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ORIGINAL RESEARCHARTICLE

LARP7 Protects Against Heart Failure by
Enhancing Mitochondrial Biogenesis

BACKGROUND: Heart failure (HF) is among the leading causes of
morbidity and mortality, and its prevalence continues to rise. LARP7 (La
ribonucleoprotein domain family member 7) is a master regulator that
governs the DNA damage response and RNAPII (RNA polymerase Il) pausing
pathway, but its role in HF pathogenesis is incompletely understood.

METHODS: We assessed LARP7 expression in human HF and in
nonhuman primate and mouse HF models. To study the function of LARP7
in heart, we generated global and cardiac-specific LARP7 knockout mice.
We acutely abolished LARP7 in mature cardiomyocytes by Cas9-mediated
LARP7 somatic knockout. We overexpressed LARP7 in cardiomyocytes
using adeno-associated virus serotype 9 and ATM (ataxia telangiectasia
mutated protein) inhibitor. The therapeutic potential of LARP7-regulated
pathways in HF was tested in a mouse myocardial infarction model.

RESULTS: LARP7 was profoundly downregulated in failing human hearts
and in nonhuman primate and murine hearts after myocardial infarction.
Low LARP7 levels in failing hearts were linked to elevated reactive oxygen
species, which activated the ATM-mediated DNA damage response
pathway and promoted LARP7 ubiquitination and degradation. Constitutive
LARP7 knockout in mouse resulted in impaired mitochondrial biogenesis,
myocardial hypoplasia, and midgestational lethality. Cardiac-specific
inactivation resulted in defective mitochondrial biogenesis, impaired
oxidative phosphorylation, elevated oxidative stress, and HF by 4 months
of age. These abnormalities were accompanied by reduced SIRT1 (silent
mating type information regulation 2 homolog 1) stability and deacetylase
activity that impaired SIRT1-mediated transcription of genes for oxidative
phosphorylation and energy metabolism and dampened cardiac function.
Restoring LARP7 expression after myocardial infarction by either adeno-
associated virus—mediated LARP7 expression or small molecule ATM
inhibitor substantially improved the function of injured heart.

CONCLUSIONS: LARP7 is essential for mitochondrial biogenesis, energy
production, and cardiac function by modulating SIRT1 homeostasis and
activity. Reduction of LARP7 in diseased hearts owing to activation of the
ATM pathway contributes to HF pathogenesis and restoring LARP7 in the
injured heart confers myocardial protection. These results identify the
ATM-LARP7-SIRT1 pathway as a target for therapeutic intervention in HF.
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Clinical Perspective
What Is New?

¢ LARP7 (La ribonucleoprotein domain family mem-
ber 7) is depleted in diseased myocardium from
patients with heart failure and from rodent and
nonhuman primate myocardial infarction models.

e LARP7 depletion in heart disease is mediated by
elevated oxidative stress and its consequent acti-
vation of the ATM (ataxia telangiectasia mutated
protein) DNA damage response pathway.

¢ Cardiomyocyte-specific knockout of LARP7 reduces
SIRT1 (silent mating type information regulation 2
homolog 1) activity, impairs mitochondrial biogen-
esis and oxidative respiration, and causes myocar-
dial dysfunction.

¢ Restoration of LARP7 by adeno-associated virus
9-mediated gene therapy or by small molecule
inhibition of ATM protects against myocardial dys-
function in mice after myocardial infarction.

What Are the Clinical Implications?

¢ LARP7 depletion is associated with the occurrence
of heart failure.

e The ATM-LARP7-SIRT1 molecular axis is critical for
maintaining energy metabolism and normal car-
diac function.

e ATM-LARP7-SIRT1 dysfunction in heart failure
exacerbates cardiac dysfunction.

¢ Normalizing the ATM-LARP7-Sirt1 pathway, either
through small molecules or gene replacement ther-
apy, may be a novel therapeutic approach to pre-
serve function of the diseased heart.

ized by reduced heart function and an inability to
pump sufficient blood and oxygen to meet the
body’s demands, is among the world’s leading causes
of morbidity and mortality, and its prevalence continues
to rise. After decades of research, HF continues to carry
a dismal prognosis, with 5-year mortality of ~40% to
50%,",> worse than that of many types of cancer. New
therapeutic strategies are needed to combat this sub-
stantial and growing public health problem.
Mitochondria provide most of the energy required
for the heart’s pumping activity. A hallmark of HF
is severe derangement of mitochondrial biogenesis
and function, resulting in abnormally elevated oxi-
dative stress. Mitochondrial biogenesis is controlled
by SIRT1 (silent mating type information regulation
2 homolog 1), a type lll histone deacetylase. SIRT1
physically interacts with and deacetylates PGC-1a
(peroxisome proliferator-activated receptor y coacti-
vator 1a) at multiple lysine sites, which increases the
transcription of genes for oxidative phosphorylation

H eart failure (HF), a clinical syndrome character-
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and thereby enhances oxygen consumption and en-
ergy production.® Under stress, SIRT1 deacetylates
FOXO1/3 (forkhead box protein O) and induces ex-
pression of antioxidants of manganese-dependent
superoxide dismutase and catalase, which mitigate
oxidative stress and apoptosis and protect the heart
from ischemia/reperfusion injury.#® SIRT1 was re-
cently revealed to increase SERCA2 (sarco-endoplas-
mic reticulum Ca?*-ATPase) pump activity during HF
by modulating the acetylation of SERCA2 at lysine
492.7 SIRT1 protein and activity are significantly
compromised in oxidative stress and HF, discovered
by our and other groups.®® The underling molecular
mechanism has not been well clarified.

LARP7 (La ribonucleoprotein domain family member
7) is a La-related RNA binding protein associated with
7SK RNA with 1 RNA recognition motif and 1 HTH (he-
lix-turn-helix) La-type binding domain, together with
methylphosphate capping enzyme to maintain the in-
tegrity of 7SK ribonucleoprotein complex.®'® The major
function of 7SK ribonucleoprotein described thus far
is to limit RNAPII (RNA polymerase Il), pausing release
by sequestering positive transcription elongation factor
b (P-TEFb).'®™" Recently, we showed that LARP7 com-
promised the precise homology-directed DNA repair.'
LARP7 is also a pivotal developmental regulator related
with human genetic disease. For example, patients with
LARP7 recessive loss-of-function mutations have Alaza-
mi syndrome, characterized by primordial dwarfism and
intellectual disability.’*'> However, LARP7 function in
heart development and physiopathology has not been
previously studied.

We initially unveiled in this study that LARP7 is
downregulated in HF heart. To address the function
of LARP7 in heart, we first generated LARP7 consti-
tutive knockout mouse that exhibited the defective
heart development and HF and died prenatally. To
further characterize the function of LARP7 in car-
diomyocytes, we generated NKX2.5¢¢:LARP7"" and
Myh6Cre:LARP77" conditional knockout mice; both
mouse strains developed HF with impaired mito-
chondrial morphology and function. The activation
of ATM (ataxia telangiectasia mutated protein)-me-
diated DNA damage response (DDR) pathway on the
oxidative stress accelerated the LARP7 decay that
dampened the homeostasis and deacetylase activity
of SIRT1 and consequently impaired the biogenesis
of mitochondrial respiratory chain. Recovering LARP7
with either adeno-associated virus (AAV) serotype
9-mediated gene delivery or ATM inhibitor remark-
ably improved the pump function of infarcted heart
and protected against HF. Together, these data un-
cover LARP7 as a novel gatekeeper to maintain the
homeostasis of mitochondrial and cardiac function
and underpin the molecular axis of ROS-ATM-LARP7-
SIRT1 as a new therapeutic target for HF.

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812
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METHODS

Institutional review board approval of this study was obtained
from Shanghai Jiao Tong University. All data are available
within this article; raw and processed RNA sequencing
data have also been made available at the GEO database
(GSE155898) and can be assessed at https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE155898. The materials
that support the findings of this study are available from the
corresponding author on request.

Human Samples

Human control and dilated cardiomyopathy (DCM) hearts
were collected at Tongji Hospital (Wuhan, China) as
described previously,'® following the principles outlined in the
Declaration of Helsinki and with approval by the Ethics Review
Board of Tongji Hospital and Tongji Medical College. Informed
consents were signed by the patients or their medical proxies.

Animal Experiments

All animal protocol and procedures were approved by the
Institute Animal Care and Use Committee of Shanghai Jiao
Tong University. For echocardiographic studies and myocardial
infarction (MI) surgeries, the operators were blinded from the
animal genotypes, and animal numbers were estimated by
the pilot experiments or published protocols.

Statistics

Statistical analyses were performed with GraphPad Prism and
R. Data are presented as mean+SD unless otherwise noted.
Two-tailed parametric t tests were used for 2-sample compari-
sons if the values were normally distributed. Otherwise, the
Mann-Whitney U test was used. A 1-way analysis of variance
with a Tukey post hoc test was used for comparisons among
multiple groups. A Kaplan-Meier survival plot was deployed
to evaluate MI mouse survival and log-rank test was used to
calculate statistical differences. Values of P<0.05 were consid-
ered statistically significant.

RESULTS

LARP7 Depletion Led to Defective
Mitochondrial Morphology and Heart
Development

We found that LARP7 protein was significantly down-
regulated in 4 human DCM hearts compared with con-
trol hearts (normal hearts 0.77 versus HF 0.38, P=0.013;
Figure 1A)."® To gain insight into the function of LARP7
in heart, we generated LARP7 conventional knockout
mice (LARP77-) using CRISPR technology. A microRNA
cluster containing miR-302a through miR-302d and
367, embedded in the LARP7 8th intron, is expressed
in the embryonic heart and reported to regulate heart
development.’” To avoid disturbing this microRNA clus-
ter, we used CRISPR/Cas9 to specifically delete exons
2 and 3 in C57BL/6J mice (Figure IA and IB in the Data
Supplement). Heterozygous LARP7+~ mice survived and

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812
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reproduced normally, but homozygous LARP7-~ mice
were not viable. We confirmed loss of LARP7 immuno-
reactivity in LARP7-~ embryos and normal expression
of miR-302 and miR-367 (Figure IC and ID in the Data
Supplement). Analysis of embryos at different stages of
embryonic development indicated that LARP7~- embry-
os died by E17.5. The knockout embryos were smaller
than LARP7+~ or LARP7*+ littermate embryos, reminis-
cent of the primordial dwarfism phenotype observed in
patients with LARP7 mutations'* (Figure 1B). Sections
indicated hypoplasia of the compact myocardium at
both E12.5 and E16.5 (Figure 1C). Atrial enlargement
and lung compaction suggested congestive HF (Fig-
ure 1C). A subset of embryos also had ventricular septal
defect, a type of congenital heart defect (Figure IC in
the Data Supplement). These results indicate the mu-
tagenesis of LARP7 may be associated with congenital
heart defect pathogenesis.

To investigate the mechanisms underlying abnormal
development of the LARP7-- heart, we examined myo-
cardial ultrastructure by transmission electron microsco-
py. Compared with littermate controls, LARP7~~ cardio-
myocytes had disorganized myofilaments. The Z-line was
disorganized and faded and the |- and A-bands were in-
distinct. Although mitochondrial number was preserved,
the mitochondria were smaller, the cristae were sparse
and disarrayed, and empty vacuoles and broken mem-
branes were observed frequently (Figure 1D and Figure
lIA through IIC in the Data Supplement).

We analyzed the transcriptome of LARP7** and
LARP7-- hearts with RNA sequencing. A total of 260
genes were differentially expressed in LARP7-- hearts
(n=3; P<0.05; Figure IID through IIF and Table | in the
Data Supplement). Gene ontology analysis indicated
that these genes were enriched for functional terms per-
taining to mitochondrial proton transport and oxidation
reduction (Figure 1E). Many genes that encoded mito-
chondrial respiratory chain and inner membrane proteins
were downregulated (Figure 1F). Defective oxidative
respiration causes elevated oxidative stress, which was
also observed in LARP7-- cardiomyocytes, as assessed
by increased 8-oxo-7,8-dihydroguanine (8-oxoG), the
product of DNA oxidation (Figure llIA and [lIB in the Data
Supplement). There was also more cell death in LARP7-~
hearts (Figure IlIC and llID in the Data Supplement). RNA
sequencing indicated that angiogenesis was altered in
LARP7-- heart, but vessel-specific staining did not reveal
significant alteration of vasculature (Figure 1E and Figure
IIIE and IlIF in the Data Supplement).

Cardiomyocyte-Specific Deletion of
LARP7 Resulted in DCM and HF

To further investigate the function of LARP7 in car-
diomyocytes, we generated a LARP7 conditional allele
(LARP7"; Figure IVA and IVB in the Data Supplement).
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Figure 1. Constitutive knockout of LARP7 resulted in mitochondrial abnormality and developmental heart failure.

A, Western blotting shows that LARP7 expression is reduced in heart failure (HF [end-stage dilated cardiomyopathy with HF]) compared with normal hearts (CTR).
The lower column plot quantifies the Western blotting by intensity normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 2-tailed Student t test,
n=4). B, Autopsy of LARP7-~ embryos at E16.5. The LARP7-- embryos displayed global growth retardation (scale bar=500 mm). C, Hematoxylin & eosin staining
demonstrates a HF syndrome with hypoplasia of myocardium, dilated atrium, and compacted lung (bottom right) in LARP7-~ embryos (scale bar=100 pm [E12.5]
or 250 um [E16.5]). D, Transmission electron microscopy images show the impaired mitochondrial morphology and disarrayed sarcomere in E16.5 cardiomyocytes.
Statistical analysis is described in Figure IIA through IIC in the Data Supplement. Yellow arrows indicate the missing cristae and vacuole inside the mitochondrion.
Red arrows indicate the faded and disarrayed sarcomeric structure. E, Gene ontology (Go) analysis of differentially expressed genes in the LARP7-~ heart. Genes of
respiratory chain and proton transportation were preferentially affected by LARP7 deprivation as revealed by both biological process (BP) and cellular compartment
(CC) analysis. F, RNA sequencing heat map shows electron transport chain complex genes downregulated in the E16.5 LARP7-- heart compared with the LARP7+*
heart. Hierarchical algorithm was used for clustering. LARP7 indicates La ribonucleoprotein domain family member 7.
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We used Myh6-Cre to specifically delete LARP7 in
cardiomyocytes (mCKO mice). Unlike LARP77~ mice,
mCKO mice survived to adulthood with a normal
Mendelian ratio at weaning age (Figure IVC in the
Data Supplement), indicating lack of significant fetal
or perinatal loss. Serial measurement of heart func-
tion by echocardiography revealed that heart func-
tion of Myh6-Cre; LARP77 (mCKO) mice was similar
to controls (LARP7" mice) at 2 months (Figure 2A and
2B and Figure VA in the Data Supplement), but by
4 months, the systolic function of mCKO mice was
significantly impaired (control versus mCKO: ejection
fraction 65.91+6.16 versus 48.31+6.81, P=0.00017;
fraction shortening 35.27+4.95 versus 23.19+3.52,
P=0.0001; detailed measurements in Table Il in the
Data Supplement) and the left ventricular internal di-
ameter both in diastolic and systolic stage was pro-
foundly increased (control versus mCKO: left ven-
tricular internal diameter at end-diastole 3.68+0.23
versus 4.02+0.25, P=0.018; left ventricular internal
diameter at end-systole: 2.34+0.30 versus 2.99+0.31,
P=0.0011), disclosing enlarged chamber of mCKO
heart (Figure 2A and 2B and Figure VA in the Data
Supplement). The dissected hearts appeared larger
with increased heart weight (P=0.0032; Figure 2C and
2D). Consistent with the echocardiography results,
on histologic sections the mCKO hearts had enlarged
left ventricular chambers and thinner myocardial walls
(Figure 2E). Heart dysfunction and DCM phenotype
were also reproduced in Nkx2-5Rescre+ | ARP77 (nCKO)
mice, in which Nkx2-5"%&Ce directed LARP7 inactiva-
tion early in cardiogenesis (Figure VB-VE in the Data
Supplement). Cardiomyocyte cross-sectional area,
measured in tissue sections stained by wheat germ ag-
glutinin, was significantly greater in mCKO compared
with control hearts, suggesting that increased cardio-
myocyte size contributed to the organ level cardiac
enlargement (Figure 2F and 2G). Masson trichrome
staining of 5-month-old hearts revealed excessive col-
lagen deposition in mCKO hearts, indicating elevated
cardiac fibrosis, a classic feature of pathologic cardiac
remodeling (Figure 2H and 21).

To gain further insight into whether LARP7 abroga-
tion in adult heart could also impair cardiac function,
we crossed our LARP7" mice with Myh6-MerCreMer
mice to generate inducible LARP7 knockout mouse
Myh6-MerCreMer:LARP77 (LARP7 iCKO). Two months
after tamoxifen induction, echocardiography revealed
reduced systolic function and increased chamber diam-
eter in the iCKO hearts (Figure 2J and 2K and Figure VF
in the Data Supplement). The iCKO hearts were signifi-
cantly larger with increased heart weight (Figure 2L and
2M). Longitudinal sections of the hearts revealed en-
larged ventricular chambers and slimmer walls, which
were consistent with the echocardiographic results (Fig-
ure 2N). Together, these results suggest that LARP7 in

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812
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the adult heart also has an essential role in maintaining
cardiac homeostasis.

Abnormal Mitochondrial Morphology in
LARP7 Knockout Cardiomyocytes

Our studies of LARP7-- embryos suggested that mi-
tochondrial dysfunction may lead to HF in nCKO and
mCKO mice. Therefore, we performed transmission
electron microscopy on 4-month-old mCKO hearts
and found that mCKO mitochondria were fewer, dis-
organized, and contained less cristae, similar to our
observations of embryonic LARP7- cardiomyocytes
(Figure 3A-3D and Figure VI in the Data Supplement).
In comparison with LARP7-~ cardiomyocytes, mCKO
cardiomyocytes processed fewer mitochondria. Re-
duced mitochondrial number was further validated
by measuring mDNA to nDNA ratio using polymerase
chain reaction (control versus mCKO: 1.00+0.17 versus
0.51+£0.17, P=0.0022; Figure VIIA in the Data Supple-
ment). Both lines of evidence together indicated de-
fective mitochondrial biogenesis and function in car-
diomyocytes lacking LARP7. HF itself could lead to the
mitochondrial dysfunction and biogenesis.”® Thus, we
further assessed the mitochondrial ultrastructure by
transmission electron microscopy in 1-month-old heart
that had no apparent HF (Figure 3E-3H and Figure VIIB
in the Data Supplement). The results demonstrated
that even at this early HF-free stage, mitochondria al-
ready exhibited aberrant morphology, showing less
mitochondria and dampened cristae. Mitochondrial
DNA copy number was also decreased in 1-month-
old mCKO heart, which was reversed by injection with
AAV9—cardiac troponin T (cTnT)-LARP7 that expressed
ectopic LARP7 in the cardiomyocyte (Figure VIIB in the
Data Supplement). These results implicate LARP7 in en-
hancing mitochondrial biogenesis in the cardiomyocyte.

We further compared the mRNA expression profile
of 4-month-old mCKO and wild-type hearts using RNA
sequencing. Principal component analysis showed the
gene expression profiles of mMCKO hearts were distinct
from control hearts (Figure VIIC in the Data Supple-
ment), and 209 genes were differentially expressed in
mCKO hearts (P<0.05; Figure VIID and VIIE in the Data
Supplement). Many of them were tightly related to
HF (Figure VIIF in the Data Supplement). For example,
myosin heavy chain a (Myh6), the predominant myo-
sin isoform of the adult mouse heart, cardiac troponin
I (Tnni3), ATPase sarcoplasmic/endoplasmic reticulum
Ca?* transporting 2 (Atp2a2, also known as Serca2),
and natriuretic peptides A (Nppa) and B (Nppb), bio-
markers for HF, all declined, whereas fetal myosin heavy
chain 7 (Myh7) and skeletal muscle actin a1 (Acta7) ab-
normally increased (Figure VIIF in the Data Supplement).
Consistent with histologic evidence of cardiac fibrosis
(Figure 2H), collagen genes Col7a2, 4al, 5a2, and 6a2
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Figure 2. The cardiomyocyte-specific deletion of LARP7 led to dilated cardiomyopathy and heart failure in adult mouse.

A and B, M-mode echocardiogram illustrates reduced fraction shortening (FS) and increased left ventricle diastolic internal diameter (LVIDd) of Myh6-Cre; LARP7{/f
(MCKO) hearts at 4 months (n=7 to 8, 2-tailed Student t test; *P<0.05, ***P<0.001). C, Representative anatomic images of wild-type and dilated mCKO hearts
at 4 months (scale bar=2 mm). D, Ratio of heart weight (HW) to body weight (BW; control hearts [CTR], n=7; mCKO hearts, n=8; 2-tailed Student t test). E,
Hematoxylin & eosin (HE) images of wild-type and mCKO heart. HE staining of sagittal section indicated dilated cardiomyopathy of mCKO heart (scale bar=2 mm).
F and G, Increased cardiomyocyte size in 4-month-old mCKO hearts illustrated by wheat germ agglutinin staining. Violin plots represent 107 to 115 cardiomyo-
cytes from 3 measured hearts (Mann-Whitney test; scale bar=20 ym). H and I, Increased collagen deposition in 5-month-old mCKO hearts. The fibrotic regions
(blue) in 6 different fields per heart (6 hearts per group) were measured by ImageJ (2-tailed Student t test; scale bar=50 um). J and K, Echocardiogram illustrates
impaired FS and increased LVIDd of Myh6-MerCreMer; LARP7f/f (iCKO) hearts 2 months after tamoxifen induction. Myh6-MerCreMer:LARP7" mice were injected
with 25 mg/kg/d tamoxifen (iCKO) for continuous 5 days at 2 months of age to deplete LARP7 from cardiomyocytes. Two-month-old MerCreMer mice with the
same tamoxifen injection plan were used as controls (n=6 to 7; 2-tailed Student t test; **P<0.01). L, Representative gross anatomy of wild-type and dilated iCKO
heart at 4 months of age (scale bar=4 mm). M, LARP7 iCKO mice had higher ratio of HW to BW (n=8; 2-tailed Student ¢ test). N, HE staining shows the dilated
cardiomyopathy of iCKO heart (scale bar, 1 mm). ns indicates no significance; and LARP7, La ribonucleoprotein domain family member 7.
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Figure 3. Impaired mitochondrial biogenesis in Myh6-Cre; LARP7"f (mCKO) cardiomyocytes.

A through D, Cardiac ultrastructural assays show the impaired mitochondrial morphology in the 4-month-old mCKO heart. A, Representative transmission electron
microscopy (TEM) images of control (CTR) and mCKO hearts. B through D, Quantifications of mitochondrial density (B), total area (C), and cristae number (D).
More than 50 mitochondria in 3 mice for each group were measured (values are mean+SD; 2-tailed Student t test). E through H, TEM indicates early mitochondrial
dysfunction in 1-month-old mCKO cardiomyocytes. E, Representative TEM images of 1-month-old cardiomyocytes. F through H, Quantification of mitochondrial
density (F), total area (G), and cristae number (H; F and G, 2-tailed Student t test; H, Mann-Whitney U test; P<0.05 statistically significant). I, RNA sequencing

heat map clustered in hierarchy shows that electron transport chain genes were downregulated in mCKO heart at 4 months. J and K, Western blotting of electron
transport chain subunits and mitochondrial biogenic genes. Protein extracts from 4-month-old (J) and 1-month-old (K) heart apex were subjected to Western blot.
L, 4-hydroxynonenal (4-HNE) staining unravels increased lipid peroxidation in mCKO heart, indicating elevated oxidative stress. 4-HNE fluorescent intensity was
measured by ImageJ (I; n=4; mean+SD; 2-tailed Student t test; scale bar=25 pm). M, TUNEL assay (terminal deoxynucleotidyl transferase dUTP nick end labeling)
shows more apoptotic cardiomyocytes in mCKO heart than in controls. Arrowheads denote the apoptotic cells (scale bar=25 pm; 4 mice; mean+SD; 2-tailed
Student t test). DAPI indicates 4',6-diamidino-2-phenylindole; and LARP7, La ribonucleoprotein domain family member 7.
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increased profoundly in mCKO. Some of these gene ex-
pression changes were confirmed by quantitative real-
time polymerase chain reaction (Figure VIIG in the Data
Supplement). Myh6/Mhy7 ratio, an indication of fetal
gene resurgence and pathologic remodeling, decreased
sharply in mCKO heart (Figure VIIH in the Data Supple-
ment). The alternative expression of HF indicators was
also observed in the iCKO hearts, demonstrating that
LARP7 depletion in the adult heart is able to induce HF
(Figure VIIl and VIIJ in the Data Supplement).

A concordant downregulation of mitochondrial elec-
tron transport chain (ETC) genes was also observed (Fig-
ure 3l and Figure VIIL in the Data Supplement), which
was further supported by gene set enrichment analysis
(normalized enrichment score=-2.06, P=0.0051; Fig-
ure VIIK in the Data Supplement). The primary regula-
tors for mitochondrial fusion/fission were not altered
in MCKO heart or in the LARP7-~ heart, indicating that
LARP7 deprivation may not affect the remodeling of
mitochondrion (Figure VIIK and VIIL in the Data Sup-
plement). Mitochondria biogenesis master regulator
Pgc-1a, along with its coactivators Sirt1 and estrogen-
related receptor o (ERRa), remained unchanged (Table
| in the Data Supplement). We further evaluated the
protein level of selected genes by Western blotting. This
confirmed downregulation of ETC complex proteins
NDUFA13 (NADH:ubiquinone oxidoreductase subunit
A13), SDHB (succinate dehydrogenase complex iron
sulfur subunit B), and ATP5G (ATP synthase, H* trans-
porting, mitochondrial Fo complex, subunit C1), which
were downregulated even more dramatically than their
corresponding mRNAs. The master regulators of mito-
chondrial biogenesis SIRT1 and PGC-1a protein were
both lower in 4-month-old mCKO hearts, whereas
ERRa was equivalent to controls (Figure 3J). Analysis
in 1-month-old hearts demonstrated that the ETC pro-
teins and SIRT1 were already reduced at this early time
point, whereas PGC-1a and ERRa were not (Figure 3K).
These time-resolved results suggest that PGC-1a and
ERRa downregulation may be a secondary effect of HF
and that SIRT1 is directly downregulated by LARP7 mu-
tation, a key mechanism by which LARP7 controls mito-
chondrial biogenesis and function. Further supporting
the effect of SIRT1 downregulation in LARP7 mutants,
superoxide dismutase 2 (manganese-dependent super-
oxide dismutase), a reactive oxygen species (ROS) scav-
enger that is transcriptionally controlled by SIRT1,4%
was downregulated in mCKO hearts (Figure 3J and 3K).
Accordingly, ROS content increased in the mitochondria
of isolated neonatal nCKO cardiomyocytes and in the
mCKO adult heart tissue, as revealed by MitoSOX and
4-hydroxynonenal staining, respectively (Figure VIIA in
the Data Supplement and Figure 3L). Elevated myocar-
dial ROS was associated with increased cardiomyocyte
apoptosis in mCKO hearts (Figure 3M). MitoTEMPO,
a specific scavenger for mitochondrial ROS, efficiently
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removed the ROS in the nCKO cardiomyocytes, im-
proved heart function, and prevented the pathologic
remodeling of mCKO hearts (Figure VIIB-VIIG in the
Data Supplement). MitoTEMPO treatment did not
change the expression of mitochondrial uncoupling
proteins UCP2 and UCP3, indicating that the cardiac
protection effect of MitoTEMPO was not through ma-
nipulating the mitochondrial uncoupling process (Fig-
ure VIIIH in the Data Supplement).

Defective Oxidative Phosphorylation in
LARP7 Knockout Mitochondria

Reduced expression of ETC complex subunits and PGC-
1a suggested potential impairment of mitochondrial re-
spiratory function in LARP7-knockout cardiomyocytes.
To corroborate this hypothesis, we used an extracellular
flux analyzer to assess mitochondrial function in iso-
lated neonatal cardiomyocytes. nCKO cardiomyocytes
had similar levels of basal respiration and proton leak
compared with wild-type cardiomyocytes, but the max-
imal respiratory capacity and respiration attributed to
basal F,/F, ATP synthase activity were markedly reduced
(Figure 4A and 4B and Figure IXA in the Data Supple-
ment). In keeping with these data, the cellular ATP level
of mMCKO hearts was lower than that in controls (Fig-
ure 4C). To further corroborate the declined mitochon-
drial function in the adult LARP7 knockout heart, we
isolated the mitochondria from 1-month-old control
and mCKO cardiac tissue and performed the coupling
assay. The results demonstrated that the respiratory
rate of state 3 and state 3u and the respiratory control
ratio were significantly attenuated in the mCKO mice
(Figure IXB—IXD in the Data Supplement). The activity of
ETC complex | and IV coherently declined as well (Figure
IXE and IXF in the Data Supplement). Together these
results suggest that LARP7-deficient mitochondria have
reduced ETC activity and impaired energy metabolism.
SIRT1 is a major regulator of mitochondrial biogene-
sis and energy metabolism and SIRT1 level was reduced
in both young and old mCKO hearts (Figure 3J and 3K).
To test the hypothesis that lower SIRT1 mechanistically
contributes to mitochondrial dysfunction of LARP7-de-
ficient cardiomyocytes, we measured the effect of reac-
tivating SIRT1 in nCKO neonatal cardiomyocytes. Pre-
administration of the SIRT1-specific activator SRT1720
markedly improved maximal respiratory capacity of
nCKO cardiomyocytes (Figure 4A and 4B). Impaired ETC
activity was associated with relative mitochondrial de-
polarization in nCKO cardiomyocytes, and this was also
normalized by SRT1720-induced SIRT1 activation (Fig-
ure 4D and 4E). Collectively, these results indicate that
LARP7 controls mitochondrial function through SIRT1.
We next investigated whether upregulating LARP7
enhances mitochondrial oxidative phosphorylation. We
ectopically expressed LARP7 in isolated cardiomyocytes

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812
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Figure 4. Defective oxidative phosphorylation and energy production in LARP7 knockout cardiomyocytes.

A and B, Mitochondrial oxidative respiration decreased in Nkx2-5%&ce+; L ARP7 (nCKO) neonatal cardiomyocytes as assessed by measuring the cellular oxygen con-
sumption rate (OCR). Shown are (C) time course data and (D) aggregated measurements from 4 independent assays; 0.5 pM SRT1720 and dimethyl sulfoxide (DMSO)
were used in these assays. Definitions of basal respiration, spare respiration, H* leak, and ATP (adenosine triphosphate) synthesis are provided in Figure VIIA in the Data
Supplement (data expressed as mean+SD; 1-way analysis of variance followed by Tukey multiple comparison test; statistically significant: P<0.05). C, ATP level in Myh6-
Cre; LARP77 (mCKO) heart at 4 months (n=4 hearts in each group; 2-tailed Student t test). D and E, JC-1 staining measuring the mitochondrial membrane potential
of isolated neonatal cardiomyocytes. There were increased depolarization (green) and decreased hyperpolarization (red) of mitochondria in nCKO neonatal cardiomyo-
cytes, but treatment with 0.5 uM SRT1720 reversed them (D). Fifty-micrometer carbonyl cyanide 3-chlorophenylhydrazone (CCCP)-treated wild-type cardiomyocytes
were presented as a positive control (CTR). Red/green fluorescence radio was measured from 4 independent repetitions (E; mean+SD; 1-way analysis of variance
followed by Tukey multiple comparison test; statistically significant: P<0.05). F and G, Ad:LARP7 infection enhanced the mitochondrial spare and maximum respiration
in wild-type neonatal cardiomyocytes. The time course data (F) represented 5 independent measurements (G). CTR, Ad:GFP; LARP7%, Ad:LARP7. Mean+SD, n=5, Two-
tailed Student t test. H through J, LARP7 reduced reactive oxygen species burden in both mitochondria and nuclei. Mitochondrial reactive oxygen species was revealed
by MitoSOX and nuclear reactive oxygen species by 8-oxo-7,8-dihydroguanine (8-0xoG; H). The data represent 4 independent stainings (I and J) and >30 cells in each
group were counted for calculating 8-oxoG foci (J; scale bar=20 pm; mean£SD; n=4 experiments; 2-tailed Student ¢ test). A/R indicates antimycin plus rotenone; FCCP,
carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone; LARP7, La ribonucleoprotein domain family member 7; and Oligo, oligomycin.
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using adenovirus. As expected, LARP7 overexpression
increased ETC genes expression (Figure IXG in the Data
Supplement) and dramatically improved both spare and
maximal respiratory capacity but did not affect basal
respiration, H* leak, or respiration attributed to basal
F,/F, ATP synthase activity (Figure 4F and 4G). LARP7
overexpression also reduced mitochondrial oxidative
stress and DNA oxidation as measured by MitoSOX and
8-0x0G, respectively (Figure 4H-4)).

Reduced SIRT1 Contributes to Cardiac
Dysfunction in LARP7 Loss of Function

We next sought to understand the contribution of the
LARP7-SIRT1 axis to cardiac dysfunction in vivo. First we
assessed whether LARP7 could directly modulate SIRT1
expressivity by acutely depleting LARP7 in the neonatal
heart. We achieved neonatal LARP7 depletion using the
CAS-AAV approach,'™ in which AAV and Cas9 are used
to delete LARP7 in cardiomyocytes. We delivered AAV
with cardiomyocyte-specific Cre and LARP7-targeting
gRNA (AAV9-cTNTe-U6-LARP7-sgRNA) into neonatal
Rosa26fsCas9-dsRed mice. By 8 days after injection,
LARP7 protein was efficiently depleted (Figure 5A).
Consistent with LARP7 regulation of SIRT1 in mCKO
heart, SIRT1 protein was also reduced (Figure 5A). We
further confirmed the downregulation of nuclear SIRT1
protein in cardiomyocytes by immunofluorescent stain-
ing on isolating cardiomyocytes (Figure 5B and Figure
XA in the Data Supplement). PGC-1a, which is directly
deacetylated by SIRT1,?> was more acetylated in LARP7
nCKO heart, which further indicated a declined SIRT1
deacetylase activity in addition to the protein depriva-
tion (Figure 5C).

To test the hypothesis that SIRT1 downregulation was
responsible for the mitochondrial and cardiac dysfunc-
tion of LARP7 knockout hearts, we treated 2-month-old
LARP7 mCKO hearts with the SIRT1-specific activator
SRT1720 (30 mg/kg) for 2 months (Figure 5D). At the
end of the treatment period, SIRT1 activity was elevated
~1.9-fold in mCKO heart (Figure XB in the Data Supple-
ment). Compared with vehicle-treated mCKO hearts,
SRT1720-treated mCKO hearts had significantly better
systolic function (fraction shortening, mCKO+dimethyl
sulfoxide [DMSQ] versus mCKO+SRT1720: 20.95+2.95
versus 24.63+1.24, P=0.0376; Figure 5E) and reduced
left ventricular diameter at end-diastole (mCKO+DMSO
versus mCKO+SRT1720: 4.25+0.22 versus 3.89+0.19,
P=0.0077; Figure 5E). These findings were further con-
firmed by necropsy showing reduced heart and left
ventricular chamber size after SRT1720 treatment (Fig-
ure 5F). Cardiomyocyte hypertrophy and cardiac fibrosis
observed in mCKO hearts were ameliorated (Figure XC
and XD in the Data Supplement). Transmission electron
microscopy demonstrated that mitochondrial num-
ber, size, and cristae structures and overall sarcomere
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structure in mCKO cardiomyocytes were improved but
not fully corrected by SRT1720 (Figure 6G and Figure
XE=XG in the Data Supplement).

ATM-DDR Mediated the Enhanced LARP7
Decay Under Oxidative Stress

We next sought to understand why LARP7 is down-
regulated in the failing heart. Our previous study dem-
onstrated that activation of the ATM-DDR pathway
downregulates LARP7."2 ROS activates ATM-DDR path-
ways in diverse tissues including the heart.?°2" There-
fore, we hypothesized that LARP7 downregulation ob-
served in the failing heart may arise from elevated ROS.
We tested this hypothesis by treating isolated neona-
tal cardiomyocytes with 100 um H,0,. H,O, treatment
rapidly increased ATM Ser1981 phosphorylation and
substantially repressed LARP7 (Figure 6A). Quantita-
tive real-time polymerase chain reaction illustrated
that LARP7 mRNA levels were maintained across the
entire time course (Figure 6B), indicating that protein
reduction is posttranscriptional. Oxidative stress also
changed the subcellular localization of LARP7: under
basal conditions, LARP7 had predominant nuclear lo-
calization, and H,0O, resulted in almost complete loss
of nuclear signal and increased signal within the cyto-
plasm (Figure 6C). Suppression of ROS with N-acetyl-
cysteine recovered LARP7 nuclear localization and ex-
pression (Figure 6C). In mice, LARP7 protein decreased
dramatically after birth, coinciding with elevated levels
of oxidative stress that accompanied the transition to
higher oxygen tension and greater reliance on oxida-
tive phosphorylation?' (Figure 6D). Moreover, treat-
ing neonatal mice with NAC increased LARP7 protein
levels (Figure 6E). These results together suggest that
elevated ROS mediates LARP7 degradation both in in
vitro and in vivo models.

Next we investigated whether ROS-induced LARP7
degradation required ATM. Pretreatment of H9C2 cells,
a cell line resembling rat embryonic cardiomyocytes,
with ATM inhibitor KU60019 significantly blocked ATM
phosphorylation and attenuated H,O,-induced down-
regulation of LARP7, as well as SIRT1 (Figure 6F). We
previously showed that irradiation-induced ATM activa-
tion enhanced LARP7 polyubiquitination and degrada-
tion through the ubiquitin proteasome system. To test
the hypothesis that ROS triggered LARP7 degradation
through the same mechanism,'> we measured LARP7
ubiquitination. ROS induced lysine 48 (K48)-linked
polyubiquitination of LARP7, and this was abrogated by
KU60019 (Figure 6G). Consistent with SIRT1 downreg-
ulation downstream of ROS- and ATM-mediated LARP7
depletion, KU60019 also reduced PGC-1a acetylation
in H,0,-treated HIC2 cells (Figure 6H). Together, these
data indicate that ATM links oxidative stress to LARP7
depletion and its downstream consequences.

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812
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Figure 5. LARP7 deprivation dampened cardiac function by compromising SIRT1 deacetylase activity and homeostasis.

A, Transient LARP7 abrogation in neonatal heart using adeno-associated virus (AAV)-CAS approach repressed SIRT1. AAV9 expressing LARP7-specific sgRNA
(AAV9-cTNT-Cre-U6-sgRNA) was injected to Rosa26-LSL-Cas9-tdTomato mouse at PO to deplete LARP7 specifically in cardiomyocytes. LARP7 and SIRT1 protein
were detected by Western blotting at P8. B, Immunofluorescent staining shows SIRT1 protein was repressed in the isolated P3 Nkx2-5R&ce+: | ARP77 (nCKO) car-
diomyocytes (scale bar=20 pm). C, PGC-1a (peroxisome proliferator-activated receptor y coactivator 1-a) acetylation was increased in nCKO neonatal heart. Total
PGC-1a in neonatal heart was immunoprecipitated (IP) and then probed with lysine acetylation-specific antibody to reveal the acetylated PGC-1a. D, The dosing
strategy for SRT1720 treatment: 30 mg/kg SRT1720 or only mock solvent (5% dimethyl sulfoxide [DMSO]+30% PEG300+H,0) were intraperitoneally injected

to Myh6-Cre; LARP7" (mCKO) mouse every 2 days for 2 months. E, Echocardiogram of SRT1720-treated mCKO mice. SRT1720 recovered the heart function of
mCKO mice with increased fraction shortening (FS) and decreased left ventricle diastolic internal diameter (LVIDd) compared with mock injection (mean+SD; n=5
to 6; 1-way analysis of variance followed by a Tukey multiple comparison test; *P<0.05; **P<0.01; ***P<0.001). F, Gross anatomy and hematoxylin & eosin
staining revealed SRT1720 ameliorated the dilation of mCKO heart at age 4 months (scale bar: 4 mm [upper]; 2 mm [lower]). G, Transmission electron microscopy
shows SRT1720 ameliorated the malformation of mitochondria and contractile apparatus in mCKO cardiomyocytes. cTnT indicates cardiac troponin T, CTR, condi-
tion test ratio; DAPI, 4',6-diamidino-2-phenylindole; IB, immunoblot; and IgG, immunoglobulin G; LARP7, La ribonucleoprotein domain family member 7; and
SIRT1, silent mating type information regulation 2 homolog 1.

artery in 8- to 10-week-old male mice and measured
the protein levels of LARP7, ETC subunits, SIRT1, and
PGC-1a. Expression of these proteins was substantially
reduced by 1 week after MI; in contrast, phosphorylat-
ed ATM was significantly elevated, indicating activation
of the ATM-DDR pathway (Figure 7A). We performed

LARP7 Improved Myocardial Outcome
After MI

We investigated the contribution of LARP7 downregu-
lation to myocardial dysfunction after MI. We perma-
nently ligated the left anterior descending coronary

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812 May 18,2021 2017



Figure 6. ROS enhanced LARP7 degradation by activating ATM-DNA DDR pathway.

A, Western blotting shows 100 pm H,0, activated ATM kinase indicated by Ser1981 phosphorylation and repressed LARP7 and Sirt1 (silent mating type infor-
mation regulation 2 homolog 1) in H9C2 cells. B, Reverse transcription polymerase chain reaction shows the H,0, did not suppress LARP7 mRNA expression
(mean+SD; n=4; 2-tailed Student t test). C, Immunofluorescent staining shows 2 hours of H,0, treatment extranuclearly shuttled and decreased LARP7 in neonatal
mouse cardiomyocytes and was blocked by 5-mM ROS scavenger NAC (scale bar=20 pm). D, Western blotting shows that LARP7 protein declined in neonatal

hearts compared with embryonic hearts. E, N-acetylcysteine (NAC) restored LAR

P7 and SIRT1 in the neonatal hearts; 75 mg/kg NAC was injected to newborn mice
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for a week (n=3 each group). F, ATM inhibitor KU60019 blocked H,0,-induced ATM phosphorylation and attenuated LARP7 and SIRT1 degradation in H,C, cells.
G, H,0, increased the polyubiquitination of LARP7, which was blocked by 10 um KU60019. The polyubiquitinated LARP7 was pulled down by LARP7 antibody and

then immunoblotted with the antibody specifically recognizing the K48-linked u

biguitination. H, Immunoprecipitation (IP) shows KU60019 blocked H,0,-induced

PGC-1a acetylation in H,C, cells. ATM indicates ataxia telangiectasia mutated protein; CTR, condition test ratio; DAPI, 4',6-diamidino-2-phenylindole; DDR; dam-

age response; LARP7, La ribonucleoprotein domain family member 7; PBS, phos

parallel experiments in a nonhuman primate MI model.
As in the murine model, permanent ligation of the left
anterior descending coronary artery in 5- to 8-year-
old cynomolgus monkeys?*? caused downregulation of
LARP7, SIRT1, and mitochondrial respiratory proteins
in infarcted hearts compared with sham-operated con-
trols (Figure XIA in the Data Supplement). Together,

2018 May 18, 2021

phate-buffered saline; ROS, reactive oxygen species; and WT, wild-type.

these data indicate that ATM activation, LARP7 down-
regulation, and impaired mitochondrial biogenesis oc-
cur in experimental MI models, as well as in human HF
(Figure 1A).

We performed the Ml surgery on LARP7 iCKO mouse
hearts 1 week after tamoxifen induction (Figure XIB
and XIC in the Data Supplement). All the iCKO mice

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812
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Figure 7. Restoration of LARP7 prevented heart failure after Ml.

A, Western blotting of the myocardium remote to the infarction zone a week after MI. Declined LARP7, SIRT1 (silent mating type information regulation 2
homolog 1), and mitochondrial electron transport chain (ETC) genes and activated ATM (ataxia telangiectasia mutated protein) were observed in the Ml heart. B,
Systematic injection of adeno-associated virus 9 (AAV9)—cardiac troponin T (cTnT)-LARP7 restored fraction shortening (FS) of Ml hearts 3 to 4 weeks after surgery
(n=6 to 8 for sham and sham+sham+AAV9-LARP7; n=10 to 11 for MI+AAV9-taTamato and MI+AAV9-LARP7; ***P<0.001; mean+SD; 2-tailed Student t test). C
and D, Trichrome staining of serial sections of MI heart. AAV9-cTNT-LARP7 injection reduced the scar size (the blue collagen region) of Ml heart. Average scar sizes
were calculated by ImageJ (H; n=7 per group; mean+SD; 2-tailed Student t test; scale bar=2 mm). E, Kaplan-Meier plot shows AAV9-LARP7 increased the survival
rate of MI mice. Statistical significance was calculated with log-rank tests. F, Serial echography evaluates the function of Ml hearts. Three weeks of KU60019 injec-
tion alleviated decline of the systolic function of Ml heart (n=5 mice for sham and sham+KU60019; n=9 mice for Ml and MI+KU60019). G and H, KU60019 re-
duced the scar size 1 month after MI. The scar size was revealed by trichrome stain (G) and calculated with ImageJ (H; scale bar=2 mm; n=6 per group; mean=SD;
2-tailed Student t test). DMSO indicates dimethyl sulfoxide; and LAD-O, left anterior descending coronary artery operation site; LARP7, La ribonucleoprotein

domain family member 7; and MI, myocardial infarction.

(6/6) died within 1 week after MI; in comparison, only
2 control mice (out of 7) died within 1 month, indica-
tive of a deteriorative response of iCKO hearts to the
ischemic stress. To further interrogate whether LARP7
overexpression would improve the myocardial outcome
after MI, we first systemically injected 5x10"" particles

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812

of AAV9-cTNT-LARP7 and AAV9-cTNT-TdTomato con-
trol virus through the tail vein 2 days before Ml sur-
gery (Figure XID in the Data Supplement). Mice were
followed by echocardiography weekly until 1 month
after MI, when hearts were collected and analyzed his-
tologically. AAV9-cTNT-LARP7 significantly upregulated
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LARP7 protein and prevented the decline of SIRT1 and
ETC proteins after Ml (Figure XIE in the Data Supple-
ment). AAV9-cTNT-LARP7 improved overall survival of
mice after Ml (log-rank test: P=0.04; Figure 7F). Weekly
echocardiography showed that the contractile function
of AAV9-cTNT-TdTomato-treated hearts progressively
declined. In contrast, the contractile function of AAV9-
CTNT-LARP7-treated hearts partially recovered at 3 to 4
weeks (P<0.05; Figure 7B). Masson trichrome staining
showed that AAV9-cTNT-LARP7 markedly reduced the
MI scar size compared with AAV-cTNT-TdTomato con-
trol (Figure 7C and 7D).

Our data indicate that ATM mediates LARP7 down-
regulation in diseased cardiomyocytes, leading to the
hypothesis that blocking ATM activation would prevent
LARP7 degradation in cardiomyocytes and improve
myocardial outcome after MI. To test this hypoth-
esis, we treated mice with ATM inhibitor KU60019 1
day after Ml surgery (Figure XIF in the Data Supple-
ment). Consistent with the in vitro results (Figure 6F),
KU60019 restored the expression of LARP7, SIRTT,
and mitochondrial respiratory complex subunits in Ml
hearts (Figure XIG in the Data Supplement). Echocar-
diography showed that 3 weeks of KU60019 injection
did not significantly affect the heart function of sham-
operated mice, demonstrating that KU60019 at the
dose we used did not have deleterious effects on the
heart. However, in MI mice, KU60019 significantly at-
tenuated the deterioration of systolic function, which
is distinct to the untreated Ml hearts (Figure 7F). More-
over, KU60019 treatment reduced the size of the in-
farcted region (Figure 7G and 7H).

Together, our results indicate that LARP7 restoration
or ATM inhibition is an effective strategy to improve
myocardial outcome after M.

DISCUSSION

Our study highlights a pivotal role of LARP7 to control
mitochondrial biogenesis and oxidative phosphoryla-
tion in heart homeostasis. We also demonstrate that
LARP7 is downregulated in diseased hearts of patients
and in experimental Ml models in nonhuman primates
and mice. Our data indicate that oxidative stress acti-
vates the ATM-mediated DDR pathway, which triggers
LARP7 degradation. LARP7 downregulation or muta-
tion reduces SIRT1 expression, causing greater PGC-1a
acetylation and impairing mitochondrial biogenesis and
energy metabolism. Ultimately this results in impaired
cardiac function and contributes to the pathogenesis
of HF. These lines of evidence define a new molecular
pathway of ROS-ATM-LARP7-SIRT1 as a gatekeeper for
maintaining the homeostasis of energy metabolism and
cardiac function in the heart (Figure Xll in the Data Sup-
plement). Preventing the abnormal activation of this
pathway protects the injured heart from dysfunction.
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The DDR pathway senses genotoxic insults such as
irradiation and genotoxic reagents and leads to cell
cycle arrest and induction of DNA repair. ATM protein
kinase is the principal mediator of the DDR.Z ATM is
activated by DNA double-strand breaks through MRN
(Mre11-Rad50-Nbs1) DNA repair complex—mediated
rapid intermolecular autophosphorylation of ATM at
serine 1981.23 A recent study demonstrated that oxida-
tive stress like ROS activates ATM in human fibroblast
cells, independent of DNA double-strand breaks and
the MRN complex.?* Our study demonstrates that ROS
elevation in HF could also activate the ATM pathway in
cardiomyocytes and causes LARP7 degradation as we
showed in cancer lines treated with ionizing radiation
and cisplatin.'? Similar to our study, ROS-induced ATM
activation also has been observed in the newborn and
pressure overload—induced hypertrophic heart under
excessive oxidative stress.?

The main function of activated ATM pathway mostly
defined in cancer is to promote homology recombina-
tion by phosphorylating a broad spectrum of homol-
ogy recombination—-related proteins including H2AX
and MRN (Mre11/Rad50/Nbs1).2> The activation of
ATM-mediated homology recombination enhances
the healing of DNA double-strand breaks and prevents
cells undergoing apoptosis, but also induces resistance
to genotoxic treatment.?® Beyond the canonical roles
in DDR, ATM has been found to regulate aspects of
metabolic syndrome such as insulin resistance and ath-
erosclerosis.?” A recent study by Nakada et al.?> dem-
onstrated that ATM pathway activation in response to
overloading pressure promotes the expression of prohy-
pertrophic genes and leads to deterioration in hypertro-
phic cardiomyopathy. We identify that ATM activation
on oxidative stress in HF impairs mitochondrial biogen-
esis and energy production in cardiomyocytes and leads
to cardiomyopathy and is attributed to the attenuation
of LARP7-SIRT1 homeostasis. Prevention of ATM activa-
tion through ATM inhibitor protects the Ml heart from
HF, further underscoring the essence of this ROS-ATM-
LARP7-SIRT1 axis in the pathogenesis of HF. It is well
known that ROS is one of the major causes of cardio-
myopathy. This newly defined molecular axis provides a
novel mechanistic interpretation for ROS-induced car-
diomyopathy.

A variety of ATM inhibitors have been developed to
increase the sensitivity of chemoradiotherapies.?® Com-
bination treatment with ATM inhibitors and canoni-
cal chemoradiotherapies are being extensively tested
in clinical trials. The promising efficacy of KU60019
in preserving heart function after Ml as shown in our
study provides the possibility to extend the applica-
tions of ATM inhibitors from the cancer therapy field
to cardiomyopathy management. However, the ATM
pathway harbors multiple critical biological functions
in addition to what has been discussed in this article.

Circulation. 2021;143:2007-2022. DOI: 10.1161/CIRCULATIONAHA.120.050812
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ATM mutagenesis results in a variety of clinical manifes-
tations, such as neurologic degeneration, immunode-
ficiency, lymphoreticular malignancies, and premature
ageing.?®?° Although the safety of in vivo administration
of an ATM inhibitor has been assessed by a number of
studies as well as ours, long-term inhibition could cause
unidentified severe adverse effects. In contrast, target-
ing LARP7, a downstream regulator of ATM, may pro-
vide better specificity and milder side effects than direct-
ly blocking ATM in preventing HF. Our data support this
hypothesis by showing that myocyte-specific upregula-
tion of LARP7 in MI hearts using AAV9-mediated deliv-
ery greatly improved cardiac function without showing
any obvious adverse effects. AAV-based gene therapy
within a certain range of doses has been proven safe for
clinical use.?® The AAV gene therapy drugs Luxturna (vo-
retigene neparvovec) and Zolgensma (onasemnogene
abeparvovec) were recently approved by the US Food
and Drug Administration to treat RPE65-associated Leb-
er congenital amaurosis and spinal muscular atrophy,
respectively.3',3 AAV-mediated LARP7 delivery may pro-
vide a promising target therapy for cardiac dysfunction.

CONCLUSIONS

This study demonstrated that a novel pathogenic path-
way of ROS-LARP7-SIRT1-OXPHOS is responsible for HF.
Correction of this pathway either with a gene therapy
or small molecules approach presents promising thera-
peutic effects in a rodent model to improve cardiomyo-
cyte function in HF. A large-scale trial in higher-profile
mammal models such as minipigs or primates is war-
ranted to further translate this bench discovery to a
cure for HF.
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