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Aims Mitochondria play a vital role in cellular metabolism and energetics and support normal cardiac function. Disrupted mitochondrial 
function and homeostasis cause a variety of heart diseases. Fam210a (family with sequence similarity 210 member A), a novel mito
chondrial gene, is identified as a hub gene in mouse cardiac remodelling by multi-omics studies. Human FAM210A mutations are 
associated with sarcopenia. However, the physiological role and molecular function of FAM210A remain elusive in the heart. We 
aim to determine the biological role and molecular mechanism of FAM210A in regulating mitochondrial function and cardiac health 
in vivo.

Methods 
and results

Tamoxifen-induced αMHCMCM-driven conditional knockout of Fam210a in the mouse cardiomyocytes induced progressive dilated 
cardiomyopathy and heart failure, ultimately causing mortality. Fam210a deficient cardiomyocytes exhibit severe mitochondrial 
morphological disruption and functional decline accompanied by myofilament disarray at the late stage of cardiomyopathy. 
Furthermore, we observed increased mitochondrial reactive oxygen species production, disturbed mitochondrial membrane po
tential, and reduced respiratory activity in cardiomyocytes at the early stage before contractile dysfunction and heart failure. Multi- 
omics analyses indicate that FAM210A deficiency persistently activates integrated stress response, resulting in transcriptomic, 
translatomic, proteomic, and metabolomic reprogramming, ultimately leading to pathogenic progression of heart failure. 
Mechanistically, mitochondrial polysome profiling analysis shows that FAM210A loss of function compromises mitochondrial 
mRNA translation and leads to reduced mitochondrial-encoded proteins, followed by disrupted proteostasis. We observed de
creased FAM210A protein expression in human ischaemic heart failure and mouse myocardial infarction tissue samples. To further 
corroborate FAM210A function in the heart, AAV9-mediated overexpression of FAM210A promotes mitochondrial-encoded 
protein expression, improves cardiac mitochondrial function, and partially rescues murine hearts from cardiac remodelling and 
damage in ischaemia-induced heart failure.

Conclusion These results suggest that FAM210A is a mitochondrial translation regulator to maintain mitochondrial homeostasis and normal 
cardiomyocyte contractile function. This study also offers a new therapeutic target for treating ischaemic heart disease.
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1. Introduction
The mitochondrion is an essential cellular organelle to maintain the energy 
supply for any biochemical reactions in eukaryotic cells.1 The electron 
transport chain (ETC) complex, located in the mitochondrial inner 

membrane, generates an electrochemical-proton gradient that drives 
ATP synthesis. In addition to energetics, mitochondria also play critical 
roles in calcium signalling, metabolism, and apoptosis. The heart is one of 
the most mitochondria-rich organs in mammals, as mitochondria account 
for over 30% of cardiomyocyte (CM) cell mass.2 Mitochondria generate 
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metabolites and ATP via tricarboxylic acid cycle (TCA) and oxidative phos
phorylation, fuelling all biological processes, including CM contraction. Loss 
of function of mitochondrial genes due to genetic mutations can cause 
mitochondrial cardiomyopathy (MC)3 and other mitochondrial diseases 
in the skeletal muscle, brain, liver, and kidney, among other organs.4

Moreover, reduced expression of critical mitochondrial proteins and sub
sequent mitochondrial dysfunction are major drivers of pathogenesis in is
chaemic heart disease such as myocardial infarction (MI).5,6 However, the 
aetiology and effective therapeutic intervention of mitochondria dysfunc
tion related heart disease are still lacking.7,8

Given these crucial roles of mitochondria in CMs, elucidating the mo
lecular functions of critical regulators of mitochondrial homeostasis may 
provide novel therapeutic targets to combat MC and MI. FAM210A (family 
with sequence similarity 210 member A) is a mitochondria-localized pro
tein essential for embryonic development and viability.9 Genome-wide as
sociation studies have shown multiple FAM210A mutations associated 
with sarcopenia and osteoporosis.10,11 However, FAM210A is not ex
pressed in the bone but the skeletal muscle and is most highly expressed 
in the heart.11,12 Skeletal muscle-specific knockout (KO) of Fam210a re
duces muscle strength and bone function in vivo,11 and reduced expression 
of FAM210A impairs myoblast differentiation in vitro.13 One unbiased 
transcriptome-wide RNA-seq and ribosome profiling analysis in mouse 
hearts identified FAM210A as a hub gene down-regulated in cardiac patho
logical hypertrophy and remodelling compared to physiological hyper
trophy.14 Recently, our study revealed that the miR-574-FAM210A axis 
plays a vital role in regulating mitochondrial proteomic homeostasis and 
cardiac remodelling.12 FAM210A interacts with a critical mitochondrial 
translation elongation factor EF-Tu in a protein complex involved in regu
lation of mitochondrial-encoded mRNA translation.12 However, the in vivo 
physiological function and downstream molecular effector of FAM210A in 
the heart remain unknown.

Here, we established a novel CM-specific Fam210a conditional KO 
mouse model to investigate the function of FAM210A in the CM and heart. 
We observed severe morphological disruption and functional decline in 
mitochondria, CMs, and the heart at ∼10 weeks post-inducible Fam210a 
KO. Meanwhile, we only detected reduced mitochondrial membrane po
tential (Δψm) and increased reactive oxygen species (ROS) accompanied 
by aberrant mitochondrial function in the absence of any dysfunction in 
CMs and the heart at the early stage (∼5 weeks post-Fam210a KO). 
Multi-omics analyses in cKO hearts uncovered chronic activation of the in
tegrated stress response (ISR) as a major component of the gene signature 
and disease aetiology accompanied by transcriptomic, translatomic, prote
omic, and metabolomic reprogramming. Mechanistically, mitochondrial 
polysome profiling analyses show that FAM210A modulates 
mitochondrial-encoded mRNA translation and maintains mitochondrial 
homeostasis. FAM210A deficiency impairs mitochondrial proteomic 
homeostasis. Overexpression of FAM210A protects the hearts from car
diac injury and pathological remodelling in a mouse MI model. This study 
demonstrates that FAM210A maintains mitochondrial homeostasis in 
CMs by regulating the translation of mitochondria-encoded mRNAs and 
can be targeted for cardiac protection under ischaemic stresses.

2. Methods
A detailed description of materials and methods is available in the supple
mental information.

2.1 Mice
All mouse experiments were conducted under protocols approved by the 
University Committee on Animal Resources (UCAR) of the University of 
Rochester Medical Center (URMC). All animal procedures conform to the 
guidelines from Directive 2010/63/EU of the European Parliament on the 
protection of animals used for scientific purposes or the NIH Guide for the 
Care and Use of Laboratory Animals. The mice were housed in a 12:12 h 
light: dark cycle in a temperature-controlled room in the animal housing 
room of URMC, with free access to water and food. The age and gender 
were indicated below in each section of experiments using mice. The 
Fam210a floxed mice (tm1c, Fam210aflox/flox) were generated by the 
Canadian Mouse Mutant Repository (CMMR, http://www.cmmr.ca/) and 
purchased through the International Mouse Phenotyping Consortium 
(https://www.mousephenotype.org/). The tamoxifen-inducible transgenic 
mouse line αMHCMerCreMer (αMHCMCM/+) was a gift from Dr Eric Small’s 
lab at URMC. The tamoxifen-induced cardiomyocyte-specific knockout 
of Fam210a was achieved by crossing Fam210aflox/flox mice with 
αMHCMCM/+ mice. Age- and gender-matched aMHCMCM/+ mice were 
used to control Fam210a knockout mice. All the mice are on C57BL/6J 
background.

Anaesthetic and analgesic agents used in the study are listed below as 
follows:

After Buprenorphine SR treatment, lab fellows inspected mice once a 
day for 3 days and registered them in the recording card. Carbon dioxide 
euthanasia is used for terminating mice. All anaesthetic and analgesic agents 
used in the study were approved by the UCAR of the URMC.

2.2 Statistical analysis
All quantitative data were presented as mean ± S.E.M. and analysed using 
Prism 8.3.0 software (GraphPad). Kolmogorov–Smirnov test was used 
to calculate the normal distribution of the data. For normally distributed 
data, an unpaired two-tailed Student’s t-test was performed to compare 
two groups and one-way or two-way ANOVA with  Sidak’s multiple com
parisons test for the comparisons between more than three groups. For 
data that are not normally distributed, a non-parametric Mann–Whitney 
test was performed for the comparisons between two groups and a 
Kruskal–Wallis test with Dunn’s multiple comparisons test for the compar
isons between more than three groups. The log-rank test was performed 
to compare survival rates, and the χ2 test was used to compare cell number 
counting data. Two-sided P-values of <0.05 were considered to indicate 
statistical significance. Specific statistical methods were described in the fig
ure legends.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Drug or drug 
combination

Dose range (mg/kg) and route Purpose Frequency Maximum # 
doses

Buprenorphine SR 0.5–1 mg/kg, SQ Relieve pain/stress before MI 

surgery

1 time before the 

operation

1

Isoflurane 2%, inhale Aesthetical treatment 1 time before the 

operation

1

Ketamine/xylazine 100 mg/kg for ketamine, 10 mg/kg for 
xylazine, ip

Analgesic treatment 1 time before harvest 1
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3. Results
3.1 Cardiomyocyte-specific Fam210a 
knockout causes spontaneous dilated 
cardiomyopathy
To investigate the role of FAM210A in vivo, we first determined the expres
sion of FAM210A in two major cell types in the heart, CM and cardiac 
fibroblast (CF). FAM210A is highly expressed in CMs compared with 
CFs (see Supplementary material online, Figure S1A). Moreover, single-cell 
RNA-seq data reveal that the highest expression is found in CMs than in 
any other human cell type (see Supplementary material online, 
Figure S1B).15 To determine the role of FAM210A in the adult heart, we 
generated an inducible CM-specific cKO mouse model of Fam210a by 
cross-breeding Fam210aflox/flox mice with tamoxifen (TMX)-inducible 
αMHCMCM/+ mice (Figures 1A and S1C and D). After TMX administration, 
FAM210A mRNA and protein expression was decreased by >90% in 
the cKO heart (see Supplementary material online, Figure S1E and F). 
The cKO mice declined in bodyweight 9 weeks post-TMX-induced KO 
(Figure 1B). Both male and female cKO mice showed complete penetrance 
of lethality after TMX injection for ∼70–80 days (Figure 1C), with a life span 
of 77.20 ± 1.07 days in females and 74.89 ± 1.58 days in males. 
Echocardiographic examinations suggest that Fam210a cKO mice experi
enced progressive dilated cardiomyopathy with decreased fractional short
ening, ejection fraction (Figure 1D), and induced chamber dilation (see 
Supplementary material online, Figure S1G–J and Supplementary material 
online, Table S1) compared to αMHCMCM/+ (Ctrl) and Fam210a fl/fl mice. 
As we did not observe any significant difference in cardiac functions be
tween αMHCMCM/+ and Fam210a fl/fl mice in the echocardiographic out
come within 11 weeks post-TMX injections (see Supplementary material 
online, Table S1), we used αMHCMCM/+ mice as the control group in the fol
lowing phenotyping and multi-omics studies. The cardiac function re
mained normal until 7 weeks post-KO and started to drop severely after 
∼9 weeks. Therefore, we defined the early (1–7 weeks) and late stages 
(8–11 weeks) of this cardiomyopathy disease model using 7 weeks 
post-KO as the cut-off time point of transition from normal to abnormal 
cardiac function. We first characterized the disease phenotypes at the 
late stage at ∼10 weeks post-KO. The increased ratio of heart weight to 
tibia length (by 19.56% in males, by 18.93% in females) and myocyte cross- 
section area by wheat germ agglutinin (WGA) staining confirmed spontan
eous dilated cardiomyopathy with hypertrophied CMs in cKO mice 
(Figure 1E and F ). Consistent with the marked CM hypertrophy, hyper
trophy marker gene expression (Myh7, Nppa, and Nppb) was drastically 
induced, while Myh6 expression was reduced in cKO hearts compared 
with control hearts (Figure 1G). Furthermore, a slight increase in cardiac fi
brosis was indicated by picrosirius red staining and confirmed by a modest 
rise in fibrosis marker gene expression (Col1a1 and Col3a1) (Figure 1H and 
I ). Altogether, these results suggest that CM-specific Fam210a KO in adult 
mice leads to progressive HF with enlarged CMs and dilated left ventricle 
chamber, and ultimately causes mortality at ∼75 days after Fam210a KO.

3.2 FAM210A deletion leads to myofilament 
disarray and contractile dysfunction of 
cardiomyocytes
To dissect the pathological effects of FAM210A deletion on CM cells, we 
first performed transmission electron microscopy to visualize the morpho
logical changes in diseased CMs in the whole heart tissue sections of 
Fam210a cKO mice at the late stage of cardiomyopathy (∼10 weeks 
post-KO). The sarcomeric architecture was remarkably disrupted, as indi
cated by the destruction of the organized Z disk, I band, M line (Figures 2A 
and S2A), and the loss of intercalated disc integrity between CMs in the 
cKO hearts (see Supplementary material online, Figure S2B). The observa
tion of myofilament disarray was confirmed in isolated primary CMs from 
cKO and control mice by immunostaining of Z disk and thin filament mark
er protein α-actinin 2 and cardiac troponin T, respectively (Figures 2B and C 

and S2C). In addition, quantitative mass spectrometry analysis was per
formed to evaluate the proteomic changes in the whole heart tissues of 
Fam210a cKO and control mice. The sarcomeric protein levels of 
Troponin C1, Troponin T2, Troponin I3, Myosin heavy chain 6 and 3, 
Myosin light chain 2, and Tropomyosin 1 (log2FC = −0.66) were decreased 
while Myosin heavy chain 7, Myosin light chain 4 and 7, α-actinin 1 and 4, 
and Tropomyosin 2/3/4 (log2FC = 0.95, 0.88, and 0.53) were increased 
(see Supplementary material online, Figure S2D and Supplementary 
material online, Table S3), suggesting a proteomic homeostatic imbalance 
of myofilament proteins in cKO hearts. Immunoblot experiments verified 
the same trend of changes of α-actinin (increased by 2.66-folds) and cardiac 
Troponin T (decreased by 40.9%) in the whole heart lysate of cKO hearts 
(see Supplementary material online, Figure S2E). To examine whether dys
regulation of sarcomeric protein expression affects CM contractility, we 
measured the dynamic change in sarcomere length during the contraction 
cycle of CMs isolated from control and cKO mice at the late stage using the 
myocyte contractility recording system. In agreement with dysregulated 
sarcomeric structure proteins, Fam210a KO CMs exhibited significantly 
compromised contractile function compared to control CMs in the 
presence or absence of isoproterenol (ISO) stimulation (Figures 2D–F 
and S2F–H). The sarcomere shortening (Figure 2D and E) and maximal 
shortening velocity (see Supplementary material online, Figure S2F) were 
reduced in KO CMs. As a result, time to 50% sarcomere shortening was 
increased in KO CMs (see Supplementary material online, Figure S2G). 
Meanwhile, we noticed that maximal relengthening velocity was reduced 
(see Supplementary material online, Figure S2H), and time to 50% relax
ation was increased accordingly (Figure 2F). Taken together, these results 
suggest that genetic deletion of FAM210A in CMs leads to dysregulated ex
pression of myofilament proteins and pronounced disruption of the sarco
meric structure, thereby driving contractile dysfunction in CMs.

3.3 FAM210A maintains cardiac 
mitochondrial function in cardiomyocytes
Next, we ask the question of the effect of Fam210a KO on cardiac mito
chondrial function. Electron microscopy imaging showed that mitochon
drial morphology was dramatically altered in cKO hearts at the late stage 
of HF. Cristae were greatly reduced and sparsely present in the mitochon
dria of KO CMs compared to control CMs (Figure 2G, left panel). Also, an 
increased number of small-sized mitochondria were observed in KO CMs 
but not in control CMs. Quantification results from electron microscopy 
images indicated that mitochondrial surface area and cristae number 
were reduced by 32.6% and 65.6%, respectively (Figure 2G, middle and right 
panels). In addition, the mitochondrial DNA (mtDNA) copy number was 
decreased by 31.60% and 36.67% as measured by PCR using specific pri
mers targeting 12S rDNA or Cox1 locus in the mitochondrial genome, re
spectively, in cKO hearts compared to control hearts at the late stage 
(Figures 2H and S3A). To determine the cause of reduced mtDNA copy 
number, we measured the expression of critical genes involved in mito
chondrial biogenesis and mitophagy in the cKO hearts. Although Pgc1α 
and Pgc1β mRNA was decreased by 36.1% and 44.7%, respectively (see 
Supplementary material online, Figure S3B), PGC1α protein expression 
was slightly increased, indicating that mitochondrial biogenesis may stay un
changed or modestly enhanced (see Supplementary material online, 
Figure S3C). As a consequence of decreased mtDNA copy number in 
KO CMs, the protein expression of the mitochondrial localized transcrip
tion factor TFAM was reduced by half (see Supplementary material online, 
Figure S3C). In other aspects, the expression of autophagy marker protein 
LC3B II was increased by ∼3–4-folds (see Supplementary material online, 
Figure S3C) and the autophagic flux was enhanced in the presence of autop
hasome and lysosome fusion inhibitor, bafilomycin A1 (Baf A1), at the late 
stage (see Supplementary material online, Figure S3D), suggesting that en
hanced autophagic activity may contribute partially to the reduced 
mtDNA copy number at the late stage through mitochondria degradation. 
Furthermore, blue native gel assays showed that ETC assembly was com
promised to some extent in Fam210a cKO hearts compared to control 
hearts at the late stage (see Supplementary material online, Figure S3E). 
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ETC assembly defect or dysfunction is often associated with compromised 
Δψm and increased mitochondrial ROS production.16 In isolated KO CMs, 
the Δψm was reduced by 37.3% (Figure 2I). ROS production was increased 
by 1.87 and 2.72-folds in the absence or presence of the Complex III inhibi
tor Antimycin A, respectively (Figure 2J). More importantly, seahorse 

measurement showed that the mitochondrial respiratory activity was sig
nificantly compromised in FAM210A deficient CMs (Figure 2K), as indicated 
by a ∼50% decrease in the maximal oxygen consumption rate and spare 
respiratory capacity (Figure 2L). Consistent with aberrant mitochondrial 
function, we observed a significantly increased (∼2.5%) CM cell death at 

Figure 1 FAM210A deficiency in cardiomyocytes leads to dilated cardiomyopathy and heart failure. (A) Experimental timeline for phenotypic examination of 
CM-specific Fam210a cKO mice. (B) The body weight was measured weekly post-TMX-induced Fam210a KO in male and female mice. n = 11 for Ctrl and 
cKO male (M). n = 7 for Ctrl female (F) and n = 10 for cKO female. (C ) The survival rate in male and female mice post-KO. ###P < 0.001 for M and ***P <  
0.001 for F by log-rank test. (D) Fractional shortening (FS) and ejection fraction (EF) were measured by echocardiography in cKO and control mice. n = 5M + 4F 
for Ctrl and cKO. n = 5M + 2F for Fam210a fl/fl control mice. NS, not significant for fl/fl vs. Ctrl by two-way ANOVA with Sidak’s multiple comparisons. (E) 
Heart weight/tibia length (HW/TL) ratio in male and female cKO mice. n = 6 and 7 for male Ctrl and cKO. n = 11 for female Ctrl and cKO. (F and H ) Wheat 
germ agglutinin (WGA) staining for the cross-sectional area of CMs (F; n = 3 hearts with >1000 CMs quantified per heart) and picrosirius red staining of col
lagen deposition (H; n = 5M + 4F for Ctrl and cKO) in the hearts of control and cKO mice at ∼65 days post-KO. (G and I ) Cardiac hypertrophy (G) and fibrosis 
(I ) marker gene expression at ∼65 days post-KO (n = 5M + 4F). *P < 0.05; **P < 0.01; ***P < 0.001 by two-way ANOVA with Sidak’s multiple comparisons 
test (B and D), Student’s t-test (E and G–I), and Mann–Whitney test (F and Nppb in G).
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Figure 2 Cardiomyocyte-specific deletion of Fam210a causes myofilament disarray and mitochondrial dysfunction in cardiomyocytes. (A) A representative 
electron microscopy image shows a disturbed sarcomeric structure in CMs from whole heart tissue sections of a late-stage Fam210a cKO heart (∼65 days 
post-KO). (B) Immunofluorescence staining of ACTN2 indicates myofilament disarray in isolated CMs from cKO hearts at ∼65 days post-KO. Right panels: 
quantification of fluorescence intensity distribution (AU, arbitrary unit) along the white line in the IF image. (C ) Quantification of disarrayed CM percentile from 
IF staining in isolated CMs from hearts of control or cKO mice. n > 2500 CMs were quantified from four hearts. (D–F) FAM210A deficiency reduces sarcomere 
length and attenuates the contractility of isolated CMs from cKO hearts at ∼65 days post-KO with or without ISO stimulation. n = 82/79/77/68 CMs were 
quantified for Ctrl-Veh, Ctrl-ISO, cKO-Veh, and cKO-ISO from four hearts. (G) Electron microscopy shows decreased cristae and mitochondrial size in 
Fam210a cKO CMs from whole heart tissue sections. Triangles indicate fragmented mitochondria. The mitochondrial surface area and cristae number are 
quantified in >200 mitochondria from n = 3 hearts (cKO vs. Ctrl). (H ) The mtDNA copy number in control and cKO hearts was measured by qPCR using 
primers targeting the mitochondrial 12S rDNA locus (n = 5M + 4F). qPCR of the nuclear genomic DNA was used as a normalizer. (I ) Mitochondrial membrane 
potential (Δψm) was determined by TMRE staining in isolated CMs from late-stage Fam210a cKO hearts. For the FCCP treatment, 10 μM FCCP was added into 
the medium for 5 min before imaging. Greater than 600 CMs from four hearts were quantified. The TMRE intensity was normalized by the intensity after FCCP 
treatment. (J ) The ROS level in isolated CMs from late-stage cKO hearts. Greater than 200 CMs from three hearts were quantified. AA, antimycin A (2 mM for 
30 min). (K and L) The mitochondrial respiratory activity in isolated CMs from control and cKO hearts at ∼65 days post-KO was measured by the Seahorse 
assay. n = 16 biological replicates for Ctrl and n = 15 for cKO from CM isolations in three hearts. SRC, spare respiratory capacity (OCRMax − OCRBas). *P <  
0.05, **P < 0.01, ***P < 0.001 by χ2 test (C ), Kruskal–Wallis test with Dunn’s multiple comparisons test (E, F, and J ), Student’s t-test (H and L), and Mann– 
Whitney test (G and I ).
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the late stage of Fam210a cKO hearts (see Supplementary material online, 
Figure S3F). These results suggest that FAM210A is required to maintain 
cardiac mitochondrial homeostasis, and its deficiency causes severe mito
chondrial dysfunction and cardiomyopathy.

3.4 Disrupted mitochondrial membrane 
potential and enhanced ROS production are 
early events in Fam210a cKO hearts
To tease out the disease-causing events from the consequent secondary 
effects of HF, we examined the functional changes in early-stage heart tis
sues of Fam210a cKO mice. We did not observe any functional abnormal
ity of hearts and morphological change of CMs with a minimal expressional 
change of CM hypertrophy marker genes at the early stage (∼5 weeks 
post-KO) (Figures 3A and S4A–C). Additionally, cardiac fibrosis was absent, 
and fibrosis marker gene expression was unaltered in cKO hearts (see 
Supplementary material online, Figure S4D and E). Electron microscopy 
analysis indicated no significant disruption in the overall morphology of 
the CM sarcomeric network or mitochondrial structure (Figure 3B). 
Consistently, we did not identify any remarkable difference in contractile 
functions (see Supplementary material online, Figure S4F–L) between KO 
and control CMs in the presence or absence of ISO stimulation. These re
sults reveal no significant cardiac dysfunction in Fam210a cKO hearts at the 
early stage.

Given the localization of FAM210A in mitochondria, we assume that the 
primary disease-causing events are associated with mitochondria at the 
molecular level before any noticeable phenotypic changes occur in overall 
mitochondrial morphology, CMs, and the heart. To test this hypothesis, we 
first measured the mitochondrial surface area and cristae number and 
width, and noticed a slight increase in the cristae number and a modest de
crease in the cristae width (see Supplementary material online, Figure S5A). 
This altered cristae structure driven by loss of FAM210A can be partially 
explained by the previously reported interaction of FAM210A 
(C18ORF19) with ATAD3A17 that controls cristae structure.18

However, we did not observe a significant change in ATAD3A protein ex
pression in Fam210a cKO hearts at the early stage (see Supplementary 
material online, Figure S5B). Additionally, given that mtDNA copy number 
was slightly increased at the early stage in cKO hearts compared to control 
hearts (Figures 3C and S5C), we measured the expression of mitochondria 
biogenesis factor genes and found that the expression of Pgc1α and Pgc1β 
mRNA was indeed reduced by 36.1% and 27.9%, respectively (see 
Supplementary material online, Figure S5D). However, the protein expres
sion of neither the nuclear nor mitochondrial localized mitochondria bio
genesis factor, PGC1α and TFAM, was changed (see Supplementary 
material online, Figure S5E). In contrast, autophagic activity was unchanged 
or slightly decreased as indicated by LC3B II protein expression with or 
without of Baf A1 treatment (see Supplementary material online, 
Figure S5F), implying that autophagy-mediated mitochondria degradation 
pathway may have a minimal effect on the slightly increased mtDNA 
copy number at the early stage in Fam210a cKO hearts. Moreover, blue 
native gel assays showed that ETC assembly was modestly affected in 
Fam210a cKO hearts compared to control hearts at the early stage (see 
Supplementary material online, Figure S5G). Then, we examined Δψm 

and ROS production in mitochondria of isolated CMs. TMRE staining 
showed disturbed Δψm in part of the mitochondria in ∼40% of KO CMs 
at the early stage (Figure 3D) and an overall increase of Δψm in Fam210a 
KO CMs (Figures 3E and S5H). This heterogeneity in defects of Δψm was 
not observed in control CMs. Moreover, ROS production was significantly 
increased at the early stage in KO CMs (Figure 3F).

Finally, although we observed a modest overall increase in the intensity 
of TMRE staining in FAM210A deficient CMs (Figure 3E), seahorse meas
urement revealed that the mitochondrial respiratory activity was moder
ately compromised due to disruption of Δψm in part of the 
mitochondria (Figure 3G), with a 21.7% decrease of the maximal oxygen 
consumption rate and a 42.9% decrease of spare respiratory capacity 
(Figure 3H) in KO CMs compared to control cells at the early stage. 

Collectively, these results suggest that reduced Δψm and respiratory activ
ity accompanied by increased ROS production are primary disease-driving 
events, which contribute to the progression of dilated cardiomyopathy in 
Fam210a cKO mice.

3.5 Transcriptomic and proteomic 
reprogramming occurs at early and late 
stages of Fam210a cKO hearts
We noticed no obvious pathological phenotypes in CMs and the heart of 
Fam210a cKO mice at the early stage (Figures 3A and S4). The cardiac dila
tion and failure occur progressively during the late stage (Figure 1). To dis
sect global gene expression changes during HF development and 
understand the aetiology at the molecular level, bulk RNA-seq and quanti
tative protein mass spectrometry were performed for whole heart tissues 
harvested from cKO and control mice at ∼5 weeks (early-stage) and ∼9 
weeks (late stage) post-KO (Figure 4A and B and Supplementary material 
online, Tables S2 and S3). At the early stage, 124 mRNAs were significantly 
up-regulated, while 49 mRNAs were significantly down-regulated in the 
cKO hearts (Figure 4B and Supplementary material online, Table S2). In par
allel, 169 proteins were increased while 101 proteins were decreased in 
the early-stage cKO hearts (Figure 4B; Supplementary material online, 
Table S3). Moreover, no strong correlation was observed between 
mRNA and protein dysregulated expression at the early stage 
(Figure 4C). Consistently, only a few genes were overlapped between dif
ferentially expressed mRNAs and proteins at the early stage (six up- 
regulated and three down-regulated genes) (Figure 4D and 
Supplementary material online, Table S4). Fam210a is present as one of 
the three down-regulated genes as a positive control. In contrast, a large 
number of mRNAs were differentially regulated at the RNA level, with 
4370 significantly up-regulated genes and 4301 significantly down- 
regulated genes in the late-stage cKO hearts (Figure 4B; Supplementary 
material online, Table S2), probably driven by the combined effect of 
FAM210A deficiency and massive secondary effects of HF at the late stage. 
In parallel, within detectable proteins by mass spectrometry, 157 proteins 
were up-regulated while 104 proteins were down-regulated (Figure 4B; 
Supplementary material online, Table S3). Intriguingly, a strong positive cor
relation (R = 0.56) between the expression of mRNAs and proteins was 
observed at the late stage (Figure 4E), indicating a co-ordinated regulation 
of the steady-state mRNA and protein expression at this stage. In agree
ment with this observation, most of the significantly dysregulated proteins 
in the proteomic analysis were also significantly dysregulated at the mRNA 
level. Within overlapped dysregulated genes, 137 genes were up-regulated, 
and 68 genes were down-regulated at the late stage (Figure 4F). Notably, 
the most prominent enriched gene pathways uncovered by gene ontology 
(GO) analysis in up-regulated mRNAs at the early stage include tRNA ami
noacylation and translation (Figure 4G and I and Supplementary material 
online, Table S4), while down-regulated mRNAs were enriched in coagula
tion and metabolic pathways at the early stage (Figure 4G and 
Supplementary material online, Table S4). At the protein level, the up- 
regulated genes were enriched in neutrophil-mediated immunity, while 
down-regulated genes were enriched in mitochondrial translation machin
ery at the early stage (Figure 4G and I and Supplementary material online, 
Table S4). In the overlapped genes at the late stage, tRNA aminoacylation 
and amino acid metabolism were the most highly enriched pathways in up- 
regulated genes, while sulfide oxidation and mitochondrial ETC assembly 
were enriched in down-regulated genes at the late stage (Figure 4H and J 
and Supplementary material online, Table S4).

To explore the global translation profile upon Fam210a cKO in vivo, we 
performed ribosome profiling (Ribo-seq) using sucrose cushion (1 M su
crose, 34.2% w/v)19,20 with whole heart tissue lysates of control and 
Fam210a cKO hearts at the early stage (see Supplementary material 
online, Figure S5I and J and Supplementary material online, Table S5). This 
method can capture cytosolic monosomes and high molecular weight 
mitochondrial monosomes complexed with their ribosome-protected 
footprints (RPF) upon RNase I digestion. We discovered that 5 mRNAs 
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(Padj < 0.05) and 130 mRNAs (P < 0.05) had increased RPF density as cal
culated by Ribo-seq normalized reads divided by RNA-seq normalized 
reads using the RiboDiff web tool.21 GO results also highlighted the re
spiratory electron transport chain-related processes, mainly the 
mitochondrial-encoded genes (MEGs), as a major pathway affected among 
the top RPF density-up-regulated mRNAs (see Supplementary material 
online, Figure S5K, left). Among these RPF density-increased mRNAs, we 
noticed multiple MEGs, including mt-Nd6 (Complex I gene; P = 1.17 ×  
10−8; log2FC = 1.41), mt-Cytb (Complex III gene; P = 1.39 × 10−3; log2FC  
= 0.99), mt-Co1 (or Cox1; Complex IV gene; P = 9.30 × 10−6; log2FC =  
1.04), and mt-Co3 (or Cox3; Complex IV gene; P = 0.012; log2FC = 1.51). 
In addition, we observed that mt-Nd5 (Complex I gene; P = 0.040; log2
FC = 0.50) and mt-Nd2 (Complex I gene; P = 0.057; log2FC = 1.29) 
show increased RPF density with borderline statistical significance. In 

contrast, the mRNA expression of these MEGs remained unchanged in 
the corresponding RNA-seq dataset (see Supplementary material online, 
Table S5). It is widely accepted that RPF density is inversely proportional 
to translation efficiency (TE) if translation is regulated at the elongation 
step.22 Thus, FAM210A loss of function may lead to reduced mitochondrial 
translation elongation and accumulated ribosomes on the MEG mRNAs 
due to possible ribosome pausing or stalling (see Supplementary material 
online, Figure S5L). Therefore, these findings support our idea of 
FAM210A-mediated regulation of translation elongation of MEG 
mRNAs12 (see Supplementary material online, Figure S5L). On the other 
hand, we found that 7 mRNAs (Padj < 0.05) and 110 mRNAs (P < 0.05) 
showed decreased RPF density in our Ribo-seq data (see Supplementary 
material online, Figure S5J and Supplementary material online, Table S5). 
All of these mRNAs, enriched in multiple gene ontology terms related to 

Figure 3 Disturbed mitochondrial membrane potential and increased ROS production are early events in FAM210A deficient CMs. (A–C ) Cardiac function 
(A, n = 6 for Ctrl and n = 8 for cKO) and mitochondrial morphology (B, n = 3) stay unchanged while mtDNA copy number is slightly increased as quantified by 
PCR using primers targeting 12S rDNA (C, n = 10 for Ctrl and cKO) at 5 weeks post-KO. (D and E) Mitochondrial membrane potential (Δψm) was determined 
by TMRE staining in isolated CMs from early-stage Fam210a cKO hearts (D). Right panel: >1500 CMs were quantified from four hearts. For Δψm measurement 
with the FCCP treatment in (E), 10 μM FCCP was added into the medium for 5 min before imaging. Greater than 280 CMs were quantified from four hearts. 
The TMRE intensity was normalized by the intensity after FCCP treatment. Representative images are shown in Figure S5H. (F ) Increased mitochondrial ROS 
(>80 CMs were quantified from three hearts) was observed in isolated CMs from early-stage cKO hearts. (G and H ) Respiratory activity is attenuated in iso
lated CMs from early-stage KO hearts. n = 19 biological replicates for Ctrl and n = 18 for cKO in (G). Oligo, oligomycin; FCCP, carbonyl 
cyanide-p-trifluoromethoxyphenyl-hydrazone; Rot/AA, rotenone/antimycin A. *P < 0.05; **P < 0.01; ***P < 0.001 by Student’s t-test (A, C, and H ), χ2 test 
(D), Mann–Whitney test (E), and Kruskal–Wallis test with Dunn’s multiple comparisons test (F ).
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Figure 4 Transcriptomic and proteomic profiles in FAM210A deficient hearts. (A) Experimental timeline of sample collection for transcriptomic and prote
omic analyses in Fam210a cKO hearts. (B) Differentially expressed genes at RNA and protein levels in cKO hearts at the early and late stages. Red: significantly 
increased genes; blue: significantly increased genes. (C and E) The Pearson correlation between changes of RNA and protein in cKO hearts at the early (C ) and 
late stages (E). (D and F ) Venn diagrams illustrate the overlap of dysregulated genes at RNA and protein levels in cKO hearts at the early (D) and late stages (F ). 
(G) Gene ontology (GO) analyses of the biological process for dysregulated genes from (D) at the RNA or protein level in cKO hearts at the early stage. Enrichr 
web tool was used to conduct the GO analysis. (H ) GO analyses of biological process for overlapped genes from (F ) at the RNA level in cKO hearts at the late 
stage. Only the top five GO terms were shown in (G) and (I ). (I ) Expression heat map of a selected group of RNA-only up-regulated genes, protein-only up- 
regulated genes, and protein-only down-regulated genes at the early stage from top GO terms of (G). (J ) Expression heat map of select co-regulated genes at 
the RNA and protein levels at the late stage from top GO terms in (H ).
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regulation of JNK cascade, elastic fibre assembly, protein ubiquitination, 
and TORC1 signalling, are encoded by the nuclear genome and translated 
inside the cytoplasm by cytosolic ribosomes (see Supplementary material 
online, Figure S5K, right). It is well known that RPF density is proportional 
to TE if translation is regulated at the initiation step22 (see Supplementary 
material online, Figure S5L). These results suggest a limited number of 
mRNAs are down-regulated at the translation initiation step as a secondary 
effect following Fam210a cKO at the early stage. This secondary effect is 
likely resulting from ISR, a common signature of mitochondrial cardiomy
opathy, driven by phosphorylation and inactivation of eukaryotic transla
tion initiation factor 2α (eIF2α).23

3.6 ISR is persistently activated in Fam210a 
deficient hearts
Since RNA-seq analysis provides much deeper genome-wide information 
about adaptive response and gene regulation than proteomics, we sought 
to determine the dysregulated gene signature from early and late stages 
(Figure 5A and Supplementary material online, Table S2). Overlapping sig
nificantly dysregulated genes from RNA-seq datasets revealed 95 up- 
regulated genes and 29 down-regulated genes at both stages (Figures 5B 
and S6A and Supplementary material online, Table S6). In comparison, a 
large number of unique dysregulated genes (4275 up-regulated and 4272 
down-regulated genes) were uncovered at the late stage compared to a 
unique cohort of 29 up-regulated and 21 down-regulated genes at the early 
stage (Figures 5B and S6A and Supplementary material online, Table S6). GO 
analysis of overlapped up-regulated genes identified that aminoacyl-tRNA 
synthetases, amino acid synthases, and amino acid transporters were en
riched, indicating a persistent activation of the ISR in Fam210a cKO hearts 
at both stages (Figure 5C and D and Supplementary material online, 
Table S6). Meanwhile, GO analysis of unique dysregulated mRNAs at the 
late stage showed that proteasome and ribosome pathways were up- 
regulated (see Supplementary material online, Figure S6B and C and 
Supplementary material online, Table S6), suggesting a futile cycle of in
creased protein degradation and synthesis machinery, which may maintain 
the proteostasis in KO CMs as a compensatory response. On the other 
hand, the ETC pathway was down-regulated (see Supplementary 
material online, Figure S6B and D). We also observed decreased expression 
of most fatty acid β-oxidation related metabolic enzymes and increased ex
pression of more than half the glycolysis related metabolic enzymes (see 
Supplementary material online, Figure S6E), which is consistent with the 
fatty acid-to-glycolysis metabolic switch during HF.

Consistent with the activation of ISR, transcription factor analysis of 
overlapped up-regulated genes using the iRegulon tool24 revealed that ac
tivating transcription factor 4 (ATF4) was the dominant transcription fac
tor potentially involved in the transcriptional activation of the ISR target 
genes (Figure 5E). Activation of ISR often induces the expression of 
ATF4 and CCAAT-enhancer-binding protein homologous protein 
(CHOP), which is responsible for initiating cell apoptosis.25 To distinguish 
the transcriptional effects from ATF4 or CHOP, we overlapped persistent
ly up-regulated genes with existing CHOP and ATF4 ChIP-Seq data.26 We 
found that some ISR targets were unique for ATF4, while no 
CHOP-specific targets were found (Figure 5F and Supplementary 
material online, Table S7). Western blot analysis confirmed activation of 
ISR as indicated by phosphorylation of translation initiation factor eIF2α 
and increased protein and mRNA expression of ATF4 (Figures 5G and H 
and S7A). Intriguingly, the CHOP protein level was reduced at the early 
stage (Figure 5G and H ), suggesting a CM-specific ATF4-driven, 
CHOP-independent ISR program in the cKO hearts. We confirmed that 
the CHOP-independent, ATF4 target genes were significantly increased 
in KO CMs at both stages, including phosphoglycerate dehydrogenase 
(Phgdh), phosphoserine aminotransferase 1 (Psat1), asparagine synthetase 
(Asns), solute carrier family 3 member 2 (Slc3a2), pyrroline-5-carboxylate 
reductase 1 (Pycr1), and fibroblast growth factor 21 (Fgf21) (Figure 5I). In 
addition, the shared target genes of ATF4 and CHOP were also remarkably 
increased at both stages, including activating transcription factor 5 (Atf5), 
solute carrier family 7 member 5 (Slc7a5), phosphoserine phosphatase 

(Psph), methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 
2/methenyltetrahydrofolate cyclohydrolase (Mthfd2), aldehyde dehydro
genase 1 family member L2 (Aldh1l2), aldehyde dehydrogenase 18 family 
member A1 (Aldh18a1), serine hydroxymethyltransferase 2 (Shmt2), 
and growth differentiation factor 15 (Gdf15) (see Supplementary 
material online, Figure S7A). In contrast, we only observed an increase of 
mRNA of three mitochondrial unfolded protein response (UPRmt) marker 
genes at the late stage, including heat shock protein family D member 1 
(Hsp60), heat shock protein family A member 4 (Hsp70), and mitochon
drial lon peptidase 1 (LonP1) (see Supplementary material online, 
Figure S7B). Only LONP1 protein expression was increased at the late 
stage (see Supplementary material online, Figure S7C and D), suggesting 
that UPRmt is not a major downstream effector pathway caused by 
FAM210A deficiency at the early stage in the heart. Four kinases are known 
to phosphorylate eIF2α and activate the ISR upon various stresses.27 In 
FAM210A deficient hearts, we only observed a band upshift of 
Heme-Regulated Inhibitor (HRI) kinase while the other three kinases 
(GCN2, PEKR, and PKR) were unchanged in their phosphorylation at 
the early stage (see Supplementary material online, Figure S7E and F), sug
gesting that HRI may be the kinase activating the ISR caused by Fam210a 
deficiency and mitochondrial translation dysregulation. This observation 
supports the idea that HRI kinase senses mitochondrial damage28 and ac
tivates the ISR upon mitochondrial stresses in the heart. However, all four 
kinases were activated at the late stage, probably due to various stresses in 
HF. These results suggest that chronic ISR is activated in Fam210a KO CMs, 
which may contribute to the aetiology of HF.

3.7 Early-stage metabolomic alterations are 
present before cardiac dysfunction in 
Fam210a cKO hearts
Our transcriptomic and proteomic analyses demonstrate that a persistent 
ISR is activated as indicated by the up-regulation of multiple ISR down
stream target genes involved in amino acid biosynthesis (Asns, Aldh18a1, 
Pycr1, Phgdh, and Psat1), nucleotide synthesis (Ctps and Pck1), and amino 
acid transport (Slc38a1, Slc3a2, Slc6a9, Slc7a11, and Slc7a5) in the 
Fam210a cKO hearts (Figure 5 and Supplementary material online, 
Table S2). Therefore, we ask whether transcriptomic and proteomic re
programming of these metabolism-related pathways in Fam210a cKO 
hearts may remodel the overall metabolomic profile. To address this ques
tion, we used liquid chromatography-tandem mass spectrometry (LC-MS/ 
MS) to evaluate the metabolomic profile of the hearts of cKO and control 
mice. Principal component analysis suggests that the overall metabolic pro
file in cKO hearts (red) is different from that in controls (green) at the early 
stage of MC (30-day post-KO) (see Supplementary material online, 
Figure S8A and Supplementary material online, Table S8) as well as at the 
late stage (60-day post-KO) (see Supplementary material online, 
Figure S8B and Supplementary material online, Table S8). Consistent with 
the alteration in ISR downstream metabolic enzymes at the early stage 
(Figure 5A and D), Metabolite Set Enrichment Analysis (see 
Supplementary material online, Figure S8C) and top dysregulated metabo
lites in heat maps revealed that amino acid and nucleotide biosynthetic 
pathways are among the top changed metabolic pathways, including mul
tiple dysregulated amino acids and nucleotide precursors (see 
Supplementary material online, Figure S8D). These metabolic pathways 
stayed dysregulated throughout the late stage of cKO hearts (see 
Supplementary material online, Figure S8E and F), such as reduced histidine 
and glutamine, increased phenylalanine and ornithine, and increased nu
cleotide synthesis (see Supplementary material online, Figure S8G). 
Additionally, several other metabolic pathways were also remarkably chan
ged at the late stage (see Supplementary material online, Figure S8E and F), 
probably due to massive gene dysregulation at the mRNA and protein le
vels caused by HF (Figure 5A), such as the glycolysis pathway (see 
Supplementary material online, Figure S6E), arachidonic acid metabolism, 
and oestrogen metabolism. Interestingly, we observed a persistent increase 
of glutathione and glutathione disulfate at early and late stages (see 
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Figure 5 Cardiomyocyte-specific FAM210A deficiency leads to persistent activation of ATF4-dependent CHOP-independent integrated stress response. 
(A) Differentially expressed genes at the transcriptomic level at the early (top) and late stages (bottom). (B) The Venn diagram illustrates the overlap of up- 
regulated genes at the RNA level in Fam210a cKO hearts at the early and late stages. (C ) GO analysis using the Enrichr web tool suggests enhanced amino acid 
metabolism-related gene expression in cKO hearts. (D) Expression heat map of the differentially expressed genes from top three GO terms in (C ). (E) iRegulon 
analyses identified ATF4 as the top transcription factor with the most enriched regulatory motif in all the 95 genes [from (B)] in the inset. (F ) Overlapping 
up-regulated genes with CHOP and ATF4 ChIP-Seq databases reveals ATF4-regulated target genes in CMs. (G) Western blot detection of phospho-eIF2α, 
ATF4, and CHOP at the early and late stages of cKO hearts. (H ) Quantification of protein expression as shown in (G). n = 6 for Ctrl and cKO at the early 
stage. n = 6 for Ctrl and n = 5 for cKO at the late stage. (I ) Relative RNA expression of ATF4-dependent, CHOP-independent ISR downstream targets in cKO 
hearts at the early and late stages. β-Actin was used as a normalizer. n = 5M + 5F for Ctrl and cKO at the early stage. n = 5M + 4F for Ctrl and cKO at the late 
stage. NS, not significant; **P < 0.01; ***P < 0.001 by Student’s t-test (H and I ).

FAM210A maintains cardiac mitochondrial homeostasis                                                                                                                                           2451



Figure 6 FAM210A regulates mitochondrial translation in the heart. (A) Schematic of the workflow of polysome profiling analysis of cardiac mitochondrial 
lysates from WT and cKO mouse hearts. (B) RT–qPCR detection of mitochondrial 12S and 16S rRNA. SS, small mitoribosome subunit; LS, large mitoribosome 
subunit (C–G) RT–qPCR analysis of mitochondrial-encoded mRNA distributions of Nd1, Cyb, Cox1, and Atp6 across different mitochondrial polysome profiling 
fractions (C–F ). The quantification of the mRNA distribution ratio between translation active and inactive fractions was shown in (G) (n = 4 biological repli
cates). (H and I ) Western blot measurement of nuclear- and mitochondrial-encoded ETC protein levels using isolated mitochondria from early-stage Ctrl or 
Fam210a cKO hearts at 5-week post-gene knockout (H ). The quantification results are shown in (I ). n = 5 for Ctrl and n = 4 for cKO. *P < 0.05; **P < 0.01; 
***P < 0.001 by Student’s t-test (G and I ).
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Supplementary material online, Figure S8G), indicating a compensatory re
sponse to maintain the cellular redox balance in response to enhanced 
mitochondrial ROS production in cKO hearts. Collectively, these metabo
lomic analyses indicate that FAM210A deficiency in CMs remodels 
glycolysis- and citric acid cycle-centred amino acids and nucleotide metab
olism in the heart, which contributes to the pathogenesis underlying car
diomyopathy and HF.

3.8 FAM210A depletion reduces 
mitochondrial-encoded mRNA translation 
in murine hearts
Our prior studies indicate that FAM210A interacts with mitochondrial 
translation elongation factor EF-Tu and positively regulates 
mitochondrial-encoded protein expression.12 However, whether FAM210A 
regulates mitochondrial-encoded proteins at the translational level in the heart 
in vivo is unclear. Considering mitochondrial translational defects as a common 
trigger of ISR,29–31 we sought to examine any potential mitochondrial transla
tion defects in the FAM210A deficient hearts. To prove that loss of FAM210A 
influences mitochondrial translation, we performed mitochondrial polysome 
profiling using 10–30% sucrose gradient centrifugation coupled with RT– 
qPCR in isolated mitochondria from the early-stage Fam210a cKO and control 
hearts (Figure 6A and B). TE of mitochondrial-encoded gene mRNAs was sig
nificantly reduced in cKO hearts compared to controls, as indicated by de
creased mRNA association with translationally active fractions of MEGs 
(Figure 6C–G). Consistently, we observed moderate but significant reductions 
at the steady-state levels in multiple mitochondrial-encoded ETC proteins in 
isolated mitochondria from Fam210a cKO hearts compared to control hearts 
at the early stage, including ND1, CYB, COX2, and ATP6 using global protein 
loading as a normalizer (Figure 6H and I). In contrast, we did not observe sig
nificant changes in the nuclear-encoded mitochondrial proteins (NDUFS1, 
SDHA, UQCRC2, and ATP5B) except COX4. Considering the role of regu
lating mitochondrial protein expression by FAM210A,12 we reason that a 
slightly increased mitochondrial DNA copy number (Figure 3C) is unable to 
compensate for any reduced TE of mitochondrial-encoded proteins caused 
by loss of FAM210A. Consistent with this idea, when mitochondrial DNA 
copy number was reduced at the late stage (Figure 2H), we observed that 
the steady-state level of mitochondrial-encoded proteins and nuclear-encoded 
proteins was significantly reduced in Fam210a cKO hearts, as shown by mass 
spectrometry (see Supplementary material online, Figure S9A and 
Supplementary material online, Table S3) and confirmed by western blot ana
lyses (see Supplementary material online, Figure S9B and C). Taken together, 
these results suggest that loss of FAM210A compromises the translation of 
multiple mitochondrial-encoded ETC component genes in vivo as the trigger 
for initiating mitochondrial dysfunction.

3.9 FAM210A overexpression alleviates 
cardiac pathological remodelling in 
myocardial infarction
Compromised mitochondrial activity is a common feature in hearts under 
ischaemic stresses, and an increase in mitochondrial biogenesis is consid
ered a promising therapeutic strategy to treat ischaemic heart disease.7

FAM210A was previously reported to be reduced by 34% in murine hearts 
at the mRNA level under MI vs. sham surgical conditions by a microarray- 
based transcriptome screening.32 After examining the expression of 
FAM210A in human HF samples, we found that FAM210A protein expres
sion was significantly decreased in the hearts of ischaemic HF (IHF) patients 
compared to non-failing human hearts (Figure 7A). However, FAM210A 
mRNA showed a reduction trend without statistical significance (see 
Supplementary material online, Figure S9D). Moreover, the FAM210A pro
tein level was also reduced in the mouse MI hearts compared to sham- 
controlled ones (Figure 7B). The mRNA level was significantly reduced in 
the MI compared to sham hearts (see Supplementary material online, 
Figure S9E). In addition, we observed reduced expression of 
mitochondrial-encoded proteins in human IHF and mouse MI heart tissue 

samples compared to their corresponding non-failing controls (see 
Supplementary material online, Figure S9F and G). As we uncovered the es
sential role of FAM210A in maintaining mitochondrial mRNA translation 
(Figures 6 and S9) and observed reduced FAM210A protein expression 
in human and mouse IHF samples, we sought to determine whether over
expression of FAM210A would enhance the mitochondrial protein expres
sion and reduce cardiac damage using an MI mouse model (Figure 7C). To 
test this hypothesis, we subcutaneously injected control GFP and 
FAM210A-overexpressing adeno-associated viruses (AAV9) in WT mice 
at around post-natal day P5. MI surgery was performed in Fam210a 
AAV9 overexpression (OE) and control mice at ∼8 weeks followed by 
left anterior descending artery (LAD) ligation for 4 weeks, and the cardiac 
function was monitored biweekly by echocardiography. At the endpoint, 
FAM210A OE was confirmed by immunoblot in the hearts at 4 weeks 
post-LAD ligation (Figure 7D), and the cardiac function was significantly im
proved in MI mice with FAM210A OE compared to the control AAV treat
ment (Figure 7E and Supplementary material online, Table S9). The HW/TL 
ratio of MI hearts with FAM210A OE was decreased by 16.6% (Figure 7F). 
Moreover, the scar area was reduced by FAM210A OE, as indicated by pi
crosirius red staining (Figure 7G). We quantified infarct size normalized to 
area at risk (AAR) using an echocardiographic analysis. We did not notice 
any difference in AAR while the infarct size was significantly decreased after 
normalization by AAR (Figure 7H). Consistently, CM apoptosis was also sig
nificantly reduced by 57.9% at the border zone, as indicated by terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining 
(Figure 7I). Western blot analysis showed that mitochondrial-encoded pro
tein expression was enhanced by FAM210A overexpression, including 
ND1, CYB, COX2, and ATP6 (Figure 7J). In contrast, nuclear-encoded 
mitochondrial protein expression was not affected except COX4, indicat
ing a translation regulatory function of FAM210A in promoting 
mitochondrial-encoded protein expression in vivo. Moreover, ATP produc
tion and mitochondrial respiratory activity were increased in FAM210A 
OE hearts (see Supplementary material online, Figure S10A and B), suggest
ing an improved bioenergetics and mitochondrial function in MI hearts. As a 
result, ISR activation was compromised after FAM210A OE in MI mice, as 
indicated by reduced p-eIF2α/eIF2α ratio at the protein level (see 
Supplementary material online, Figure S10C). Taken together, these data 
suggest that FAM210A overexpression protects hearts from cardiac dam
age and functional decline under ischaemic stress.

4. Discussion
This study demonstrates a novel molecular function of FAM210A in mito
chondria, CMs, and the heart using genetic knockout mouse models. 
FAM210A regulates mitochondrial mRNA translation, and loss of 
FAM210A causes reduced mitochondrial protein synthesis. The mitochon
drial translational defect causes disrupted Δψm and increased ROS that ac
tivates ISR and subsequent remodelling of the cellular transcriptome, 
translatome, proteome, and metabolism in CMs, leading to dysfunction 
of CM contraction, eventually causing HF and organismal mortality. We 
also observed reduced FAM210A protein expression in IHF patients’ 
whole hearts and MI mouse hearts. The overexpression of FAM210A in 
mouse CMs enhances mitochondrial protein expression and protects 
the heart from MI-induced cardiac damage and dysfunction. These results 
suggest that FAM210A is a novel mitochondrial translation regulator to 
maintain mitochondrial homeostasis in cardiomyocytes and offers a new 
therapeutic target for cardiac disease (Figure 7K).

4.1 Translation regulatory function of 
FAM210A in cardiac mitochondria in vivo
Our prior in vitro cell culture studies show that FAM210A regulates 
mitochondrial-encoded protein expression, possibly through interacting 
with EF-Tu and mitoribosome, anchoring the mitochondrial translation 
machinery in the inner mitochondrial membrane.12 To our knowledge, 
the current study provides the first evidence to support the idea that 
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Figure 7 FAM210A overexpression improved cardiac function after myocardial infarction. (A) FAM210A protein expression in human ischaemic heart fail
ure (IHF) vs. non-failing (NF) hearts. n = 10 for NF; n = 10 for IHF. (B) FAM210A protein expression in murine hearts from MI (2 weeks) vs. sham-treated mice. 
n = 6 for sham; n = 7 for MI. (C ) Workflow of the AAV9-FAM210A-FLAG overexpression in an MI model. AAV9-GFP was used as a negative control treat
ment. (D) Western blot detection of FAM210A protein at 4-week post-MI. (E) Left ventricular function was measured by echocardiography in Fam210a over
expression and control mice with MI surgery. EF, ejection fraction; LVESV, left ventricle end-systolic volume; LVEDV, left ventricle end-diastolic volume. n = 10 
for Ctrl (6M + 4F) and overexpression (3M + 7F). (F ) HW/TL ratio in Fam210a overexpression mice. n = 10 for Ctrl (6M + 4F) and overexpression (3M + 7F). 
(G) Picrosirius red staining of the scar area in the hearts of Ctrl and Fam210a overexpression mice at 4 weeks post-MI. Right panel: quantification of the scar 
area at each level. (H ) Measurement of AAR and infarct areas using echocardiographic analysis. n = 10 for AAV-Ctrl and AAV-210a. NS, not significant; AAR, 
area at risk; IS, infarct size. (I ) Representative images of CM apoptosis in hearts of mice subjected to MI operation. Red colour indicates TUNEL-positive (apop
totic) nuclei, green indicates CM staining by WGA, and blue (DAPI) represents nuclei. The percentile of TUNEL-positive nuclei was quantified in the right panel. 
(J ) Western blot analysis of nuclear-encoded mitochondrial ETC proteins and mitochondrial-encoded ETC proteins. (K ) Schematic working model of the 
impact and consequence of FAM210A loss-of-function (cKO) and gain-of-function (AAV9 OE) in the heart. *P < 0.05; **P < 0.01; ***P < 0.001 by two-way 
ANOVA with Sidak’s multiple comparisons test (E and G), Student’s t-test (B, F, and H–J ), and Mann–Whitney test (A).
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FAM210A influences mitochondrial translation in vivo using the CM-specific 
cKO mouse model and AAV9-mediated CM-specific overexpression in the 
MI mouse model. αMHCMCM and Fam210a fl/fl mice were used as controls 
to rigorously support our phenotypic characterizations (Figures 1D and 
S1G–J). Our Ribo-seq and polysome profiling data show that mitochondrial 
translation was decreased in FAM210A deficient CMs at the early stage be
fore HF (see Supplementary material online, Figures S5I–L and 6A–G). 
Consistently, the steady-state level of mitochondrial-encoded proteins 
was moderately and significantly reduced at this early stage without appar
ent changes in nuclear-encoded mitochondrial proteins (Figure 6H and I ). 
However, this proteomic imbalance status was worsened with time, as in
dicated by the significant decrease of mitochondrial-encoded proteins and 
even nuclear-encoded mitochondrial proteins at the late stage as cardiac 
dysfunction occurs at ∼9 weeks post-TMX-induced Fam210a KO (see 
Supplementary material online, Figure S9A–C). Thus, the primary events 
in mitochondria before cardiac dysfunction are likely the disease-driving 
factors, including disrupted Δψm, increased ROS production, and de
creased respiratory rate (Figure 3). Before these mitochondrial defects, 
the initial trigger of such early events is the loss of FAM210A, which leads 
to an aberrant mitochondrial translation (Figure 7K). These findings imply 
that reduced FAM210A in IHF patients’ hearts or MI mouse hearts may 
contribute to compromised mitochondrial translation, disrupted proteos
tasis, and mitochondrial dysfunction. Given the fact that FAM210A and mi
toribosome proteins were the top binding partners of mitochondrial 
translation-related protein ATAD3A17 and EF-Tu,12 we speculate that 
FAM210A may form a complex with ATAD3A, which acts as a mitochon
drial inner membrane-associated scaffold or adaptor to increase the local 
concentration of EF-Tu as well as mitoribosomes to enhance TE at the 
elongation step.12 Fam210a cKO in CMs may reduce EF-Tu docked on 
the mitochondrial inner membrane, leading to impaired channelling of 
aminoacyl-tRNA to the mitoribosome decoding centre. This slows down 
the translocation and movement of mitoribosome (reduced elongation 
rate) and accumulates more mitoribosomes on mitochondrial-encoded 
mRNAs, thereby increasing RPF density (more ribosome footprints) (see 
Supplementary material online, Figure S5I–L). Consequently, Fam210a 
cKO activates the ISR that inhibits cytosolic translation initiation due to 
p-eIF2α, leading to reduced loading of cytoribosome on cytoplasmic 
mRNAs, thereby decreasing RPF density (fewer ribosome footprints) 
(see Supplementary material online, Figure S5I–L). Interestingly, we also ob
served dysregulated cristae structure in Fam210a cKO hearts at the early 
stage, which further supported its functional association with 
ATAD3A.17,18 Loss of FAM210A did not alter the expression of 
ATAD3A at the early stage (see Supplementary material online, 
Figure S5B), indicating that the FAM210A-ATAD3A complex may exert 
dual functions in mitochondria, including recruiting EF-Tu and mitoribo
some for mitochondrial translation, and regulating the mitochondrial cris
tae structure. Further experiments are required to elucidate the detailed 
molecular and functional connections between FAM210A with 
ATAD3A. The FAM210A gene is conserved in more than 213 organisms, 
including humans, mice, zebrafish, and Caenorhabditis elegans.33 Fam210a 
mRNA is expressed in all organs and is enriched in the heart, brain, skeletal 
muscle, and testis of humans.34 Therefore, the biological function and mo
lecular mechanism we discover here may be generalizable, and further 
studies are required to prove FAM210A function across multiple cell types 
and other species.

4.2 ISR contributes to disease progression of 
mitochondrial cardiomyopathy
The mammalian target of rapamycin (mTOR) pathway is often associated 
with cardiac pathological hypertrophy.35 We measured the phosphoryl
ation of mTOR kinase and its two substrate proteins, P70S6K and 
4EBP1, and found Fam210a KO activated neither (data not shown). 
Moreover, we did not observe a strong UPRmt activation. At the same 
time, ISR was markedly activated in Fam210a cKO hearts at the early stage 
(Figures 5G and H and S7E and F), suggesting that ISR is a central pathway 
activated by FAM210A deficiency. ISR is a major translational control 

pathway to promote the survival of cells under stress conditions in the 
acute phase and can lead to cell apoptosis after chronic activation.27 Our 
multi-omics results reveal that ISR is persistently activated at early and 
late stages in Fam210a cKO hearts (Figure 7K). Intriguingly, we observed 
limited but significantly increased (∼2.5%) CM cell death at the late stage 
of Fam210a cKO hearts (see Supplementary material online, Figure S3F), 
as indicated by TUNEL staining. This may cause chamber dilation over 
time and explains the slightly increased cardiac fibrosis at the late stage. 
However, as downstream effectors of ISR, only ATF4 but not CHOP 
was up-regulated at the protein level (Figure 5G and H ). ATF4 activates 
pro-survival gene expression without triggering a pro-apoptosis gene 
program mainly activated by CHOP.27 Therefore, this ISR seems to be anti- 
apoptotic for a prolonged time to minimize CM death, as indicated by in
creased expression of an anti-apoptotic marker gene Mcl1 and no drastic 
change in pro-apoptotic genes such as Bcl2l11 and Apaf1 (see 
Supplementary material online, Figure S10D). This ‘double-edged sword’ ef
fect of ISR activated in Fam210a cKO hearts can partially explain the de
layed onset of severe cardiac pathological remodelling and heart failure 
(∼7 weeks post-TMX treatment) in Fam210a cKO hearts in addition to 
the relatively long half-life of FAM210A protein.36 However, the 
ISR-mediated adaptive translational response may protect against cell 
death at the expense of disrupted proteomic homeostasis, leading to aber
rant sarcomeric protein expression and contractile dysfunction in CMs 
(Figures 2 and 4). We observed that robust activation of two effectors re
programs the cellular transcriptome, translatome, proteome, and metabol
ism, in response to stresses in Fam210a cKO hearts, including activated 
phosphorylation of eIF2α and increased protein expression of ATF4. 
Phosphorylated eIF2α inhibits cap-dependent mRNA translation.37 This 
translational defect inhibits the synthesis of myofilament proteins required 
for contractile function and nuclear-encoded mitochondrial proteins (see 
Supplementary material online, Figures S2D and S9A), which causes CM 
contractile dysfunction. On the other hand, increased ATF4 activates the 
transcription of multiple metabolic enzymes (Figure 5). As a consequence, 
amino acid and nucleotide metabolism is altered, and this change may con
tribute to the progression of HF. Thus, it is worthwhile to test if targeting 
the ISR pathway provides any beneficial effect in treating MC and MI based 
on the fact that genetic deletion of ISR kinase PKR protects hearts from 
pressure overload-induced HF38 and that chemical inhibition of ISR by 
ISRIB prevents atrial fibrillation post-MI.39 Our integrated Ribo-seq and 
RNA-seq analysis in both cKO and control αMHCMCM hearts at the early 
stage supports the role of FAM210A in regulating mitochondrial mRNA 
translation elongation in vivo (see Supplementary material online, 
Figure S5I–L). It is well known that compromised cytosolic translation 
elongation triggers ISR activation.40,41 Here, we provide evidence to sup
port the notion that impaired mitochondrial translation elongation (see 
Supplementary material online, Figure S5I–L) can also activate the ISR path
way possibly via HRI kinase (see Supplementary material online, Figure S7E 
and F). Heme or iron deficiency enhances phosphorylation of eIF2α 
through HRI and activates ISR, thereby affecting cytosolic translation.42

The ISR activation affects the synthesis of mitochondrial ribosomal pro
teins, which are translated in cytosol, thereby regulating the protein syn
thesis inside mitochondria during erythropoiesis.42 In our study, HRI is 
activated by mitochondrial translation deficiency at the early stage in 
Fam210a cKO hearts. Similar to the effect in erythroblasts, HRI may indir
ectly influence mitochondrial translation via a secondary effect to some ex
tent in Fam210a deficient CMs, as indicated by enriched mitochondrial 
translation elongation and termination factors in down-regulated proteins 
in our early-stage mass spectrometry data (Figure 4G).

4.3 FAM210A overexpression protects 
hearts during myocardial infarction
In contrast to reduced mitochondrial-encoded mRNA translation by genetic 
knockout of Fam210a in murine hearts, we show that overexpression of 
FAM210A positively regulates mitochondrial translation and protects hearts 
from pathological remodelling triggered by ischaemic stress during MI 
(Figure 7). We assume that reduced FAM210A expression in human IHF 
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and mouse MI hearts may contribute to a compromised compensatory 
boost in mitochondrial mRNA translation and protein synthesis in the mito
chondrial matrix,43 disrupt mitochondrial homeostasis, and exaggerate 
downstream mitochondrial and CM dysfunction. Therefore, overexpression 
of FAM210A can enhance mitochondrial translation in CMs, improve mito
chondrial respiratory activity and energetics (ATP production), and protect 
hearts under ischaemic stresses by promoting mitochondrial activities (see 
Supplementary material online, Figures S10A–C and 7K). This phenotypic res
cue by overexpression of FAM210A is consistent with the proposed mech
anism and benefits of maintaining a balance of cytosolic and mitochondrial 
translatomes and translation programs in yeast and human cells.44,45 A prior 
multi-omics study in animal models shows an increased FAM210A expres
sion in swim-activated physiological hypertrophy compared to pressure 
overload-induced cardiac pathological hypertrophy,14 supporting the poten
tial cardiac protective function of FAM210A overexpression. Further studies 
are required to examine whether FAM210A overexpression shows any car
diac protection in non-ischaemic HF models since we observed exaggerated 
cardiac pathological hypertrophy in a pressure overload HF mouse model 
with induced FAM210A expression upon genetic ablation of miR-574.12

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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Translational Perspective
Mitochondrial homeostasis is critical for maintaining healthy cardiac function. Disruption of mitochondrial function causes severe cardiomyopathy and 
heart failure. In the present study, we show that FAM210A is a mitochondrial translation regulator required for maintaining cardiac mitochondrial 
homeostasis in vivo. Cardiomyocyte-specific FAM210A deficiency leads to mitochondrial dysfunction and spontaneous cardiomyopathy. Moreover, 
our results indicate that FAM210A is down-regulated in human and mouse ischaemic heart failure samples and overexpression of FAM210A protects 
hearts from myocardial infarction-induced heart failure, suggesting that FAM210A-mediated mitochondrial translation regulatory pathway can be a 
potential therapeutic target for ischaemic heart disease.

FAM210A maintains cardiac mitochondrial homeostasis                                                                                                                                           2457


	FAM210A regulates mitochondrial translation and

maintains cardiac mitochondrial homeostasis
	1. Introduction
	2. Methods
	2.1 Mice
	2.2 Statistical analysis

	3. Results
	3.1 Cardiomyocyte-specific Fam210a knockout causes spontaneous dilated cardiomyopathy
	3.2 FAM210A deletion leads to myofilament disarray and contractile dysfunction of cardiomyocytes
	3.3 FAM210A maintains cardiac mitochondrial function in cardiomyocytes
	3.4 Disrupted mitochondrial membrane potential and enhanced ROS production are early events in Fam210a cKO hearts
	3.5 Transcriptomic and proteomic reprogramming occurs at early and late stages of Fam210a cKO hearts
	3.6 ISR is persistently activated in Fam210a deficient hearts
	3.7 Early-stage metabolomic alterations are present before cardiac dysfunction in Fam210a cKO hearts
	3.8 FAM210A depletion reduces mitochondrial-encoded mRNA translation in murine hearts
	3.9 FAM210A overexpression alleviates cardiac pathological remodelling in myocardial infarction

	4. Discussion
	4.1 Translation regulatory function of FAM210A in cardiac mitochondria in vivo
	4.2 ISR contributes to disease progression of mitochondrial cardiomyopathy
	4.3 FAM210A overexpression protects hearts during myocardial infarction

	Supplementary material
	Authors’ contributions
	Acknowledgements
	Funding
	Data availability
	References




