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Abstract Despite complications were significantly reduced due to the popularity of percutaneous cor-

onary intervention (PCI) in clinical trials, reperfusion injury and chronic cardiac remodeling significantly

contribute to poor prognosis and rehabilitation in AMI patients. We revealed the effects of HSP47 on

myocardial ischemiaereperfusion injury (IRI) and shed light on the underlying molecular mechanism.

We generated adult mice with lentivirus-mediated or miRNA (mi1/133TS)-aided cardiac fibroblast-

selective HSP47 overexpression. Myocardial IRI was induced by 45-min occlusion of the left anterior

descending (LAD) artery followed by 24 h reperfusion in mice, while ischemia-mediated cardiac remo-

deling was induced by four weeks of reperfusion. Also, the role of HSP47 in fibrogenesis was evaluated

in cardiac fibroblasts following hypoxiaereoxygenation (HR). Extensive HSP47 was observed in murine

infarcted hearts, human ischemic hearts, and cardiac fibroblasts and accelerated oxidative stress and

apoptosis after myocardial IRI. Cardiac fibroblast-selective HSP47 overexpression exacerbated cardiac
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dysfunction caused by chronic myocardial IRI and presented deteriorative fibrosis and cell proliferation.

HSP47 upregulation in cardiac fibroblasts promoted TGFb1eSmad4 pathway activation and Smad4 deu-

biquitination by recruiting ubiquitin-specific peptidase 10 (USP10) in fibroblasts. However, cardiac fibro-

blast specific USP10 deficiency abolished HSP47-mediated fibrogenesis in hearts. Moreover, blockage of

HSP47 with Col003 disturbed fibrogenesis in fibroblasts following HR. Altogether, cardiac fibroblast

HSP47 aggravates fibrosis post-myocardial IRI by enhancing USP10-dependent Smad4 deubiquitination,

which provided a potential strategy for myocardial IRI and cardiac remodeling.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiovascular diseases (CVDs) contribute to significant health
risks worldwide, leading to 17 million deaths per year globally1.
Despite the rapid growth of therapeutic strategies, number of
people who suffer from CVDs continues to grow as the population
ages. Ischemic cardiomyopathy, in particular, has been identified
as the leading cause of death in CVD patients2. Cardiac remod-
eling induced by chronic hypoxia contributed largely to poor
prognosis except for ischemia-mediated acute cardiac damage.
Unfortunately, ischemic hearts pose a serious threat to public
health, but there are no effective therapeutic strategies so far.

Cardiac fibrosis, characterized by excessive deposition of
extracellular matrix (ECM) proteins and collagen in the myocar-
dium, disturbs the architecture of the myocardium, promotes
cardiac dysfunction progression, and impacts the clinical course
and outcome in patients with heart failure3. Upon ischemic injury,
multiple pathological changes were observed in heart tissues, such
as apoptotic cardiomyocytes and oxidative stress at the onset of
acute injury4,5. Subsequently, immune cells infiltrated the
damaged myocardium and released extensive profibrotic cyto-
kines, eventually activating cardiac fibroblasts to produce ECM
proteins such as collagen and fibronectin in heart tissues6. As part
of the proliferative phase of cardiac repair, cardiac fibroblasts
transform into synthetic myofibroblasts, forming stress fibers and
expressing contractile proteins like a smooth muscle actin (a-
SMA) and the embryonal isoform of smooth muscle myosin in the
damaged area7,8. Moreover, massive collagen secreted by myofi-
broblasts generated a network. They deposited post-myocardial
ischemiaereperfusion injury (IRI) for healing and scar forma-
tion, all of which accelerated cardiac structural remodeling and
restricted contraction9,10. Previous evidence suggested that poor
outcomes in patients with ischemic hearts were associated with
low type I collagen crosslinking and high type I collagen depo-
sition in pathological tissues, which led to a difficult field for
eliminating lesions11. Hence, it is urgent to implement treatment
strategies for patients with diffused cardiac fibrosis.

Transforming growth factor b (TGFb) is well-known for its
role in fibrosis, as it stimulates collagen production in dermal fi-
broblasts via the fibroblast-to-myofibroblast transition12. In addi-
tion, TGFb/Smad signaling pathway is a critical response
mediated by TGFb13. TTGFb binds to the type II serine/threonine
kinase receptor (TGFBR II) and substantially induces the type I
serine/threonine kinase receptor (TGFBR I). TGFBR I then
phosphorylates the cytoplasmic transduction factors Smad2 and
Smad3 and subsequently forms an active nuclear transcription
complex with Smad4, all of which enter the nucleus to regulate the
transcription of downstream target genes14,15. Moreover, TGFb/
Smad signaling pathway has been uncovered to contribute to
fibrosis development in post-myocardial infarction (post-MI)16.

Among the molecular chaperones in mammals, heat shock
protein 47 (HSP47) has been identified to interact with pro-
collagens directly and is associated with various fibrotic dis-
eases17. TGFb1 and IL1b have been reported to favor nuclear
localization of heat shock factor 1 (HSF1) and enhance HSF1 tri-
merization, leading to an increase in HSF1 binding to its specific
gene response element, including the one in the HSP47 promoter18.
Previous studies revealed that HSP47 promotes cancer cell colo-
nization by enhancing cell-platelet interactions19. Furthermore,
recently, HSP47 has been reported to regulate osteogenesis imper-
fecta (OI) by binding to KDELR220. Moreover, HSP47 ablation in
cardiac fibroblasts is associated with a substantial reduction in
cardiac fibrosis in cardiac remodeling caused by pressure over-
load21. However, the role and mechanism of HSP47 in myocardial
IRI and pathological fibrosis remain unknown.

In the current study, we explored the effects of HSP47 on
ischemia-associated fibrosis in hearts and uncovered that HSP47
inspired TGFb1eSmad4 pathway in fibrogenesis under hypoxia.
Moreover, extensive HSP47 contributed to the enrichment of
Smad4 by ubiquitin-specific peptidase 10 (USP10)-dependent
deubiquitination. Our findings revealed that targeting HSP47
might be a potential strategy for myocardial IRI and cardiac
remodeling.

2. Materials and methods

2.1. Human heart samples

All human heart samples measurement conformed to the princi-
ples outlined in the Declaration of Helsinki (Version. 2020) and
were approved by the Renmin Hospital of Wuhan University
Review Board. The Patients with end-stage heart failure attributed
by ischemic cardiomyopathy were involved. Left ventricular (LV)
tissue was discarded after heart transplantation, and unmatched
LV tissue from healthy donors were also collected for histological
and molecular analysis in this experiment. Informed consent was
signed by all donors and their families.

2.2. Animals

All animals were cared for in a specific pathogen-free facility and
were approved by the Animal Ethics Committee at Renmin
Hospital of Wuhan University (No. WDRM20210102A). Eight to

http://creativecommons.org/licenses/by-nc-nd/4.0/
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ten-week-old C57BL/6J mice purchased from the Institute of
Laboratory Animal Science, Chinese Academy of Medical Sci-
ences (Beijing, China) were housed in a quarantine room for at
least a week, as described22. Cardiac fibroblast specific USP10
deficient mice were generated by crossing Col1a2Creþ and
USP10fl/fl mice. All rodents subjected to lentivirus (LV) vectors
were undergone sham or 45 min occlusion of the left anterior
descending (LAD) artery followed by 24 h reperfusion, during
four weeks reperfusion in ischemia-mediated cardiac remodeling.
All mice were euthanized by an overdose of pentobarbital sodium
(200 mg/kg), as previously illustrated23, before collecting pe-
ripheral blood and hearts. To maintain myocardial tissue hetero-
geneity, the intact heart area was dissected and fixed in 10%
neutral buffered formalin for 48 h before being embedded in
paraffin and sectioned at 4 mm. Hematoxylin and eosin staining
were used. In addition, the corresponding myocardial tissue was
quickly frozen in liquid nitrogen and stored at �80 �C for RNA
and protein analysis. The protocol was presented in Supporting
Information Fig. S1.

2.3. Lentiviral vectors construction and administration

Recombinant LV vectors containing HSP47 with two tandem
target sequences for mmu-miR1a-3p and mmu-mir-133a-3p
introduced at their 30 end (LV-HSP47-miR1/133TS) were con-
structed following manufacturer’s instructions. Complementary
oligonucleotides contained 2 tandem targeting sequences for
mmu-miR1a-3p and mmu-miR133a3p: 50-ataaATACA-
TACTTCTTTACATTCCAcgtaATACATACTTCTTTACATTCCA
acgcgtCAGCTGGTTGAAGGGGACCAAAtcacCAGCTGGTT-
GAAGGGGACCAAAC-30. For HSP47-mir-1-mir-133TS vectors,
mir-1 and mir-133TS were annealed and ligated into sites of 30

UTR end of HSP47 expression cassette with EcoRI. Next, HSP47-
miR1/133TS were amplified by the following pairs of primers: 50-
ATGCGCTCCTCCTGCTTCTCAGCGCCCTTCAGGTGGAGG
TCGAATCG-30; 50- CTGGCTGGATGCCAAGCCTGACTGAG
CCATTGACAAGAACCAGACTTGC-30. The resulting PCR
products were subcloned into a LV-pUbi-MCS-psSV40-EGFP
vector (using AgeI/NheI restriction sites) under the control of a
pUbi promoter. LV-Control-miR1/133TS vectors replace HSP47
vectors with negative control vectors. All final LV constructs
were confirmed by sequencing, purified, dialyzed and titrated in
293T cells. Cardiac fibroblasts (CFs) and cardiomyocytes (CMs)
were isolated from 1-week-old C57BL/6J mouse. LV-vectors
were transduced into CFs at a final concentration of 50 PFU/
cell24. After 72 h, HSP47 expression was evaluated by Western
blot. Two weeks before surgery, both vectors were administered
via tail vein injection to C57BL/6J mice (dose 3 � 108 PFU per
mouse).

2.4. Generation of myocardial IRI model

The mouse model of myocardial IRI was constructed as
described25. Briefly, all rodents were anesthetized with pentobar-
bital serum (50 mg/kg, i.p. once). Afterward, mice undergoing
skin preparation were intubated and connected to a small animal
ventilator. Subsequently, the fourth left intercostal space was
dissected with surgical scissors to expose the heart fully. After
that, the left anterior descending coronary artery (LAD) was
ligated with a 6-0 silk suture at 2.0 mm below the left atrial
appendage. All animals were exposed to LAD occlusion for
45 min and then perfused for 24 h. In contrast, four weeks of
reperfusion in ischemia-mediated cardiac remodeling at the same
time, a small animal electrocardiogram (ECG) monitoring system
was utilized to detect ST-segment elevation.

2.5. Echocardiography

After reperfusion for four weeks, rodents were anesthetized with
1.5% isoflurane inhalation to receive echocardiography moni-
toring, as previously described25. A MyLab 30CV system (Bio-
sound Esaote, Inc.) equipped with a 15 MHz probe was used to
monitor cardiac structure and function by a small animal ultra-
sound instrument. Subsequently, the parameters were obtained by
more than three beats and then took the average. Left ventricular
ejection fraction (LVEF) and global longitudinal strain (GLS)
were measured.

2.6. Hemodynamics analysis

A 1.4-French catheter tip micromanometer catheter (SPR-839;
Millar Instruments, Houston, TX, USA) was used to obtain he-
modynamic parameters, which was inserted into the left ventricle
(LV) through the right carotid artery, as previously described25.
Subsequently, ARIA pressure-volume (PV) conductance system
(MPVS-300 signal conditioner, Millar Instruments, Houston, TX,
USA) coupled with Power Lab/4SPA/D converter was used to
measure PV parameters and display PV curve. All hemodynamic
parameters were analyzed by the laboratory chart 8.0.

2.7. Histological analysis

Histopathology analysis was performed as previously reported25.
Briefly, heart tissues were fixed, embedded, and sectioned into
5 mm thick slices. For collagen deposition analysis, sections were
stained with Masson’s trichrome (collagen, blue; cytoplasm, red/
pink) and quantitated blue area in the heart with Image-Pro Plus
6.0. The sections were stained with wheat germ agglutinin (WGA)
to assess cellular hypertrophy. The myocyte cross-sectional area
(CSA) was measured with a quantitative digital image analysis
system (Image-Pro Plus 6.0) using images that were captured from
WGA-stained sections. More than 100 myocytes in the examined
sections were outlined for each group of mice. For immunohis-
tochemistry, heart sections were incubated with antibodies against
collagen I, vimentin, and 4-hydroxynonenal (4-HNE) at 4 �C
overnight, then with secondary antibodies at 4 �C for 1 h and
detected with 3,30-diaminobenzidine, and sections were counter-
stained with hematoxylin. TUNEL assay was performed to eval-
uate apoptosis. Immunohistochemistry images were captured by a
Leica Aperio VERSA 8.0 and analyzed by a person blinded to
treatment using Image-Pro Plus 6.0. For immunofluorescence,
frozen heart sections were labeled with primary antibodies
HSP47, collagen I, Flag, HA, and GFP, then incubated with Alexa
Fluor 568- or 488-conjugated secondary antibody (ab175471 and
ab150077, Abcam). Immunofluorescence images were captured
with Leica ST8 laser scanning confocal microscope. To quantify
positive fluorescence area, images were analyzed positive score
ratio with Image-Pro Plus 6.0.

2.8. Evans blue and TTC staining

At the end of reperfusion, LAD was ligated again, and Evans blue
(0.25% phosphate-buffered saline; SigmaeAldrich; Merck Kgaa)
was injected from the orbital vein. The non-ischemic area is
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stained blue, presenting the site at risk (AR, non-blue area). Then,
the heart was frozen at �20 �C for 30 min and cut into five pieces
(2 mm/slice). Next, the sections were incubated in triphenyl
tetrazolium hydrogen chloride (TTC; 1% in phosphate buffer;
SigmaeAldrich; Merck Kgaa) at 37 �C for 10 min then immersed
in 4% paraformaldehyde at room temperature for 4 h. TTC
staining can separate the infarct size (white area) area into the
non-infarct area at risk (AR: red area). These heart slices are only
used for Evans-Blue-TTC staining. Finally, the slices are arranged
from vertices into bases and taken digitally. The slices’ digital
images were analyzed using ImageJ-Pro Plus 6.0 software.

2.9. Adult mouse cardiac fibroblasts (AMCFs) isolation, culture
and administration

Cardiac fibroblasts (CFs) were isolated from adult mice by
enzymatic digestion and cultured in a DMEM medium, as previ-
ously described26. CFs in HR group were treated with hypoxia for
24 h and reoxygenation for 6 h with 5% CO2, 94% N2, and 1% O2

at 37 �C in tri-gas incubators for 48 h. CFs were infected with Ad-
LacZ or Ad-HSP47-GFP for 24 h and treated with HR or nor-
moxia for another 48 h. CFs were pretreated with HSP47 inhibitor
(Col003, 50 mmol/L) or DMSO for 48 h in the absence or presence
of normoxia. CFs activation was evaluated via a-SMA and
collagen I protein expression.

2.10. Western blot and coimmunoprecipitation

As previously described, cells were lysed with RIPA lysis buffer
(Sevicebio, China) and protease inhibitors26. The protein con-
centration was measured with a BCA protein determination kit
(Thermo Scientific, 23225). Afterward, an equal amount of pro-
tein was loaded and separated on a 10% SDS-PAGE gel and then
transferred to a PVDF membrane (Merck Millipore, Germany).
After blocking in 5% skimmed milk, the membrane overnight was
incubated at 4 �C with the primary antibody (Supporting
Information Table S1), followed by a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (1:10,000;
RRID: AB_2099233; Cell Signaling Technology), incubated
together, and left at room temperature for 1 h. Immunoblotting
was detected using Chemidoc Touching Imaging System (BIO-
RAD, USA).

The coimmunoprecipitation test was performed according to
manufacturer’s protocol (Protein A/G Magnetic Beads, HY-
K0202, MCE), as already described26. Briefly, the tissues
(n Z 3) of hearts and CFs (three samples per pool) were lysed in
octyl-D-glucoside (ODG, 2%) buffer. Afterward, the supernatant
protein (500 mg) and anti-USP10 antibody (Thermo Scientific,
A300-900A) were spun overnight at 4 �C, then spun with Protein
A/G Magnetic Beads 4 �C for 4 h. Subsequently, the sample was
washed four times in Tris-buffer. Furthermore, the protein is
eluted with Laemmli sample buffer. After that, the sample was
boiled at 100 �C for 10 min to detect USP10 and Smad4 by
Western blotting. Reverse verification was performed as well. The
results are expressed as the ratio between the expression intensity
of Smad4 and the expression intensity of immunoprecipitated
USP10.

2.11. RNA isolation and relative quantitative RT-PCR

Total RNA was extracted using Trizol (Invitrogen, 15596-026).
cDNAwas synthesized from 1 mg of RNAwith a Prime Script RT
reagent Kit (04897030001, Roche Diagnostics, Basel,
Switzerland) in a 20 mL reaction volume. qPCR was conducted in
Step-one Plus Real-time PCR System using iTaq Universal SYBR
Green Supermix (Roche, 04707516001). Cycle parameters: 95 �C
for 10 min, 40 cycles of 95 �C for 15 s, and 60 �C for 1 min.
b-Tubulin served as the endogenous reference gene. The primer
sequences are listed in Supporting Information Table S2.

2.12. RNA-sequencing

Total RNA from CFs of mice in different treatment groups was
used for transcriptome sequencing. Three biological replicates
were performed in each group. Mini RNeasy Mini kit (15055-50,
QIAGEN) isolated total RNA from all samples. The Agilent 2100
RNA Nano 6000 Assay Kit (Agilent Technologies, CA, USA) was
used to check the integrity of RNA, and then oligo (dT) beads
were used to enrich the mRNA. A fragmentation buffer degrades
the purified mRNA to obtain short mRNA fragments. Use random
primers and related buffers to synthesize cDNA, and then make a
purification by QIA-Quick PCR kit and EB buffer. The purified
cDNA was modified and amplified by PCR to construct a cDNA
library. Each cDNA library is sequenced on Illumina HiSeq2000
instrument.

2.13. Immunofluorescent staining

AMCFs were fixed with 4% paraformaldehyde for 20 min, per-
meabilized with 0.5% Triton X-100 for 20 min, and then blocked
with 5% BSA in PBS-Tween for 1 h. Subsequently, AMCFs were
diluted with a-SMA antibody (Abcam, ab5694) or HSP47 anti-
body (Abcam, ab109117) in 5% BSA at 4 �C overnight. DAPI was
used to counterstain the nuclei.

2.14. Statistical analysis

All data are presented as mean � standard error of mean (SEM,
n � 3). Student’s t test was used to analyze the significance of
differences between two groups. One-way or two-way analysis of
variance (ANOVA) was used for statistical comparisons between
more than two groups, followed by Tukey’s post hoc test. Statis-
tical analysis was performed by GraphPad Prism 8.0 (GraphPad
Software, Inc.). P � 0.05 indicates a statistically significant
difference.

3. Results

3.1. Upregulation of HSP47 in cardiac fibroblast cells is
associated with ischemic cardiac pathogenesis

Given that HSP47 was closely associated with multiple organ
fibrosis in patients17, we thus explored levels of HSP47 in the
mouse model of myocardial IRI for four weeks. We firstly
assessed the production of HSP47 in heart tissues. HSP47 showed
substantial enrichment in the infarcted area and a modest increase
in the non-infarcted area (Fig. 1A and Supporting Information
Fig. S2A). Immunohistochemistry analyses targeting HSP47
corroborated these data by presenting a higher density of HSP47
in infarcted areas (Fig. 1B). To determinate the effective cells
generating HSP47, we investigated HSP47 expression in isolated
AMCMs and AMCFs under HR conditions. Expectedly, cardiac
fibroblasts contributed largely to HSP47 production but not



Figure 1 HSP47 is upregulated in CFs after myocardial IRI. (A, B) C57BL/6J mice underwent myocardial IRI for 4 weeks. (A) Heart tissue

homogenate from the special area (sham, non-infarcted area, and infarcted area) was harvested for protein isolation, and immunoblotting was used

for HSP47 analyses and then offered quantitative analysis by image lab software. They were normalized to b-tubulin, n Z 4 per group. Dif-

ferences were assessed by one-way ANOVA and Tukey’s multiple comparison test. (B) Heart slices from sham and I/R mice were collected for

immunohistochemistry (IHC) analyses of HSP47 and then offered quantitative analysis by image pro plus 6.0 software. nZ 6 mice per group (23/

21/19 images in sham/non-infarcted area/infarcted area). Scale bar 0.5 cm (up) and 200 mm (down). Differences were assessed by one-way

ANOVA and Tukey’s multiple comparison test. (CeE) AMCFs obtained from adult C57BL/6J male mice were treated with Normoxia or HR.

(C) Immunofluorescence analyses targeting HSP47 were performed. n Z 3 independent experiments. Scale bar 20 mm. (D). Total RNA isolated

from AMCFs was utilized for qPCR analyses and normalized to b-tubulin (nZ 4 per group). Differences assessed by Student’s t-test. (E) Proteins

obtained from AMCFs, and immunoblotting was used for HSP47 analyses and then offered quantitative analysis by image lab software. They

were normalized to b-tubulin, n Z 4 per group. Differences assessed by Student’s t-test. (F, G) Heart tissues from donors and patients with ICM

were collected. (F) Heart homogenate was harvested for protein isolation, and immunoblotting was used for HSP47 analyses and then offered

quantitative analysis by image lab software. They were normalized to b-tubulin, n Z 4 per group. Differences assessed by Student’s t-test. (G)

Heart slices underwent immunofluorescence (IF) of HSP47 and IHC of collagen I (nZ 4 per group). 18/22/25 images for IF and 22/16/20 images

for IHC in donor/non-infarcted area/infarcted area. Scale bar is 100 mm. Differences were assessed by one-way ANOVA and Tukey’s multiple

comparison test. Data are presented as the mean � SEM, with each point representing a heart or a cell sample.
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cardiomyocytes, endothelial cells, and macrophages (Fig. 1C, D
and Fig. S2B). Consistently, immunoblot results pointed towards
the same trend (Fig. 1E). After that, we explored HSP47 in pa-
tients with end-stage heart failure due to ischemic cardiomyopathy
(ICM). Consistent with animal experiments, HSP47 significantly
increased in hearts obtained from patients with ICM compared
with LV tissue from healthy donors (Fig. 1F and Fig. S2C).
Notably, HSP47 showed substantial upregulated in the infarcted
area and a modest increase in the non-infarcted area, all of which
were paralleled with collagen I production in LV tissues (Fig. 1G).
These data indicate that cardiac fibroblast HSP47 markedly
upregulated in ischemic cardiac pathogenesis.

3.2. Extensive HSP47 in fibroblasts accelerates acute
myocardial injury post ischemia reperfusion

To examine the effects of cardiac fibroblast HSP47 in ICM, we
next established a miRNA-aided/lentivirus-mediated system, as
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previously reported24,27, markedly enriched in HSP47-miR1/
133TS transfected cardiac fibroblasts and disturbed HSP47 over-
expression in cardiomyocytes (Fig. 2A and B). We designed a
HSP47 expression cassette driven by a Ubi promoter containing 2
tandem copies of a 22-bp complementary target sequence for the
mir-1a-3p and mir-133a-3p, both of which avoid HSP47 over-
expression in cardiomyocytes, strands at the 3ʹ end of the vector
cassette. Firstly, we investigated whether HSP47 overexpression in
CFs impacts acute myocardial injury post-ischemiaereperfusion.
Evans blue/TTC double staining showed that HSP47 in CFs
substantially enlarged infarct area following reperfusion for 24 h
compared with the control vector, suggesting HSP47 promoted
Figure 2 HSP47 overexpression in CFs accelerates acute myocardial

HSP47 expression cassette in the lentivirus vectors engineered to overexpr

and mir-133a-3p. (B) C57BL/6J mice were injected with Con-miR1/133

isolated AMCFs or AMCMs by immunoblotting two weeks later and no

ventricular tissue sections of both Con-miR1/133TS and HSP47-miR1/13

myocardial IRI to delineate the area at risk (AAR) and infarcted region (

Student’s t-test. (E, F) The enzyme activity of CK-MB and TnT in serum w

Elisa assay. n Z 6 per group. Differences were assessed by two-way ANO

and I/R mice with Con-miR1/133TS or HSP47-miR1/133TS were collec

TUNEL staining, respectively (n Z 6 per group). 23/19/21/25 images for

con/IR-HSP47. Scale bar Z 100 mm. (H) Heart slices were collected for IH

18 images for 4-HNE and 23/19/21/18 images for DHE in sham-con/sham-

the mean � SEM, with each point representing a mouse.
myocardial injury in ischemic hearts (Fig. 2C and D). Also,
HSP47 contributed to plasma TnT and CK-MB content, implying
that HSP47 agglutinated cardiac damage in response to hypoxia in
mice (Fig. 2E and F). Previous studies have reported that acute
myocardial injury induced by ischemiaereperfusion is character-
ized by diffused apoptotic monocytes and extensive ROS28,29. We
further investigated the effects of HSP47 in myocardial IRI. HE
staining showed apparent cytoplasmic vacuolation, whereas
HSP47 worsened vacuolation in cardiomyocytes (Fig. 2G and
Supporting Information Fig. S3A). Similarly, more apoptotic
monocytes were observed in mice that received HSP47 vectors
than in control vectors (Fig. 2G and Fig. S3B). Western blot
injury post-ischemiaereperfusion. (A) Schematic representation of

ess exogenous HSP47 or negative control in CFs expression mir-1a-3p

TS or HSP47-miR1/133TS, and HSP47 expression was assessed in

rmalized to b-tubulin. n Z 3 independent experiments. (C, D). Left

3TS pretreated mice stained with Evans blue and TTC at 24 h after

IR) (n Z 6 per group). Scale bar Z 0.5 cm. Differences assessed by

ere accessed in mice that underwent sham or IR operation for 24 h by

VA and Tukey’s multiple comparison test. (G) Heart slices from sham

ted for cytoplasmic vacuolation and apoptosis analyses by H&E and

HE and 22/19/24/26 images for Tunel in sham-con/sham-HSP47/IR-

C detection of 4-HNE and DHE staining (n Z 6 per group). 16/16/22/

HSP47/IR-con/IR-HSP47. Scale bar Z 200 mm. Data are presented as
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analyses corroborated these data by presenting a noticeable
enhancement of Bax and cleaved caspase-3 and a substantial
reduction of Bcl2 in HSP47 pretreated heart samples (Fig. S3C).
On the other hand, HSP47 overexpression markedly promoted
ROS production in heart tissues compared with mice subjected to
control vectors, as identified by increased 4HNE and DHE
Figure 3 Extensive HSP47 in fibroblasts aggravates heart failure follo

namics analyses were performed in mice injected with Con-miR1/133TS o

Representative M-mode and ventricular wall motion echocardiography w

equation LVEFZ (LVEDD-LVESD)/LVEDD. n Z 12 per group. Differe

parison test. (C) Global longitudinal strain (GLS) was measured by spot tra

way ANOVA and Tukey’s multiple comparison test. (D) Representative P

following I/R for four weeks and (E) measurement of end-systolic volume (

assessed by Student’s t-test. (F) Heart slices from the non-infract area we

sectional heart area in indicated mice. n Z 6 per group. 21/18/18/24

bar Z 80 mm. Differences were assessed by two-way ANOVA and Tukey

was performed to measure Anp, Bnp, and Myh6 by qPCR and normalized

ANOVA and Tukey’s multiple comparison test. Data are presented as the
(Fig. 2H, Fig. S3D and S3E). In parallel, Western blot analyses
revealed that HSP47 facilitated the expression of Gp91 phox and
P47 phox while suppressing SOD2 in heart tissue homogenate
(Fig. S3F). These data suggest that HSP47 accelerates myocardial
injury post-ischemiaereperfusion with increased apoptosis and
oxidative stress.
wing ischemiaereperfusion. (AeE) Echocardiography and hemody-

r HSP47-miR1/133TS and underwent IR surgery for four weeks. (A)

ere recorded. (B) LV ejection fraction (LVEF) was analyzed by the

nces were assessed by two-way ANOVA and Tukey’s multiple com-

cking technology. n Z 8 per group. Differences were assessed by two-

V loops of Con-miR1/133TS or HSP47-miR1/133TS pretreated mice

ESV) and end-diastolic volume (EDV). nZ 10 per group. Differences

re detected by WGA staining and then quantitatively analyzed cross-

images for WGA in sham-con/sham-HSP47/IR-con/IR-HSP47. Scar

’s multiple comparison test. (G) Total RNA from the non-infract area

to b-tubulin. n Z 4 per group. Differences were assessed by two-way

mean � SEM, with each point representing a mouse.
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3.3. Overexpressed HSP47 in fibroblasts aggravates heart
failure following ischemia reperfusion in myocardium

To determine whether HSP47 overexpression in fibroblasts pro-
tected against or contributed to heart failure, we, therefore,
detected cardiac function and remodeling in ischemic hearts. First,
HSP47 overexpression in cardiac fibroblasts aggravated cardiac
dysfunction following myocardial IRI for four weeks, as evaluated
by a substantial reduction in LVejection fraction (LVEF) and GLS
(Fig. 3AeC). Likewise, cardiac fibroblast HSP47 upregulation led
to a decrease in LV compliance in response to myocardial IRI for
four weeks, as assessed by PV curve shifting right and increased
LV volume in systole and diastole (Fig. 3D and E). Furthermore, a
markedly hypertrophic heart was observed in the non-infarct area
pretreated with HSP47 vectors, as shown by the increased cross-
section area of cardiomyocytes (Fig. 3F). In addition, HSP47 in
cardiac fibroblasts activated higher pro-hypertrophic genes,
including Anp and Bnp, and disturbed transcription of Myh6 in the
non-infarct area compared with rodents in control vectors
(Fig. 3G). These results reveal that overexpressed HSP47 in fi-
broblasts aggravates heart failure and cardiac hypertrophy in
myocardial IRI for four weeks.

3.4. Increased HSP47 in cardiac fibroblasts exacerbates fibrosis
and cell proliferation in ischemic hearts

It is increasingly recognized that HSP47 is one of the molecular
chaperones in mammals that directly interacts with pro-collagens
and is associated with various fibrotic diseases30. We next deter-
mined the effects of HSP47 on cardiac fibrosis following
myocardial IRI for four weeks. In concordance with previous
evidence, HSP47 co-located on collagen in the infarct area
(Fig. 4A). However, there was no discernible statistical difference
between the groups regarding mortality rate or statistics
(Supporting Information Fig. S4A). Further analyses upon Masson
staining revealed that HSP47 overexpression in cardiac fibroblasts
resulted in more collagen production and deposition in both per-
ivascular and interstitial area in chronic IRI hearts (Fig. 4B, C and
Fig. S4C). Western blot analyses corroborated these data by pre-
senting a noticeable enhancement of collagen I, a-SMA, and
fibronectin in HSP47 vector pretreated heart samples (Fig. 4D and
E). Fibroblast proliferation has been reported to be involved in the
progression of fibrosis31. Subsequently, we evaluated cell prolif-
eration in myocardial IRI. We found that HSP47 upregulation in
CFs contributed to cell proliferation, as assessed by substantial
production of vimentin, and increased Ki67 in the heart tissues
(Fig. 4F and G). Results of immunofluorescence show that HSP47
overexpression in CFs markedly promoted co-location of vimentin
and Ki67 in non-ischemic hearts (Fig. 4H and Fig. S4B). These
data suggest increased HSP47 in cardiac fibroblasts exacerbates
fibrosis and cell proliferation in chronic ischemic hearts.

3.5. HSP47 promotes activation of TGFb1/Smad4 in fibroblasts
subjected to hypoxia and reoxygenation

To further investigate how HSP47 impacts ischemic cardiac
fibrosis, we next isolated AMCFs from rodents under myocardial
IRI for four weeks and performed RNA sequencing. 118 DEGs
were screened out to be regulated by HSP47 (Fig. 5AeC).
Expectedly, HSP47 overexpression in CFs contributed to the
activation of TGFb pathway and led to obvious fibrosis in
ischemic hearts (Fig. 5D). These findings were supported by
significant transcription of pro-fibrogenic molecular markers such
as Tgfb1, Tgfb3, Fibulin2, Postn, Loxl2, Nupr1, and Cola1a3 in
hearts exposed to IRI for four weeks (Fig. 5E). We evaluated
TGFbeSmads signaling in isolated CFs from indicated mice by
immunoblotting to ascertain the precise mechanism. We uncov-
ered that HSP47 induced fibrogenesis by enhancing the activation
of TGFb1eSmad4 pathway instead of Smad2/3 in CFs (Fig. 5F
and G), which was paralleled with previous publication32. These
data indicate that HSP47 promoted TGFb1/Smad4 in fibroblasts
subjected to hypoxia and reoxygenation.

3.6. HSP47 reinforces deubiquitination of Smad4 by recruiting
ubiquitin specific peptidase 10 (USP10) in fibroblasts

To identify the mechanism of HSP47 acting on Smad4, we further
detected expression of Smad4 by transfecting with adenovirus
(Ad)-HSP47-GFP or Ad-LacZ in isolated NRCFs (Supporting
Information Fig. S5A and S5B). As expected, HSP47 over-
expression contributed to the activation of the TGFb1eSmad4
pathway in CFs that underwent HR, as evaluated by increased
protein level (Fig. 6A and B). Interestingly, HSP47 did not affect
the transcription of Smad4, which conflicted with the findings in
protein measurement (Fig. 6C). We thus conjectured that HSP47
might impact the degradation of Smad4 in response to HR. Given
that ubiquitination of Smad4 has been identified to regulate
fibrosis33,34, we next investigated the effects of HSP47 on the
ubiquitination of Smad4 in HR-treated CFs. Moreover, we
revealed that HSP47 overexpression in CFs markedly suppressed
ubiquitination and degradation of Smad4, which led to the ag-
gregation of Smad4 in CFs (Fig. 6D and E). Subsequently, we
assessed whether HSP47 directly targeted Smad4 and found that
HSP47 indeed showed no affinity for Smad4 (Fig. S5C). Previous
studies have suggested that USP10 contributes to the deubiquiti-
nation of Smad4 and hepatocellular carcinoma metastasis35. Then,
we uncovered that USP10 directly interacted with Smad4 in
NRCFs (Fig. 6F). Consistently, the confocal images demonstrated
that USP10 and Smad4 were co-localized in HEK 293T cells
(Fig. 6G and H). In addition, USP10-mediated post-translational
modification of Smad4 was verified by using USP10 siRNA in
NRCFs (Fig. S5D). USP10 knockdown in NRCFs disturbed
deubiquitination of Smad4 and promoted Smad4 degradation
(Fig. S5E). Taken together, these results show that HSP47 sub-
stantially increased Smad4 by recruiting USP10 in CFs, which
reinforces Smad4 deubiquitination.

3.7. HSP47 encouraged IR-induced fibrogenesis and cardiac
dysfunction in USP10 dependent manner in vivo

To confirm the significance of USP10 in HSP47eSmad4 mediated
fibrosis under chronic myocardial IRI, we used cardiac fibroblast-
specific USP10 deficient mice with HSP47-mi1/133TS in IRI
model for 24 h or four weeks (Supporting Information Fig. S6A).
Evans blue/TTC double staining showed that genetic depletion of
USP10 abrogated cardiac fibroblast HSP47 overexpression
induced enlarged infarct area following reperfusion 24 h
(Fig. 7AeC). Furthermore, ablation of USP10 modestly reduced
HSP47-mediated upregulation of plasma TnT and CK-MB,
implying inhibition of USP10 alleviated HSP47-induced cardiac
damage in response to hypoxia in mice (Fig. S6B and S6C).
Expectedly, suppression of USP10 in vivo ameliorated HSP47-
mediated reduction of LVEF and heart failure in chronic IRI
mice (Fig. 7D and E), and exerted no effect in sham mice



Figure 4 Increased HSP47 in cardiac fibroblasts exacerbates fibrosis and cell proliferation in ischemic hearts. (A) Heart slices from indicated area

were used for immunofluorescence of HSP47, collagen I and DAPI. Scale bar 200 mm. 18/16 images for IF in non-infarcted area/infarcted area. (B, C)

Representative Masson staining of heart slices from Con-miR1/133TS or HSP47-miR1/133TS pretreated mice following I/R for four weeks and

quantitative analyses of LV collagen volume. nZ 6 (22 images) per group. Scale barZ 0.5 cm (up) and 200 mm (down). (D, E) Con-miR1/133TS or

HSP47-miR1/133TS pretreatedmicewere subjected to shamor IR for fourweeks. Then, the heart tissue homogenatewas harvested for protein isolation,

and immunoblottingwasused for collagen I,a-SMA, andfibronectin analyses and subsequently offeredquantitative analysis by image lab software.They

were normalized tob-tubulin;nZ 4 per group.Differenceswere assessed by two-wayANOVAandTukey’smultiple comparison test. (F,G)Heart tissue

homogenate from indicated mice was harvested for protein isolation, and immunoblotting was used for Vimentin and Ki67 analyses and subsequently

offered quantitative analysis by image lab software. They were normalized to b-tubulin. nZ 4 per group. (H) Immunofluorescence images showing the

fibroblast proliferation in heart tissue. nZ 3 per group. 18/16/22/25 images for IF in sham-con/sham-HSP47/IR-con/IR-HSP47. Vimentin staining is

showed in green, Ki67 is showed in red, and positive results were indicated bywhite arrow (Scale barZ 80 mm). Differences were assessed by two-way

ANOVA and Tukey’s multiple comparison test. Data are presented as the mean � SEM, with each point representing a mouse.
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Figure 5 HSP47 promotes activation of TGFb1/Smad4 in fibroblasts subjected to hypoxia and reoxygenation. (AeD) Con-miR1/133TS or

HSP47-miR1/133TS pretreated mice were subjected to sham or IR for four weeks, and AMCFs were isolated to RNA sequencing; n Z 3 per

group. (A) The volcano map was shown in HSP47-miR1/133TS-IR vs. Con-miR1/133TS-IR. (B) A heat map was presented in HSP47-miR1/

133TS-IR vs. Con-miR1/133TS-IR. (C) Differentially expressed genes (DEGs) were subjected to Venn diagram analyses. (D) Top 250 DEGs were

undergone gene ontology (GO) analyses. (E) Total RNA of AMCFs was collected for qPCR and mRNA expression related to cardiac fibrosis in

isolated AMCFs and normalized to b-tubulin; n Z 4 per group. Differences were assessed by two-way ANOVA and Tukey’s multiple comparison

test. (F, G) AMCFs from indicated mice were harvested for protein isolation, and immunoblotting was used for TGFb1, p-Smad3, t-Smad3, p-

Smad4, and t-Smad4 analyses and subsequently offered quantitative analysis by image lab software. They were normalized to b-tubulin (n Z 4

per group). Differences were assessed by two-way ANOVA and Tukey’s multiple comparison test. Data are presented as the mean � SEM, with

each point representing an AMCFs sample from a mouse.
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Figure 6 HSP47 reinforces deubiquitination of Smad4 by recruiting ubiquitin-specific peptidase 10 (USP10) in fibroblasts. NRCFs were

transfected with adenovirus (Ad)-HSP47-GFP or Ad-LacZ for 24 h and then cultured with Normoxia or HR. (A, B) Protein isolation and

immunoblotting were used for TGFb1 and t-Smad4 analyses and subsequently offered quantitative analysis by image lab software. They were

normalized to b-tubulin; n Z 4 per group. Differences were assessed by two-way ANOVA and Tukey’s multiple comparison test. (C) Total RNA

of NRCFs was collected for qPCR and mRNA expression of Smad4 and normalized to b-tubulin. n Z 4 per group. Differences were assessed by

two-way ANOVA and Tukey’s multiple comparison test. (D, E) Ubiquitination of Smad4 was detected by immunoprecipitation in NRCFs, and

subsequently offered quantitative analysis by image lab software. n Z 4 independent experiments. Differences were assessed by two-way

ANOVA and Tukey’s multiple comparison test. (F) NRCF lysates were immunoprecipitated with anti-Smad4 or USP10 antibodies and probed

with anti-USP10 or anti-Smad4 antibodies. nZ 3 independent experiments. (G) Flag-agarose beads or HA agarose were incubated with lysates of

HEK 293 cells transfected with either Flag-tagged Smad4 or together with HA-tagged USP10, and immunoprecipitation was probed with anti-HA

or Flag antibody. nZ 3 independent experiments. (H) Immunofluorescence images present Smad4 and USP10 (merge, yellow) colocation in HEK

293 cells. Scar bar Z 10 mm. Data are presented as the mean � SEM, with each point representing a cell sample.
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(Fig. S6D). In addition, genetic depletion of USP10 in CFs
impeded HSP47-induced reduction of GLS (Supporting
Information Fig. S7A and S7B) and LV compliance (Fig. S7C
and S7D) under hypoxia condition, as assessed by speckle
tracking echocardiography and PV curve, respectively. In parallel,
USP10 deficiency mitigated diffuse fibrosis in both perivascular
and interstitial area due to HSP47 overexpression in CFs (Fig. 7F
and G), and showed no alteration in sham mice (Fig. S6E and
S6F). RT-PCR analyses were corroborated by the drop in
mRNA of Mmp9, Mmp2, Col1a1, Atac1, and Ctgf in heart tissues
(Fig. S6G and S6H). Mechanically, USP10 knockout dampened
deubiquitination of Smad4 and contributed to Smad4 degradation
in AMCFs (Fig. 7H). Therefore, these results collectively reveal
that cardiac fibroblast-specific USP10 deficiency abolished
HSP47-mediated cardiac damage and fibrogenesis in IRI hearts.

3.8. Targeting HSP47 disturbs fibrogenesis in fibroblasts
following hypoxia and reoxygenation

To further identify the role of HSP47 inhibition in HR-induced
collagen production, we treated isolated AMCFs with HSP47 in-
hibitor Col003. AMCFs were obtained from C57BL/6J mice in the



Figure 7 Cardiac fibroblast specific USP10 deficiency abolished HSP47-mediated cardiac dysfunction and fibrogenesis in chronic ischemic

hearts. (AeC) Con-miR1/133TS or HSP47-miR1/133TS was administered via tail vein injection to the USP10fl/fl or USP10fl/fl-Creþ mice (dose

3 � 108 PFU per mouse) for two weeks before surgery, and reperfused for 24 h. (A) Heart slices from indicated mice were stained with Evans blue

and TTC at 24 h after myocardial IRI to determine (B, C) the area at risk (AAR) and infarcted region (IR). n Z 6 per group. Scale bar Z 0.5 cm.

Differences were assessed by two-way ANOVA and Tukey’s multiple comparison test. (DeH) Con-miR1/133TS or HSP47-miR1/133TS was

administered via tail vein injection to the USP10fl/fl or USP10fl/fl-Creþ mice (dose 3 � 108 PFU per mouse) for two weeks before surgery, and

continuously reperfused for 4 weeks. (D) Representative M-mode echocardiography was recorded. (E) LVejection fraction (LVEF) was analyzed.

n Z 11e12 per group. Differences were assessed by two-way ANOVA and Tukey’s multiple comparison test. (F, G) Representative Masson

staining of heart slices from indicated mice and quantitative analyses of LV collagen volume. n Z 6 per group. Scar bar Z 80 mm. (H)

Ubiquitination of Smad4 was detected by immunoprecipitation in isolated cardiac fibroblasts. nZ 4 independent experiments. Data are presented

as the mean � SEM, with each point representing a mouse.
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sham group. Col003 inhibited HR-induced fibrogenesis in vitro
(Fig. 8A); this response was similar to that observed in immu-
nofluorescence of a-SMAwhen CFs were cultured in the presence
of HR stress (Fig. 8B). On the other hand, HR increased the
expression of pro-fibrogenic factors, including collagen I and
CTGF in AMCFs, while blockage of HSP47 significantly miti-
gated this response (Fig. 8C). Furthermore, immunoblotting ana-
lyses showed that HR treatment substantially promoted activation
of TGFb1eSmad4 pathway, whereas the HSP47 inhibitor
impeded the TGFb1eSmad4 pathway in CFs in the presence of
HR stress (Fig. 8DeE). These data suggest that targeting HSP47
hinders fibrogenesis in fibroblasts following hypoxia and
reoxygenation.
4. Discussions

Heart failure is one of the main threats that threaten people’s
health worldwide. It is mainly characterized by high morbidity
and mortality36. Cardiac remodeling induced by long-term
myocardial ischemia contributes largely to the poor prognosis in
patients with AMI, which is mainly characterized by extensive
myocardial fibrosis and reduced left ventricular (LV) compli-
ance37. However, there has been no effective treatment for this
pathological response. Based on previous research evidence, our
study regarded HSP47 as the point of penetration to deeply
explore the relationship between HSP47 in cardiac fibroblasts and
fibrosis following myocardial ischemia. It was clarified that



Figure 8 Targeting HSP47 disturbs fibrogenesis in CFs following hypoxia and reoxygenation. Cultured AMCFs were treated with Normoxia or

HR for 24 h and co-treated with HSP47 inhibitor (Col003, 50 mmol/L) or DMSO. (A) Collagen deposition evaluation was conducted with Sirius

Red/fast green staining (Chondrex/Amsbio, 9046); n Z 6 per group. Differences assessed by Student’s t-test. (B) Representative image of

immunofluorescence of a-SMA in AMCFs treated with HR. (C) Total RNA of AMCFs was collected for qPCR and mRNA expression of Col1a1

and Ctgf, and normalized to b-tubulin. n Z 4 per group. Differences were assessed by two-way ANOVA and Tukey’s multiple comparison test.

(D, E) Protein isolation and immunoblotting were used for HSP47, TGFb1, p-Smad4, and t-Smad4 analyses and subsequently offered quantitative

analysis by image lab software. They were normalized to b-tubulin. nZ 4 per group. Differences were assessed by two-way ANOVA and Tukey’s

multiple comparison test. Data are presented as the mean � SEM, with each point representing a cell sample.
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HSP47 accelerated the process of cardiac fibrosis after chronic
myocardial IRI. In the current study, we revealed that HSP47
promoted deubiquitination of Smad4 by recruiting USP10 and
facilitated activation of TGFb/Smad4 signaling in fibroblasts, ul-
timately leading to diffused fibrosis. This study systematically
explained the role of HSP47 in myocardial fibrosis following IRI
and uncovered its specific mechanism, providing a potential
strategy for treating patients with ischemic cardiomyopathy (ICM)
in clinical practice.

Cardiac fibrosis is mainly manifested as collagen fiber depo-
sition and cell proliferation, in which fibroblasts play an important
role in these pathological changes. However, cardiac fibrosis re-
sults from a repair process activated by cardiomyocyte injury38.
After a transmural infarction, fibrous scars are essential to protect
the heart from rupture by maintaining the integrity of the ven-
tricular structure and preventing dilated remodeling39. Many other
pathophysiological conditions cause more insidious interstitial or
perivascular fibrosis forms, usually without significant replace-
ment of cardiomyocytes. Disturbance of the fibrotic heart’s
interstitial collagen network may also cause contractile dysfunc-
tion through several different mechanisms40. First, fibrosis may
disrupt the coordination of myocardial excitation and contraction
coupling. Second, vascular fibrosis may cause microvascular
dysfunction and reduce myocardial cell perfusion under stress
conditions. Third, the interstitial collagen deposition in the fibrotic
area can stimulate the protease-dependent pathway, leading to the
degradation of fibrous collagen, thereby destroying the connection
between the matrix and the muscle fiber contraction device and
causing systolic dysfunction. The current study showed that
HSP47 overexpression in cardiac fibroblasts contributed to acute
cardiac injury following myocardial IRI for 24 h and prolonged
chronic cardiac remodeling and heart failure in response to
myocardial IRI for four weeks.

Since the endoplasmic reticulum (ER) is a key organelle for
synthesizingmembrane-bound proteins and secreted proteins, it has a
complex mechanism to promote protein maturation and folding,
including a set of specific molecular chaperones41. HSP47 is one of
these molecular chaperones and has unique characteristics42. Mouse
embryos lacking HSP47 cannot survive 11.5 days after conception.
They exhibit major growth defects, developmental delays, significant
reduction of type IVcollagen, destructionof the basementmembrane,
and a lack of mature type I collagen and fibrils in the mesenchymal
tissue43. Col2a1-Cre transgenic mice expressing Cre recombinase in
chondrocytes confirmed the role of HSP47 in collagen maturation44.
Invitro, HSP47deficient cells revealed abnormal collagen processing
and impaired folding into a triple helix, as demonstrated by the
sensitivity of procollagen fromHSP47 knockout cells comparedwith
procollagen from wild-type cells45. In summary, these findings
emphasized the impact of HSP47 on several stages of collagen pro-
duction, including procollagen triple helix formation, intracellular
transport of procollagen, and extracellular fibril aggregation. In
particular, HSP47 in cardiac fibroblasts has been confirmed to be
associated with cardiac fibrosis in cardiac remodeling caused by
pressure overload without reflecting the precise molecular mecha-
nism21. We further identified that cardiac fibroblast HSP47 contrib-
uted to ischemia-related fibrogenesis in mice. In addition, misfolded
procollagen accumulation in ER leads to ER stress signal activation,
causing apoptosis and oxidative stress46. Consistently, we also
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suggested that HSP47 led to apoptosis and oxidative stress in acute
myocardial ischemia in vivo.

Likewise, TGF-b is part of the related growth factor super-
family. Mammalian TGF- subtypes (TGFb-1, TGFb-2, and TGFb-
3) have been identified47. TGFb-1 is a potent inducer of mesen-
chymal gene expression programs, capable of transforming
epithelial, endothelial, and intrinsic renal fibroblasts into myofi-
broblasts expressing -smooth muscle actin (a-SMA)48. Although
TGFb-1 plays a leading role in the occurrence and development of
renal fibrosis, its effector Smad proteins (Smad2, Smad3, and
Smad4) play different or even opposite functions in fibrosis regu-
lation. An important difference between Smad proteins is that
Smad3 can directly bind to the Smad binding element in the gene
promoter to enhance transcription. However, neither Smad2 nor
Smad4 has a DNA binding domain but acts as a regulator of gene
transcription based on Smad349,50. Smad4 is a common component
of TGFb and bone morphogenetic proteins (BMPs) signaling
pathways, promoting nuclear translocation of Smad2/3 and Smad1/
5/8 complexes in response to TGFb and BMPs, respectively51. The
lack of Smad4 in mesangial cells in vitro significantly inhibits the
type I collagen promoter52. Here, we suggested that HSP47 pro-
moted activation of the TGFb1/Smad4 pathway instead of Smad2/3
in cardiac fibroblasts to result in fibrosis. We also revealed that
HSP47 indeed showed no affinity for Smad4, and HSP47 did not
affect the transcription of Smad4, which conflicted with the findings
in upregulated protein levels. Furthermore, a previous study has
suggested that USP10 contributed to the deubiquitination of Smad4
and hepatocellular carcinoma metastasis35. Subsequently, we un-
covered that USP10 directly interacted with Smad4 and caused the
deubiquitination of Smad4 to sustain Smad4 activity in NRCFs.
However, USP4 was also identified to regulate the deubiquitination
of Smad433, which was excluded in the current study due to the
content of USP4 in fibroblasts being much lower than USP10.
Besides MMP-2/-9 regulated cardiac fibrosis, cathepsins S has been
reported to improve cardiac inflammation and fibrosis induced by
Ang II53, and cathepsins K deficiency impairs mouse cardiac
function after myocardial infarction54. Hence, both of cathepsins S
and K probably warrants further testing. Furthermore, lipid nano-
particles delivering siRNA targeting HSP47 treat fibrosis and tumor
metastasis55e57; however, small-molecule inhibitors of HSP47 used
in vivo remain in the early stages of development, and more
research is required in the future.
5. Conclusion

In summary, we explored the effects of HSP47 on ischemia-
associated fibrosis in hearts and uncovered that HSP47 inspired
the TGFb1eSmad4 pathway in fibrogenesis under hypoxia.
Moreover, extensive HSP47 contributed to the enrichment of
Smad4 by USP10-dependent deubiquitination. The presented
study filled the gaps and suggested aspects of HSP47-mediated
cardiac fibrosis missing. Meanwhile, suppression of HSP47 by
chemicals such as Col003 may have therapeutic potential for
alleviating ischemic cardiac fibrosis. Our findings reveal that tar-
geting HSP47 might be a potential strategy for myocardial IRI and
chronic cardiac remodeling.
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