mRNA levels of Fbxo32 (K) and Trim63 (L) in the hearts (WT, n = 5; HGPS,
n =7). (M and N) Analysis of pAMPKa intensity in NRVCs at 15 min post 10 Gy IR. The intensity of the pAMPKa signal was analyzed on a high-content imaging
platform. Each dot represents the average pAMPKa signal intensity per cardiomyocyte nucleus per well. (Scale bar: 50 um.) (O and P) Analysis of the mRNA levels
of Fbxo32 (0) and Trim63 (P) in NRVCs at 48 h post 10 Gy IR. (Q-S) Analysis of the mRNA levels of Chk2 (Q), Fbx032 (R), and Trim63 (S) in NRVCs transfected with
SiRNA against CHK2 or control siRNA at 24 h post 10 Gy IR. (T and U) Analysis of the cell sizes of NRVCs transfected with siRNA against CHK2 or control siRNA
on a high-content imaging platform. (Scale bar: 50 um.) The error bars indicate the SEM values in (/-L) and the SD values in (0-S). Mann-Whitney U test for (/-L)
and Student’s t test for other panels.
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Student’s t test for (B and D), and Mann-Whitney U test for (F, H, J, and L).

for clinically approved methods that can be employed to induce
hypertrophic cardiomyocyte growth and to investigate whether
cardiac atrophy, as well as decreased cardiac function and lifespan,
in HGPS mice can be rescued. Isoproterenol (ISO), a f-adrenergic
agonist, is a common stimulus for cardiac hypertrophy in vitro
and in vivo and has been widely used in the clinic to treat heart
block and bradycardia (16). Moreover, a previous study showed
that ISO inactivated AMPKa in cardiomyocytes (63). Consistent
with this, we confirmed that ISO treatment significantly reduced
the phosphorylation of AMPKa in NRVCs (87 Appendix, Fig. S8
A and B), and increased the size of cardiomyocytes (SI Appendix,
Fig. S8 Cand D).

Therefore, we explored the efficacy of ISO treatment in atten-
uating cardiac atrophy in HGPS mice in vivo. Mice that were 8
to 9 wk old were injected with ISO twice for 7 consecutive days
each time with a 14-d interval between the two treatment periods.
ECHO was performed on the mice before the ISO injection and
on Day 7 after the second period of ISO injection. The mice
receiving ISO treatment were also analyzed by immunostaining
and for ascertaining heart weight and lifespan (Fig. 6A4). The hearts
of the ISO-treated HGPS mice were enlarged, as measured by the
ratio of the heart weight to the tibia length, compared to those in
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the control group (Fig. 6 B and C). H&E staining further indi-
cated that the heart was obviously enlarged following ISO treat-
ment, while cardiac fibrosis was not impacted (Fig. 6D and
SI Appendix, Fig. S8E). We also found that ISO treatment signif-
icantly increased the size of the cardiomyocytes in both the WT
and HGPS mice (Fig. 6 £ and F). Notably, treatment with ISO
resulted in the restoration of the heart size in HGPS mice to a
normal level, comparable to the size of untreated WT hearts, and
it did not induce hypertrophy (Fig. 6 B and F).

Mechanistically, the phosphorylation of both AMPKa (Fig. 6
G and H) and FOXO3A (Fig. 6 /and /) was reduced in the HGPS
hearts following ISO injection, accompanied by a significant
decrease in Fbxo32 and Trim63 transcription (SI Appendix, Fig. S8
F and G), indicating that atrophy-promoting signaling was
blocked. However, we did not observe significant changes in the
level of YH2AX (S Appendix, Fig. S8 H and I) or the percentage
of apoptotic cells (S Appendix, Fig. S8 Jand K). Since epigenetic
alterations are one of the drivers of aging (64), and they have been
reported to be associated with HGPS (65-67), we further tested
whether ISO treatment affects epigenetics. However, ISO treat-
ment did not result in any significant alterations in the dysregu-

lated epigenetic modifications (SI Appendix, Fig. S8 L and M).
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cell size data are shown in the right panel. (G-/) Effect of ISO treatment on pAMPKa« level and pFOXO3A level in HGPS heart (n = 4 mice). (Scale bar: 50 um.) The
error bars indicate the SEM values. (K and L) Effect of ISO treatment on EF and FS. Notably, cardiac function followed a time-dependent decline in vehicle-treated
HGPS mice while the decline was rescued by ISO treatment (n > 9 mice per group). The error bars indicate the SEM values. (M) Lifespan analysis of HGPS mice
with (n = 13) or without (n = 22) ISO treatment. Mann-Whitney U test for (C, H, J-L), and one-way ANOVA for (F).

Our results imply that 1) ISO can be used to forcibly induce the
hypertrophic growth of cardiomyocytes in HGPS mice, by pos-
sibly targeting the AMPKa-FOXO3A axis, and that 2) cardiac
atrophy signaling is downstream of accumulated damaged DNA.

PNAS 2023 Vol.120 No.47 2309200120

To investigate whether ISO-mediated rescue of the atrophy
phenotype improves cardiac function, an ECHO analysis was car-
ried out. The results revealed that treating mice with ISO signifi-
cantly improved the heart function of HGPS mice but that ISO
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treatment reduced the heart functions of the WT mice, consistent
with previous studies (68) (Fig. 6 K and L and S Appendix,
Fig. S8V). These intriguing findings suggest that ISO administra-
tion exerts opposite effects on the heart function of WT mice and
HGPS mice, which present with atrophied cardiac tissue. Moreover,
ISO treatment mitigated the weight loss associated with HGPS
(SI Appendix, Fig. S80). Most importantly, treating HGPS mice
with ISO significantly prolonged their mean lifespan, by 20.8%
(from 130 d to 157 d), and the maximum lifespan was also
increased by 17.2% (from 163 d to 191 d) (Fig. 6M), while no
significant changes in the lifespan of WT mice treated with ISO
were observed in a timeframe of 200 d (87 Appendix, Fig. S8P).
Notably, ISO indeed increased load and stress to a normal heart,
causing hypertrophy, and is overall deleterious to cardiac function,
as shown in our results (Fig. 6 B, K, and L). However, as the major
defect in the heart of the HGPS mouse is the rare cardiac atrophy,
ISO may serve as a protective treatment against atrophic defect
with a great translational promise. Collectively, our results suggest
that forcible enlargement of cardiomyocytes in atrophic HGPS
hearts to a normal size ameliorated heart function and extended

the lifespan of the HGPS mice (Fig. 7).

Discussion

Cardiac abnormalities are closely associated with the mortality of
HGPS patients (69). However, the impact of deficient DSB repair
on cardiac abnormalities in HGPS has not been investigated. In
our study, we utilized a mouse model, tgBreaker, in combination
with previously described R2Z6NHE] mice to demonstrate that
NHE] is impaired in the hearts of HGPS mice. Consequently,
the accumulation of unrepaired DSBs triggered the upregulation

of CHK2 (47, 48), which promoted LKB1-AMPKa interaction
as a scaffold, leading to sustained activation of the AMPKa sign-
aling cascade and subsequent cardiac atrophy. Notably, AMPKa
has been previously proven to counteract cardiac hypertrophy, and
our findings underscore the significance of finely regulating
AMPKa activity for maintaining cardiac homeostasis.

Consistent with our study, mice with deficiency in NHE]
exhibited cardiomyopathies (70, 71). Moreover, a number of
chemotherapeutic agents that function by inducing DNA damage,
such as doxorubicin, have also been reported to cause cardiac
atrophy in both patients and animal models (72-75). The mech-
anistic link between DNA damage response and the cardiomyo-
pathy we identified might help explain the age-related changes in
the heart in both animal models and humans. However, whether
other damage response factors play important roles in these pro-
cesses warrants further investigation.

Although the discovery of effective therapies for HGPS remains
extremely limited, numerous efforts have been dedicated to devel-
oping treatments for this syndrome. One potential approach
involves inhibiting the isoprenylation of mutant Lamin A.
Lonafarnib, a farnesyltransferase inhibitor (FTI) (76), became the
first FDA-approved drug for HGPS treatment in the clinic in
2020 (77). However, long-term treatment with FTIs may lead to
the accumulation of nonfarnesylated prelamin A, which has been
linked to lethal cardiomyopathy in mouse models (78). Moreover,
treating HGPS cells with metformin alleviates senescence pheno-
types in vitro (79, 80). Intriguingly, AMPK signaling has been
identified as a pharmacological target of metformin, and several
studies have reported that metformin administration improved
cardiac function in normal individuals (81). Nevertheless, it
remains unclear whether AMPK activation by metformin benefits
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Fig.7. Genome instability-induced cardiomyopathy in HGPS mice and the potential intervening approaches. Lamin A can be recruited to DSB sites to facilitate
NHE] repair. In HGPS mice, impaired Progerin recruitment disrupts downstream repair processes, resulting in DNA damage accumulation and increased
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the function of HGPS cardiac muscle cells, which already display
hyperactive AMPK signaling, or whether it can prolong the sur-
vival of HGPS individuals.

Importantly, we unexpectedly found that ISO treatment
enhanced heart function and increased the lifespan of HGPS mice.
Fortunately, ISO has been approved for clinical use for a consid-
erable period, which opens up promising possibilities for utilizing
ISO as a standalone treatment or in combination with other drugs
targeting additional symptoms associated with HGPS, in order
to achieve improved treatment outcomes. However, further
research is necessary to determine the effectiveness and optimal
treatment regimen of ISO in mice and other animal models, as
well as in HGPS patient-induced pluripotent stem cell-derived
cardiomyocytes, before the safe and effective translation to the
benefit of patients. Furthermore, investigating the potential of
directly activating the NHE] pathway to alleviate cardiomyopathy
and extend lifespan represents an additional valuable avenue for
investigation.

Materials and Methods

Adetailed description of the materials and methods used for this study is pro-
vided in (S/Appendix, Supplementary Materials and Methods). Amouse model,
named tgBreaker, which allows for inducible expression of the I-Scel nucle-
ase, was generated. Cell culture, RNAi, histology and immunofluorescence
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