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Summary
BackgroundHomeodomain-Interacting Protein Kinase 2 (HIPK2) has been reported to maintain basal cardiac func-
tion, however, its role in pathological cardiac remodeling remains unclear.

MethodsHIPK2 inhibitors (tBID and PKI1H) treated mice and two lines of HIPK2�/� mice were subjected to trans-
verse aortic constriction (TAC). HIPK2 knockdown were performed in neonatal rat cardiomyocytes (NRCMs), neo-
natal rat cardiac fibroblasts (NRCFs), and human embryonic stem cell-derived cardiomyocytes (hESC-CMs).
Microarray analysis was used to screen HIPK2 targets. Overexpression of early growth response 3 (EGR3) and C-type
lectin receptor 4D (CLEC4D) were performed in NRCMs, while an activator of Smad3 was used in NRCFs, to rescue
the effects of HIPK2 knockdown. Finally, the effects of EGR3 and CLEC4D knockdown by AAV9 in TAC were
determined.

FindingsHIPK2 was elevated in TAC mice model, as well as cardiomyocyte hypertrophy and NRCFs fibrosis model.
Pharmacological and genetic inhibition of HIPK2 improved cardiac function and suppressed cardiac hypertrophy
and fibrosis induced by TAC. In vitro, HIPK2 inhibition prevented cardiomyocyte hypertrophic growth and NRCFs
proliferation and differentiation. At the mechanistic level, we identified EGR3 and CLEC4D as new targets of
HIPK2, which were regulated by ERK1/2-CREB and mediated the protective function of HIPK2 inhibition in cardio-
myocytes. Meanwhile, inhibition of phosphorylation of Smad3 was responsible for the suppression of cardiac fibro-
blasts proliferation and differentiation by HIPK2 inhibition. Finally, we found that inhibition of EGR3 or CLEC4D
protected against TAC.

Interpretation HIPK2 inhibition protects against pathological cardiac remodeling by reducing EGR3 and CLEC4D
with ERK1/2-CREB inhibition in cardiomyocytes, and by suppressing the phosphorylation of Smad3 in cardiac
fibroblasts.
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Research in context

Evidence before this study

Homeodomain interacting protein kinase 2 (HIPK2)
maintains basal cardiac function by mitogen-activated
protein kinase (ERK1/2). The authors previous reported
that HIPK2 inhibition could protect myocardial infarc-
tion. However, the functional role of HIPK2 in stress-
induced pathological cardiac remodeling remains
unknown.

Added value of this study

1. HIPK2 inhibition is sufficient to reduce cardiac remodel-
ing and improve heart failure by a dual cellular mechanism
including both cardiomyocytes and cardiac fibroblasts.
2. CLEC4D and EGR3 are two downstream targets of HIPK2,
mediating its effects in cardiomyocytes hypertrophy.
3. Inhibition of phosphorylation of Smad3 is responsible
for the suppression of cardiac fibroblasts proliferation
and differentiation by HIPK2 inhibition.
4. Knock-down of EGR3 or CLEC4D protects against TAC
induced cardiac remodeling and heart failure.

Implications of all the available evidence

Our findings indicate that inhibition of HIPK2, EGR3 or
CLEC4D represent potential novel therapeutic interven-
tion for stress-induced pathological cardiac remodeling.
Introduction
Heart failure is the final stage of most cardiovascular
diseases and one of the leading causes of death world-
wide.1 Pathological myocardial remodeling is an early
sign and a risk factor of heart failure, which may be
caused by multiple stresses including hypertension and
myocardial infarction.2�5 However, the regulatory
mechanisms of pathological cardiac remodeling and
heart failure remain to be fully elucidated.2�5 On the
other hand, although increasingly advanced medical
therapies can improve the symptoms of heart failure, it
is still unable to prevent further development or reverse
pathological progression.2�5 There is an urgent need of
developing effective treatments of heart failure.2�5

Homeodomain-interacting-protein-kinase 2 (HIPK2)
with a conserved protein kinase domain interacting with
homologous proteins, belongs to a nuclear serine/threo-
nine kinase family composed of four proteins (HIPK 1,
2, 3 and 4) and is involved in the regulation of a variety
of biological processes including signal transduction,
DNA damage response, cell proliferation, embryonic
development and apoptosis.6�8 Previous studies have
shown that HIPK2 participates in differentiation and
development such as neurogenesis, myogenesis, angio-
genesis, adipogenesis and hematopoiesis.9�11 Myocyte
enhancer factor 2 (MEF2), p53, transforming growth
factor beta (TGF-b)/ small mothers against decapenta-
plegic (Smad) 3, Wnt/b-catenin, nuclear factor kappa B
(NF-kB) have been identified as classic down-stream tar-
gets of HIPK2.10,12�15 A recent study showed that
HIPK2 maintained basal cardiac function by mitogen-
activated protein kinase (ERK1/2).16 Our previous work
showed miR-222, a cardiac protective factor, targets
HIPK2 to execute its functions.17 More recently, we
reported that HIPK2 inhibition could protect myocar-
dial infarction.18 However, the exact role of HIPK2 in
pathological cardiac remodeling and heart failure is not
known.

In the present study, we show that HIPK2 expres-
sion is elevated in myocardium from transverse aortic
constriction (TAC) mice and human left ventricle of
heart failure patients. Treatment by HIPK2 inhibitors,
4,5,6,7-tetrabromo-2- (1H-imidazol- 2-yl)isoindoline-1,3-
dione (tBID)19 and protein kinase inhibitors 1 hydro-
chloride (PKI1H)20 reverses impaired cardiac function
induced by TAC, a finding recapitulated in HIPK2�/�

mice. Moreover, HIPK2 inhibition prevents cardiomyo-
cyte hypertrophy in neonatal rat cardiomyocytes
(NRCMs) and human embryonic stem cell-derived car-
diomyocytes (hESC-CMs), and suppresses proliferation
and differentiation of neonatal rat cardiac fibroblasts
(NRCFs). At the mechanistic level, we identify early
growth response 3 (EGR3) and C-type lectin receptor 4D
(CLEC4D) as targets of HIPK2 in cardiomyocytes and
they are regulated by ERK1/2-CREB. Additionally, phos-
phorylation of Smad3 is involved in HIPK2 suppres-
sion-mediated cardiac protection through fibroblasts.
Finally, we report that inhibition of EGR3 or CLEC4D
protects against TAC induced cardiac dysfunction.
Taken together, our study uncovered distinct protective
roles of HIPK2 inhibition in cardiomyocytes and fibro-
blasts, respectively, indicating that inhibition of HIPK2
might be a therapeutic intervention in ameliorating
pathological cardiac remodeling and heart failure.
Methods

Ethics statement, animals and treatments
Male C57BL/6 wild-type (WT) mice aged 8-week-old were
obtained from Cavens Laboratory Animal Ltd. (Changz-
hou, China). Two founders of C57BL/6 HIPK2�/� mice
were generated in Beijing Viewsolid Bioteh Co. Ltd (Bei-
jing, China) by embryo injection of CRISPRs targeting
the second exon (guide RNA sequences: AAGTTC-
CAACTGGGACATGACTGGGT) of the mouse HIPK2
gene. One founder (line 1) with frameshift mutations
(56bp deletion: TGGGTACGGCTCCCACAGCA AAGTG-
TACAGCCAGAGCAAGAACATACCACCTTCTC) and
another founder (line 2) with frameshift mutations (40bp
deletion: AAAGTGTACAGCCAGAGC AAGAACATAC-
CACCTTCTCAGC) were identified and crossed with
www.thelancet.com Vol 85 November, 2022
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C57BL/6 WT mice for colony expansion and subsequent
experiments. Tail biopsies of HIPK2�/� mice were ana-
lyzed by genomic PCR (forward primer 5’- TTCA-
GAGTGGAAG AACAATC -3’ and reverse primer 5’-
TTGGTAGG TGTCAAGGAG -3’). All mice were main-
tained on a 12 h light/dark cycle at 25 °C and provided
free access to commercial rodent chow and tap water. Tis-
sues were isolated and snap-frozen for future analysis or
put into 4% paraformaldehyde buffer (PFA) immediately
for histological study. These experiments were conducted
in accordance with guidelines of laboratory animals for
biomedical research published by National Institutes of
Health (No. 85�23, revised 1996) and approved by the
ethical committees of Shanghai University (Approval
number: 2018011).

At the end of the experiments, mice were sacrificed
via intraperitoneal sodium pentobarbital (60 mg/kg)
and cardiac tissues were analyzed.
Transverse aortic constriction model
Mice maintained body temperature at 37 °C on a heat-
ing pad were anesthetized with 2% isoflurane and intu-
bated with a rodent ventilator. Left ventricular pressure
overload was produced in mice by transverse aortic con-
striction between the innominate and left common
carotid arteries using a blunted needle (27-gauge) posi-
tioned parallel to the aorta and a 7/0 silk thread. The inci-
sion was closed at last. The sham group was subjected to
an identical procedure without aortic constriction.

For HIPK2 inhibitors treatment, mice were oral
administration with 200 mg/kg/day tBID (MedChe-
mExpress, USA), 200 mg/kg/day PKI1H (MedChemEx-
press, USA) or phosphate-buffered saline (PBS) once a
day for 4 weeks after operation. All mice were sacrificed
after 4 weeks.
Cardiac ischemia-reperfusion injury model
Cardiac I/R injury was induced by ligation of the left
anterior descending artery (LAD) for 30 min followed
by cardiac reperfusion while sham was created by the
same process but without LAD ligation as previously
reported.21 All mice were sacrificed after 3 weeks.
Echocardiography
Fractional shortening (FS), left ventricular (LV) mass,
left ventricular internal dimension (LVID) and left ven-
tricular posterior wall (LVPW) were evaluated by Vevo
2100 echocardiography (VisualSonics Inc, Canada) with
a 30 MHz central frequency scan head in mice anesthe-
tized with 1.5% isoflurane and measured from M-mode
images taken from the parasternal long-axis view at pap-
illary muscle level with at least three measurements for
each mouse.
www.thelancet.com Vol 85 November, 2022
Tissues morphological analysis
Sections of hearts samples with 5 mm thick sections
fixed in 4% PFA and embedded in paraffin were stained
with Masson’s trichrome (KeyGen, China) to detect the
degree of collagen deposition, or hematoxylin and eosin
(H&E, KeyGen, China) to measure cardiomyocytes
cross-sectional areas, or CD31 (1:100, Cell Signaling
Technology, USA) immunohistochemical staining to
measure myocardial capillary density. Images of the left
ventricular area of each section were obtained by micro-
scope (Nikon, Japan). Frozen sections of hearts in O.C.
T Compound (optimal cutting temperature compound,
Sakura, USA) were cut at 5 mm per section and stained
with wheat germ agglutinin (WGA, Sigma, USA) to mea-
sure cardiomyocytes cross-sectional areas. Fluorescence
images were obtained using a Zeiss confocal microscope
(Carl Zeiss, Germany). Image J Software (National Insti-
tutes of Health) was used to quantify fibrotic region and
measure cardiomyocytes cross-sectional areas in each sec-
tion. The percentage of fibrosis was measured as fibrosis
areas/total left ventricular areas x 100%.
AAV9 construction and administration
Mouse shEGR3 and shCLEC4D were cloned into AAV9
generating plasmid and then packaged into AAV9 virus
(Hanbio Co. Ltd, China). The sequences are
CCGGAACTCTCTTATTCGAGCTCTT for EGR3 and
CTTCCAGTCTAACTGTT ACTT for CLEC4D. AAV9
virus was delivered by tail vein injection at a dose of
3*1011 TU/mice a week before the surgery, and all mice
were sacrificed after 4 weeks after TAC.
Lentivirus construction and administration
The shRNA sequence for HIPK2 was 5’- GTATGATCA-
GATTCGGTATAT-3’ and cloned into the pLKO.1-TRC
cloning vector. The DNA fragments encoding rat
HIPK2, EGR3 and CLEC4D was amplified from rat
heart genomic complementary DNA (cDNA) and cloned
into the FUGW cloning vector. Lentiviral particles were
generated and packaged using psPAX2 and PMD2.G.
Lentiviruses were diluted in PBS and administered at a
dose of 107 TU/well in 12-well plates for 48 h.
Whole-genome gene expression
Total RNA from heart of control WT littermates and
HIPK2�/� mice (line 1) was extracted and hybridized on
Agilent SurePrint G3 Mouse GE V2.0 Microarray
(8*60K, Design ID:074809) (OE Biotech’s, Shanghai,
China). The expression data are available in NCBI Gene
Expression Omnibus (GEO, platform ID: GSE169429).
Cell isolation, culture and treatments
Adult mouse cardiomyocytes (MCMs), adult mouse car-
diac fibroblasts (MCFs), adult rat cardiac fibroblasts
3
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(RCFs), neonatal rat cardiomyocytes (NRCMs) and neo-
natal rat cardiac fibroblasts (NRCFs) were isolated from
ventricle of adult mice, adult rat or neonatal rat and cul-
tured as previously reported.22,23 Human cardiomyocyte
cell line AC16 cells were cultured as previously
reported.18 For Phenylephrine (PE, TOCRIS, USA)
treatment, NRCMs were treated with PE at 100 mM for
48 hours.24�27 For TGF-b (Peprotech, USA) treatment,
NRCFs or RCFs were treated with recombinant human
TGF-b1 at 10 ng/ml for 24 hours.21 For HIPK2 inhibi-
tion, cells were treated with HIPK2 inhibitors, tBID or
PKI1H, at 1 mM or 74 nM for 48 hours respectively. For
ERK1/2 inhibition, NRCMs were treated with PD98059
(s1177, Selleck, USA) at 50 mM for 24 hours. For ERK1/2
activation, NRCMs were treated with Ceramide C6 (SC-
3527, Santa Cruz, USA) at 10 mM for 24 hours. For
Smad3 activation, cardiac fibroblasts were treated with
Alantolactone (HY-N0038, MedChemExpress, USA) at 2
mg/ml for 4 hours. The double-stranded siRNA targeting
rat EGR3 and CLEC4D were 5’-CCAAUCCGGAACUCU-
CUUAUU-3’ and 5’-CAACCC AAACGUGGUAUU CUG-
GAAA-3’ respectively. Cells were transfected with siRNA
using Lipofectamine2000.

Human embryonic stem cells cell line H9 were cul-
tured on Matrigel (Corning) coated plates and mTeSR
medium (Stemcell) supplemented with Y-27632
(10 mM, Selleck) in feeder-free culture conditions. On
day 0, differentiation was induced by CHIR99021
(6 mM, Selleck) for 48 hours. The medium was
refreshed with addition of Wnt-pathway inhibitor IWP2
(5 mM, Selleck) for 48 hours. The basal medium is
RPMI 1640 medium (Life Technologies) supplemented
with Albumin (0.5 mg/ml) and ascorbic acid (0.2 mg/
ml). Spontaneous beating cells start to appear at day 8,
and the beating cells were cultured in RPMI 1640 sup-
plemented with B27 for further maturation. Culture
medium was changed every two days. Human embry-
onic stem cell-derived cardiomyocytes (hESC-CMs)
were used after differentiation for 30 days.28 For hyper-
trophy model, hESCs-CMs were treated with phenyleph-
rine (PE, Toris) and Isoproterenol (ISO, Sigma).29 The
PE and ISO were added in culture medium at 100 mM
for 48 hours, and the plates were covered with alumin-
ium foil during the treatment. For HIPK2 suppression,
PKI1H (74 nM) were incubated for 48 hours.
Flow cytometry
Cardiac fibroblasts were fixed with 4% paraformalde-
hyde (PFA) for 20 min, permeabilized with 0.25% Tri-
ton X-100 for 20 min, blocked with 5% bovine serum
albumin in PBS-Tween for 1 h, incubated with the pri-
mary antibody (a-SMA antibody, 1:500, Sigma, USA)
for 1 h and the second antibody (APC-goat anti mouse
IgG (H+L), 1:200) for 1 h in dark. The cells were incu-
bated with EdU for 30 min, and then the cells were sub-
jected to 50 mm filter screen and flow detection.
Immunofluorescent staining for EdU, a-SMA,
a-actinin, Vimentin, HIPK2 and Hoechst
NRCMs and NRCFs were fixed with 4% PFA for
20 min, permeabilized with 0.2% Triton X-100 for
20 min and blocked with 10% goat serum in PBS-
Tween for 1 h. Subsequently, NRCMs were incubated
with a-actinin antibody diluted in 10% goat serum and
NRCFs were incubated with a-SMA-Cy3 antibody
(1:500, Sigma, USA) overnight at 4°C. To detect prolif-
eration, EdU assays were performed using Click-iT Plus
EdU Alexa Fluor 488 Imaging Kit (Invitrogen) accord-
ing to manufacturer’s instructions. Cell nuclei were
counterstained with Hoechst and the number of EdU-
positive nuclei was calculated. Fifteen fields/sample
(200 x magnification) were viewed under a confocal
microscope (Carl Zeiss, Germany).

Frozen sections of hearts were fixed in 4% parafor-
maldehyde (PFA) for 20 min, and permeabilized with
0.5% Triton X-100 for 20 min, then blocked with 5%
BSA for 1 hour at room temperature. Subsequently, sec-
tions of hearts were incubated with HIPK2 Polyclonal
antibody (1:200, Proteintech, USA) and mouse mono-
clonal anti-a-actinin (1:200, Sigma, USA) for cardio-
myocytes or mouse monoclonal anti-Vimentin antibody
(1:200, Abcam, UK) for fibroblasts overnight at 4°C.
Then, sections were incubated for 2 hours at room tem-
perature with the secondary antibody (1:200). And then
nucleus were counterstained with Hoechst (1:2000) for
20 min at room temperature. The relative fluorescence
intensity of HIPK2 in cardiomyocytes (a-actinin posi-
tive) and cardiac fibroblasts (Vimentin positive) were
calculated. Twenty fields/sample (40 x magnification)
were viewed under a confocal microscope (Olympus,
Japan).
RNA isolation and relative quantitative RT-PCR
RNA isolation and relative quantification RT-PCR were
performed as described previously.23 The sequences of
primers used for RT-PCR are listed in Supplemental
Table S1.
Western blotting
Protein extraction and immunoblotting assays were per-
formed as previously described.30 All antibodies used in
this study were listed in RRID tags.
Statistical analysis
All data were expressed as mean § SD. Significant dif-
ferences were assessed either by two-tailed student
t-test, one-way ANOVA followed by Bonferroni’s post
hoc test, or two-way ANOVA followed by Bonferroni’s
multiple comparisons test. P values less than 0.05 were
considered to be statistically different. All analyses were
performed using GraphPad Prism 8.0.
www.thelancet.com Vol 85 November, 2022
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RRID tags
Reagent or resource Source Identifier RRID

Antibodies

HIPK2 Abcam ab108543 AB_10860868

HIPK2 Proteintech 55408-1-AP AB_2881323

b-actin Bioworld AP0060 AB_2797445

Collagen1 Bioworld BS1530 AB_1662101

EGR3 ABclonal A7669 AB_2769279

CLEC4D ABclonal A2697 AB_2764553

CRLF1 ABclonal A17589 AB_2769048

ADAMTS4 ABclonal A2525 AB_2764416

FBN1 ABclonal A16677 AB_2769423

P-Smad3(S423/425) ABclonal AP0727 AB_2863813

P-Smad3(T179) Abcam ab74062 AB_1524418

Smad3 ABclonal A19115 AB_2862608

P-ERK1(T202/Y204) + ERK2(T185/Y187) ABclonal AP0974 AB_2863871

ERK1/2 ABclonal A4782 AB_2863347

P-CREB (S133) Abcam ab254107 AB_2922394

CREB 1 ABclonal A0826 AB_2757415

Bax ABclonal A12009 AB_2861644

Bcl2 Affinity AF6139 AB_2835021

Caspase3 ABclonal A2156 AB_2862975

GAPDH Bioworld AP0063 AB_2651132

a-SMA-Cy3 Sigma-Aldrich C6198 AB_476856

CD31 CST 77699S AB_2722705

Vimentin Abcam ab8978 AB_306907

Cell Lines

AC16 Millipore SCC109 CVCL_4U18

H9 CVCL_9773

Chemicals, Peptides, and Recombinant Proteins

PE (Phenylephrine) TOCRIS 2838

Recombinant Human TGF-b1 Peprotech 100-21C

tBID MedChemExpress HY-100464

PKI1H (Protein kinase inhibitors 1 hydrochloride) MedChemExpress HY-U00439A

PD98059 Selleck s1177

Ceramide C6 Santa Cruz SC-3527

Alantolactone MedChemExpress HY-N0038

WGA (wheat germ agglutinin) Sigma L4895

Critical Commercial Assays

Western Blot lysis buffer KeyGEN KGP701-100

TaKaRa BCA Protein Assay Kit Takara T9300A

Masson’s trichrome staining Kit KeyGEN BioTECH KGMST-8003

H&E staining Kit KeyGEN BioTECH KGA224

TUNEL FITC Apoptosis Detection Kit Vazyme A111-01

Software and Algorithms

ImageJ Software NIH N/A

GraphPad Prism 8.0 GraphPad N/A

Vevo2100 VisualSonic N/A

www.thelancet.com Vol 85 November, 2022 5



Figure 1. HIPK2 is elevated in pathological cardiac remodeling. (a) Cardiac HIPK2 mRNA levels were increased in male C57BL/6
wild-type (WT) mice subjected to transverse aortic constriction (TAC) compared to sham operation (sham) at 2, 4 or 6 weeks after
operation (n=5:6:6:6); (b) Cardiac HIPK2 protein levels were increased in TAC compared to sham at 4 weeks after operation (n=6); (c)
HIPK2 was more abundance in MCMs as compared to MCFs; cTnT, cTnI, Col1a1, and Col3a1 were used as markers for MCMs and
MCFs (n=6:4); (d) HIPK2 mRNA levels were increased in MCMs of TAC compared to sham mice (n=9:8); (e) HIPK2 mRNA levels were
increased in MCFs of TAC compared to sham mice (n=9); (f and g) HIPK2 mRNA levels (n=6) and HIPK2 protein levels (n=6) were
increased in NRCMs treated with PE compared to Control; (h and i) HIPK2 mRNA levels (n=5) and HIPK2 protein levels (n=6) were
increased in NRCFs treated with TGF-b compared to Control. Significant differences were assessed by one-way ANOVA followed by
Bonferroni’s post hoc test in a, or two-tailed student t-test in b-i. *: p<0.05, **: p<0.01, ***: p<0.001 versus respective control.

Articles

6

Role of funding source
The Funders do not play any roles in study design, data
collection, data analyses, interpretation, or writing of
report.
Results

HIPK2 is elevated in pathological cardiac remodeling
To determine the role of HIPK2 in pathological cardiac
remodeling, we subjected wild-type mice to TAC.
Cardiac HIPK2 mRNA expression level was signifi-
cantly increased at 4 weeks after TAC, and was further
increased at 6 weeks after TAC (Figure 1a). Consis-
tently, HIPK2 protein level was up-regulated at 4 weeks
after TAC (Figure 1b).

To investigate the roles of HIPK2 in cardiomyocytes
and cardiac fibroblasts, respectively, we isolated adult
mouse cardiomyocytes (MCMs) and adult mouse car-
diac fibroblasts (MCFs). We found that HIPK2 mRNA
level was lower in MCFs than in MCMs (Figure 1c). Fur-
thermore, we showed that HIPK2 mRNA expression
www.thelancet.com Vol 85 November, 2022
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was elevated in both MCMs and MCFs of TAC mice
(Figure 1d-e). Moreover, based on a-actinin and HIPK2,
or Vimentin and HIPK2 immunofluorescent staining,
we found that HIPK2 was increased in both cardiomyo-
cytes and cardiac fibroblasts of TAC (Supplemental
Figure S1). In addition, we found that HIPK2 mRNA
and protein expression levels were increased in NRCMs
after PE treatment (Figure 1f-g), and up-regulated in
NRCFs treated with TGF-b (Figure 1h-i).

Captopril and metoprolol are used to treat heart fail-
ure patients in the clinic. We used captopril (10 mg/kg/
d) or metoprolol (30 mg/kg/d) in TAC mice and found
that captopril or metoprolol decreased HIPK2 mRNA
and protein levels in TAC (Supplemental Figure S2).
Moreover, we analyzed the expression of HIPK2 from
GEO database (GSE161473).31 We found that HIPK2
was elevated in human left ventricle of heart failure
with reduced ejection fraction (HFrEF) patients (Sup-
plemental Figure S3).

Collectively, these data indicate that HIPK2 is ele-
vated in pathological cardiac remodeling.
Inhibition of HIPK2 protects against cardiac
dysfunction under stress
As we demonstrated that HIPK2 was elevated in patho-
logical cardiac remodeling, we next asked whether
HIPK2 inhibition might be protective for cardiac dys-
function under stress. Two specific distinct HIPK2
inhibitors (tBID and PKI1H) were used19,20 and we
found that both HIPK2 inhibitors increased fractional
shortening (FS), and decreased LV mass, LVIDs, and
LVPWd in mice subjected to TAC (4 weeks) (Figure 2a).
Moreover, inhibition of HIPK2 decreased cardiac fibro-
sis and cardiomyocyte hypertrophy as evidenced by
reduced collagen deposition, cardiomyocyte cross sec-
tional area, heart weight (HW)/body weight (BW), and
HW/tibial length (TL) (Figure 2b-c and Supplemental
Figure S4a-b). Besides, inhibition of HIPK2 decreased
cardiac ANP, BNP, Col1a1, Col3a1, and a-SMA mRNA
expression post-TAC, and increased the ratio of a-MHC
and b-MHC post-TAC (Figure 2d). Additionally, the
expression of Collagen1, the ratio of Bax and Bcl2 (Bax/
Bcl2), the ratio of cleaved Caspase3 and Caspase3
(cleaved Caspase3/Caspase3) were markedly decreased
by HIPK2 inhibitors in the TAC group (Supplemental
Figure S4c). Additionally, inhibition of HIPK2 pro-
moted myocardial capillarity after TAC (Supplemental
Figure S5).

To further illustrate the role of HIPK2, we generated
HIPK2�/� mice by CRISPR/Cas9 genome-editing tech-
nology confirmed HIPK2 depletion in vivo (Supplemen-
tal Figure S6a-c). Consistently, HIPK2�/� mice showed
significantly improvements in cardiac function after
TAC (4 weeks) (Figure 3a-d, Supplemental Figure S7
and S8). To confirm the protective effects of HIPK2
knockout in TAC, the other line of HIPK2�/� mice
www.thelancet.com Vol 85 November, 2022
(line-2) was also tested. Similarly, HIPK2�/- line-2 mice
attenuated cardiac dysfunction after TAC (Supplemen-
tal Figure S9). Considering the similar protective effects
of these two lines of HIPK2�/� mice, we mostly use
line-1 to explore the role of HIPK2 deficiency in the
heart.

Taken together, these findings suggest that inhibi-
tion of HIPK2 protects the heart from pathological car-
diac hypertrophy and fibrosis in vivo.
Inhibition of HIPK2 prevents cardiomyocyte
hypertrophy, fibroblast proliferation and
differentiation
Given the up-regulation of HIPK2 in both MCMs and
MCFs from the TAC mice, we hypothesized that HIPK2
might function in both cell types. To test this hypothe-
sis, we examined the effect of HIPK2 inhibition on car-
diomyocyte hypertrophy and cardiac fibroblast
proliferation and differentiation.

Although HIPK2 overexpression showed no effect
on cell size in NRCMs treated with PE (Supplemental
Figure S10a-b), knockdown of HIPK2 with lentivirus
(Lenti-shHIPK2) reduced cell size and expression levels
of ANP and BNP in NRCMs treated with PE (Figure 4a-
c, Supplemental Figure S10c-d). Consistently, HIPK2
inhibitors, tBID and PKI1H, showed the same effect as
Lenti-shHIPK2 in NRCMs treated with PE (Figure 4d-f,
and Supplemental Figure S11). To further confirm the
human relevance of our findings, we tested the effect of
HIPK2 inhibition in human embryonic stem cell-
derived cardiomyocytes (hESC-CMs). We found that
HIPK2 inhibition by PKI1H could attenuate cardiomyo-
cytes hypertrophy induced by PE and ISO in hESC-CMs
(Supplemental Figure S12).

The increased proliferation and differentiation of
cardiac fibroblasts into myofibroblasts is a key step in
the development of cardiac fibrosis. Although HIPK2
overexpression showed no effect on NRCFs prolifera-
tion and differentiation into myofibroblasts (Supple-
mental Figure S13a-c), we found that Lenti-shHIPK2
decreased proliferation and transformation of fibro-
blasts into myofibroblasts in NRCFs incubated with
TGF-b (Figure 5a-c, Supplemental Figure S13d-e). Con-
sistently, HIPK2 inhibitors, tBID and PKI1H, showed
the similar inhibitory effect as Lenti-shHIPK2 in
NRCFs and RCFs with TGF-b treatment (Figure 5d-g,
and Supplemental Figure S14).

Taken together, our data demonstrate that inhibition
of HIPK2 prevents cardiomyocyte hypertrophy, and car-
diac fibroblast proliferation and differentiation.
CLEC4D and EGR3 are responsible for the protective
effects of HIPK2 inhibition in cardiac hypertrophy
To identify downstream targets of HIPK2 in the heart,
we conducted an unbiased screening using the
7



Figure 2. HIPK2 inhibition protects against cardiac dysfunction after TAC. (a) tBID and PKI1H increased fractional shortening
(FS) post-TAC, and reduced left ventricular (LV) mass, left ventricular systolic internal dimension (LVIDs) and left ventricular diastolic
posterior wall (LVPWd) post-TAC (n=9:10:10:11:18:16); (b) tBID and PKI1H reduced cardiac fibrosis post-TAC (n=9:10:10:7:9:9); (c) tBID
and PKI1H reduced cross sectional area of cardiomyocytes post-TAC (n=9:9:7:8:10:9); (d) tBID and PKI1H decreased cardiac ANP,
BNP, Col1a1, Col3a1, and a-SMA mRNA expression post-TAC, and increased ratio of a-MHC and b-MHC post-TAC (n=6). Scale bar:
50 mm in b and c. Significant differences were assessed by two-way ANOVA followed by Bonferroni’s multiple comparisons test.
*: p<0.05, **: p<0.01, ***: p<0.001 versus respective control.
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Figure 3. HIPK2 knock-out protects against cardiac dysfunction after TAC. (a) HIPK2�/� mice increased fractional shortening
(FS) post-TAC, and reduced left ventricular (LV) mass, left ventricular systolic internal dimension (LVIDs) and left ventricular diastolic
posterior wall (LVPWd) post-TAC (n=4:4:5:6); (b) HIPK2�/� mice reduced cardiac fibrosis post-TAC (n=4:4:4:6); (c) HIPK2�/� mice
reduced cross sectional area of cardiomyocytes post-TAC (n=4:4:5:6); (d) HIPK2�/� mice decreased cardiac ANP, BNP, Col1a1,
Col3a1, and a-SMA mRNA expression post-TAC, and increased ratio of a-MHC and b-MHC post-TAC (n=3:3:5:4). Scale bar: 50 mm in
b and c. Significant differences were assessed by two-way ANOVA followed by Bonferroni’s multiple comparisons test. *: p<0.05,
**: p<0.01, ***: p<0.001 versus respective control.
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Figure 4. HIPK2 inhibition attenuates cardiomyocytes hypertrophy. (a-c) Lentiviruses expressing short-hairpin (sh) RNA against
rat HIPK2 (shHIPK2) decreased cardiomyocytes areas (n=5), ANP and BNP mRNA expression (n=6) in NRCMs treated with PE. Immu-
nofluorescent staining for a-actinin and Hoechst was used to label cardiomyocytes; (d-f) tBID and PKI1H decreased cardiomyocytes
areas (n=5), ANP and BNP mRNA expression (n=6) in NRCMs treated with PE. Scale bar: 100 mm in a and d. Significant differences
were assessed by two-way ANOVA followed by Bonferroni’s multiple comparisons test. *: p<0.05, ***: p<0.001 versus respective
control.
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Affymetrix Gene Chip Array. A total of 21 genes showed
marked changes in the heart of HIPK2�/� mice com-
pared with the control mice (Figure 6a). We further vali-
dated these genes by qRT-PCRs (the CT value for
Gsdma was below 35 and therefore excluded) and identi-
fied 10 genes that were significantly downregulated by
HIPK2 knockout (Figure 6b). Next, we tested the
expression of these 10 genes in the heart of TAC mice
or sham mice and found 8 genes were significantly
increased including Clec4d, Egr3, Cytokine receptor-
like factor 1 (Crlf1), a disintegrin and metalloproteinase
with thrombospondin motifs 4 (Adamts4), fibrillin-1
(Fbn1), heme oxygenase 1 (Hmox1), epiplakin 1 (Eppk1),
neurexophilin and PC-esterase 5 (Nxpe5) (Figure 6c).
Next, we determined these 8 genes’ mRNA expression
in the heart of I/R injury mice and found 6 genes were
changed (Figure 6d). Consistent with these mRNA
data, we found that EGR3, CLEC4D, CRLF1,
ADAMTS4, FBN1 and HMOX1 protein abundance was
decreased in the heart of HIPK2�/� mice (Supplemen-
tal Figure S15a). In addition, TAC increased EGR3,
CLEC4D and CRLF1 protein abundance (Supplemental
Figure S15b). As TGF-b did not affect EGR3, CLEC4D
and CRLF1 in NRCFs (Supplemental Figure S16), and
PE increased EGR3 and CLEC4D expression in NRCMs
(Figure 6e), we hypothesized that EGR3 and CLEC4D
might be involved in HIPK2 inhibition-mediated cardio-
myocytes hypertrophy regulation. EGR3 and CLEC4D
protein expression levels were decreased by Lenti-
shHIPK2 or HIPK2 inhibitors, and increased by Lenti-
HIPK2 in NRCMs (Supplemental Figure S17). Further-
more, we found that EGR3 and CLEC4D overexpression
could reverse the anti-hypertrophy effect of HIPK2 sup-
pression in NRCMs treated with PE (Figure 6f-k). Collec-
tively, EGR3 and CLEC4D mediate the protective effect of
HIPK2 inhibition on cardiac hypertrophic growth.

HIPK2 has been reported to maintain basal cardiac
function by activating phosphorylation of ERK1/2.16 To
clarify the role of ERK1/2 in our model, we firstly ana-
lyzed the phosphorylation of ERK1/2 by HIPK2 inhibi-
tion in cardiomyocytes and fibroblasts. HIPK2
inhibitors decreased the phosphorylation of ERK1/2 in
heart including in control and TAC (Supplemental
Figure S18). In NRCMs, HIPK2 overexpression could
increase the phosphorylation of ERK1/2 while HIPK2
inhibition could decrease that (Supplemental Figure
S19), while HIPK2 did not regulate that in NRCFs (Sup-
plemental Figure S20). Besides, the phosphorylation of
ERK1/2 was increased in PE-treated NRCMs (Supple-
mental Figure S21a). These data suggest that phosphor-
ylation of ERK1/2 might be responsible for the effects of
HIPK2 in cardiomyocytes but not in fibroblasts.
www.thelancet.com Vol 85 November, 2022



Figure 5. Inhibition of HIPK2 decreases cardiac fibroblasts proliferation and differentiation. (a-c) Lentiviruses of shHIPK2
decreased NRCFs proliferation and differentiation into myofibroblasts under TGF-b treatment as demonstrated by flow cytometry of
a-SMA (n=3), immunofluorescent staining for a-SMA, EdU and Hoechst (n=5), and western blotting of Collagen1 (n=6); (d-f) tBID
and PKI1H decreased NRCFs’ proliferation and differentiation into myofibroblasts under TGF-b treatment as demonstrated by flow
cytometry of a-SMA (n=3), immunofluorescent staining for a-SMA, EdU and Hoechst (n=4), and western blotting of Collagen1 (n=6);
(g) tBID and PKI1H decreased RCFs’ differentiation into myofibroblasts under TGF-b treatment as demonstrated by flow cytometry
of a-SMA (n=3). Scale bar: 100 mm in b and e. Significant differences were assessed by two-way ANOVA followed by Bonferroni’s
multiple comparisons test. *: p<0.05, **: p<0.01, ***: p<0.001 versus respective control.
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Figure 6. EGR3 and CLEC4D are identified as novel downstream of HIPK2 and their downregulation mediates the protection
of HIPK2 inhibition in cardiomyocytes hypertrophy. (a) Affymetrix Gene Chip Array identified 21 genes as indicated markedly
changed in the heart of HIPK2�/� mice compared with the control mice (n=5); (b) mRNA levels of 21 genes as indicated were
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ERK1/2 activation could reverse the protection of
HIPK2 suppression on NRCMs hypertrophy (Supple-
mental Figure S21b). ERK1/2 has been reported as an
upstream regulator of EGR3 in mouse muscle.32 Cer-
amide C6, an ERK1/2 activator increased EGR3, while
PD98059, an ERK1/2 inhibitor decreased that in
NRCMs (Supplemental Figure S22a-b). EGR3 overex-
pression could reverse the protective effects of ERK1/2
inhibition in PE-induced NRCMs hypertrophy (Supple-
mental Figure S22c). CLEC4D, as the other down-
stream regulator of HIPK2, was also found to be
increased by Ceramide C6 and decreased by PD98059
(Supplemental Figure S22a-b). Moreover, CLEC4D
overexpression could also reverse the protective effects
of ERK1/2 inhibition in NRCMs hypertrophy induced
by PE (Supplemental Figure S22d). To further investi-
gate how ERK1/2 regulate EGR3 and CLEC4D, we deter-
mined its downstream CREB. We found that activation
of ERK1/2 could increase the phosphorylation of CREB
at serine 133 while inhibition of ERK1/2 could decrease
that (Supplemental Figure S23). Moreover, knock-down
of CREB decreased the expression of EGR3 and
CLEC4D while overexpression of CREB increased them
(Supplemental Figure S24). Furthermore, we found
that HIPK2 inhibitors decreased the phosphorylation of
ERK1/2 and CREB, and decreased EGR3 and CLEC4D
in human cardiomyocyte cell line AC16 cells (Supple-
mental Figure S25). Taken together, these data suggest
that inhibition of HIPK2 protects NRCMs hypertrophy
through ERK1/2-CREB inhibition mediated EGR3 and
CLEC4D downregulation.
Inhibition of phosphorylation of Smad3 mediates the
suppression of fibroblast proliferation and
differentiation by HIPK2 inhibition
Phosphorylation of Smad3 has been shown to be a tar-
get of HIPK2 in kidney fibrosis and is involved in car-
diac dysfunction.14,33,34 Very recently, the potential role
of smad3 and HIPK2 in Angiotensin II induces cardiac
fibrosis was reported.35 However, whether inhibition of
phosphorylation of Smad3 mediates the suppression of
NRCFs proliferation and differentiation by HIPK2 inhi-
bition is unclear. As expected, in the heart of control
mice, HIPK2 inhibitors decreased phosphorylation of
Smad3 at S423/425 and T179 (Figure 7a). Further, in
analyzed in heart of control WT littermates and HIPK2�/� mice, and
HIPK2�/� mice compared with the control mice (n=5); (c) mRNA lev
jected to sham or TAC at 4 weeks after sham or TAC, and 8 genes
compared with the sham mice (n=5:6); (d) mRNA levels of 8 genes a
I/R injury at 3 weeks after sham or I/R injury, and 6 genes mRNA lev
pared with the sham mice (n=5); (e) PE increased EGR3 and CLEC4
reversed the decreased cardiomyocytes areas (n=5), ANP and BNP
shHIPK2 in the presence of PE; (i-k) Overexpression of CLEC4D rev
mRNA expression (n=6) in NRCMs treated with lentiviruses of shHIPK
differences were assessed by two-tailed student t-test in b-e, or tw
test in f-k. *: p<0.05, **: p<0.01, ***: p<0.001 versus respective contr
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the heart of TAC, HIPK2 inhibitors could also decrease
phosphorylation of Smad3 at S423/425 and T179
(Figure 7b). Besides, in HIPK2 knockout mice, the
phosphorylation of Smad3 at S423/425 and T179 was
decreased in the heart of TAC (Figure 7c). Meanwhile,
the phosphorylation of Smad3 was decreased in NRCFs
treated with HIPK2 inhibitors or lenti-shHIPK2, while
increased in NRCFs treated with lenti-HIPK2 (Supple-
mental Figure S26). Overall, all above results suggest
that Smad3 is a downstream target of HIPK2.

We next asked if inhibition of phosphorylation of
Smad3 might be responsible for the suppression of
NRCFs proliferation and differentiation by HIPK2 inhi-
bition. Alantolactone, a Smad3 activator, rescued the
anti-proliferative and anti-differentiative effects of
HIPK2 suppression in NRCFs treated with TGF-b
(Figure 7d-e and Supplemental Figure S27).

Taken together, inhibition of phosphorylation of
Smad3 is required for the suppression effects of HIPK2
inhibition in NRCFs proliferation and differentiation.
AAV9 mediates knock-down of EGR3 or CLEC4D
protects against pathological cardiac remodeling
To further investigate whether inhibition of EGR3 or
CLEC4D could mimic the beneficial effects of HIPK2
suppression on cardiac dysfunction, we subjected mice
to TAC surgery. AAV9 mediates knock-down of EGR3
in mice preserved cardiac function of TAC injury, as
confirmed by increased FS, and decreased LV mass,
LVIDs, and LVPWd (Figure 8a). Moreover, knock-down
of EGR3 decreased cardiac fibrosis, cardiomyocyte cross
sectional area, HW/BW, HW/TL, and promoted myo-
cardial capillarity (Figure 8b-d and Supplemental Figure
S28). Besides, AAV9 mediates knock-down of CLEC4D
in mice also achieved protective effects in TAC injury
(Figure 8e-h, Supplemental Figure S29).

Collectively, AAV9 mediates knock-down of EGR3 or
CLEC4D can protect against TAC induced pathological
hypertrophy, suggesting potential novel therapeutics for
pathological cardiac remodeling and heart failure.
Discussion
Heart failure is a common end-stage outcome of cardio-
vascular diseases with poor prognosis, which lacks of
10 genes mRNA levels were markedly changed in the heart of
els of 10 genes as indicated were analyzed in heart of mice sub-
mRNA levels were markedly changed in the heart of TAC mice
s indicated were analyzed in heart of mice subjected to sham or
els were markedly changed in the heart of I/R injury mice com-
D protein levels in NRCMs (n=6); (f-h) Overexpression of EGR3
mRNA expression (n=6) in NRCMs treated with lentiviruses of

ersed the decreased cardiomyocytes areas (n=5), ANP and BNP
2 in the presence of PE. Scale bar: 100 mm in f and i. Significant
o-way ANOVA followed by Bonferroni’s multiple comparisons
ol.
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Figure 7. Phosphorylation of Smad3 is involved in the suppression of HIPK2 in cardiac fibroblasts proliferation and differen-
tiation. (a) tBID and PKI1H decreased cardiac P-Smad3(S423/425) and P-Smad3(T179) in control mice (n=6); (b) tBID and PKI1H
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treatable clinical intervention targets.36 Therefore, it is
of great significance to explore new approaches to pre-
vent and treat heart failure. Here, we demonstrate that
inhibition of HIPK2 protects against cardiac dysfunc-
tion induced by stress, supported by evidence from both
pharmacological and genetic interventions. As summa-
rized in Supplemental Figure S30, TAC up-regulates
cardiac HIPK2. HIPK2 inhibition by inhibitors (tBID or
PKI1H), or HIPK2�/� mice reduces hypertrophy
through suppressing EGR3 and CLEC4D by inhibition
of ERK1/2-CREB in cardiomyocytes. On the other hand,
HIPK2 inhibition prevents cardiac fibroblasts prolifera-
tion and differentiation by suppressing the phosphory-
lation of Smad3. All these data suggest a distinct role of
HIPK2 inhibition in cardiomyocytes and fibroblasts.
Taken together, our findings suggest that blockage of
HIPK2 could be a potential strategy for the prevention
of pathological cardiac remodeling and heart failure.

HIPK2 inhibition has been reported to suppress
neuronal differentiation, white adipose cell differentia-
tion and erythroid differentiation.9,11,37 Consistent with
the impeding effect of HIPK2 on differentiation in
other types of cells, we found that HIPK2 inhibition pre-
vents cardiac fibroblast proliferation and differentiation.
In addition, HIPK2 inhibition suppresses cardiac fibro-
sis, consistent with the anti-fibrosis effect of HIPK2
inhibition in kidney fibrosis.13 On the other hand,
HIPK2 has been reported to maintain basal cardiac
function by activating phosphorylation of ERK1/2.16

Our findings confirmed the previous findings that
HIPK2�/- mice show no change in cardiac fibrosis and
pathological hypertrophy compared with the control
mice at 2 month old. However, we found that HIPK2�/�

deficiency prevents cardiac dysfunction induced by TAC.
We speculate that at baseline, heart function is normal
and cannot be further improved. Thus, the protective
effect of HIPK2 knockout can only be found under
stressed conditions. To clarify the divergent results
between Guo et al. and our work, we firstly analyzed the
phosphorylation of ERK1/2 by HIPK2 inhibition in
NRCMs and NRCFs. Consistent with their study, HIPK2
inhibitors decreased the phosphorylation of ERK1/2 in
heart, as well as HIPK2 induced phosphorylation of
ERK1/2 activation in NRCMs and vice versa. However,
HIPK2 did not affect phosphorylation of ERK1/2 in
NRCFs. It is known that ERK plays an important role
during development as well as maintain physiological
heart function, however, elevated ERK activity is detri-
mental during stress situations such as pathological
decreased cardiac P-Smad3(S423/425) and P-Smad3(T179) post-TAC
and P-Smad3(T179) protein levels in TAC (n=6); (d-e) Smad3 activat
and differentiation into myofibroblasts by lentiviruses of shHIPK2
cytometry of a-SMA (n=4), immunofluorescent staining for a-SMA, E
ences were assessed by one-way ANOVA followed by Bonferroni’s p
multiple comparisons test in c-e. *: p<0.05, **: p<0.01, ***: p<0.001
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cardiac hypertrophy. In addition, cardiac-specific deletion
of ERK1/2 generated by Nkx2.5-Cre or a-myosin heavy
chain (a-MHC)-Cre shows cardiac dysfunction and heart
failure.38 In contrast, left ventricular cardiac tissue sam-
ples of patients with heart failure showed phosphoryla-
tion of ERK1/2 activation and ERK1/2 positively led to
fibrosis, hypertrophy and cardiac dysfunction.39 Accord-
ing to the above findings, ERK1/2 may play different
roles in cardiomyocytes and cardiac fibroblasts. Secondly,
we and Guo et al. utilized different construction strate-
gies for HIPK2�/� mice. Our two founders of C57BL/6
HIPK2�/� mice were generated by embryo injection of
guide RNA targeting the second exon of the mouse
HIPK2 gene, which introduces frameshift mutations of
56bp and 40bp deletions, respectively. Guo et al. used
homologous recombination with the targeting construct
deleting exon 3 (the first coding exon) to generate HIPK2
null mice in 129 and B6 mixed background.40 The same
mice strain as ours showed reduced blood glucose and
high-fat diet induced weight gain.11 These data suggest
that HIPK2 inhibition is beneficial. As the expression of
cardiac HIPK2 in advanced stage ischemic heart failure
was shown to be decreased,16 thus, this strategies of
inhibiting HIPK2 might have a limitation for its use
under this condition. Besides, as HIPK2 deletion causes
cardiac dysfunction during aging (at 5 month),16 this
indicates that long term suppression of HIPK might be
very detrimental. Nevertheless, in this study, we proved
the protection of HIPK2 inhibition on pathological car-
diac remodeling not only by HIPK2�/� deletion in mice,
but also by pharmacological HIPK2 inhibition. Addition-
ally, we have revealed the role of HIPK2 inhibition in car-
dio-protection through cardiomyocytes and cardiac
fibroblasts. The two chemicals inhibitors we used are spe-
cific for HIPK2.19,20 For the doses of tBID and PKI1H,
we detected the downstream of HIPK2 to make sure the
doses we selected are working.

We used Affymetrix Gene Chip Array to screen
HIPK2 targets and identified that EGR3 and CLEC4D
may participate in the effect of HIPK2 inhibition on car-
diac function. As a zinc-finger transcription factor,
EGR3 was reported to be involved in angiogenesis and
nervous system development.41,42 In consistent with
HIPK2 inhibition effect on cardiac function, EGR3
expression is activated after chronic myocardial infarc-
tion.43 In addition, cardiac fibrosis significantly upregu-
lates EGR3, which suggests the involvement of EGR3 in
cardiac fibrosis.44,45 Although previous results show
that a 4-hour TGF-b treatment induces EGR3
(n=6); (c) HIPK2-/- mice decreased cardiac P-Smad3(S423/425)
or (Alantolactone) reversed the reduction of NRCFs proliferation
decreased under TGF-b treatment as demonstrated by flow
dU and Hoechst (n=5). Scale bar: 100 mm in e. Significant differ-
ost hoc test in a-b, or two-way ANOVA followed by Bonferroni’s
versus respective control.
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Figure 8. Inhibition of EGR3 or CLEC4D protects against TAC. (a) Inhibition of EGR3 increased fractional shortening (FS) after TAC,
and reduced left ventricular (LV) mass, left ventricular systolic internal dimension (LVIDs) and left ventricular diastolic posterior wall
(LVPWd) after TAC (n=6:8:5:10); (b) Inhibition of EGR3 reduced cardiac fibrosis after TAC (n=6:8:5:10); (c) Inhibition of EGR3 reduced
cross sectional area of cardiomyocytes after TAC (n=6:8:5:10); (d) Inhibition of EGR3 decreased cardiac ANP, BNP, Col1a1, Col3a1,
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expression in adult skin fibroblasts46 our data show no
change of EGR3 expression in NRCFs under TGF-b
treatment. It might be due to the different types of cell
lines and the different duration of TGF-b treatment.
The role of CLEC4D in heart is unclear. Its family mem-
ber, CLEC4E, a necrotic cell sensor, was reported to pro-
mote cholesterol efflux and to drive inflammation
induced by factors released by necrotic cells. Knockout
CLEC4E in macrophage reduces lipid accumulation,
endoplasmic reticulum stress, and inflammation in
arterial lesions and relieves atherosclerosis.47 TGF-
b/Smad3 pathway was reported to be involved in
HIPK2-mitigated kidney fibrosis.14 Smad3 signaling
was activated in the infarcted myocardium.48 In addi-
tion, cardiomyocyte-specific Smad3 KO mice attenuates
remodeling and dysfunction after infarction.49 Of note,
a recent study reported that HIPK2 knockdown could
attenuate Angiotensin II induced cardiac fibrosis in
vitro, potentially by inhibition of Smad3.35 However,
whether inhibition of phosphorylation of Smad3 medi-
ates the suppression of cardiac fibroblasts proliferation
and differentiation by HIPK2 inhibition is unclear.
Here, we show the involvement of Smad3 phosphoryla-
tion in HIPK2 inhibition-mediated cardioprotective
effect. Consistently, cardiac phosphorylation of Smad3
is decreased by HIPK2 inhibition in cardiac tissues and
in NRCFs. Furthermore, activation of Smad3 reverses
the ability of HIPK2 inhibition to prevent an increase
in proliferation and differentiation of NRCFs. Together,
our data suggest that EGR3 and CLEC4D in cardiomyo-
cytes, and phosphorylation of Smad3 in fibroblasts,
are involved in HIPK2 inhibition-mediated cardiac
protection.

The novelty of our work was as follows. Firstly, we
report that HIPK2 inhibition is sufficient to reduce cardiac
remodeling and improve heart failure by a dual cellular
mechanism including both cardiomyocytes and cardiac
fibroblasts. Secondly, we identify CLEC4D and EGR3 as
two downstream targets of HIPK2, mediating its effects in
cardiomyocytes hypertrophy. Thirdly, we show the func-
tion of CLEC4D in heart and found that AAV9 mediates
knock-down of CLEC4D protects against TAC induced car-
diac remodeling and heart failure.

Several limitations of the present study should be
highlighted. Firstly, mice with cardiomyocyte-specific
and cardiac fibroblast-specific knockout of HIPK2
should be added. Through these two kinds of mice, we
will not only further confirm the roles of HIPK2 inhibi-
tion in cardio-protection, but also understand the
and a-SMA mRNA expression post-TAC, and increased ratio of a-M
increased fractional shortening (FS) after TAC, and reduced left ve
(LVIDs) and left ventricular diastolic posterior wall (LVPWd) after T
after TAC (n=7:7:7:7); (g) Inhibition of CLEC4D reduced cross section
CLEC4D decreased cardiac ANP, BNP, Col1a1, Col3a1, and a-SMA
b-MHC post-TAC (n=6). Scale bar: 50 mm in b, c, f, and g. Significant d
roni’s multiple comparisons test. *: p<0.05, **: p<0.01, ***: p<0.001
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contribution of HIPK2 inhibition in cardiomyocytes
and fibroblasts. Secondly, detailed mechanisms under-
lying HIPK2-mediated control of EGR3 and CLEC4D
expression remain to be further explored, especially for
how ERK1/2-CREB regulates EGR3 and CLEC4D.
Thirdly, since HIPK2 has a physiological role in main-
taining the normal development and function of the
heart, it is unclear whether chronic inhibition of HIPK2
would lead to deleterious effects or not. Fourthly,
although we analyzed almost most commonly used
parameters in TAC model, it would be interesting to
measure transaortic pressure gradients to better stan-
dardise or characterise the model in the future. Fifthly,
although the concentrations of PE (100 µM) in NRCMs
and 100 µM ISO in combination with PE in hESC-CMs
have been used in the literature,25�27,29 they might be
suprapatophysiological concentrations.

In summary, we have demonstrated that inhibiting
HIPK2 protects against pathological cardiac remodeling
induced by TAC through reducing EGR3 and CLEC4D
in cardiomyocytes, and reducing the phosphorylation of
Smad3 in fibroblasts. Our findings provide new insights
into the roles of HIPK2 inhibition in cardiomyocytes
and cardiac fibroblasts, respectively, and suggest that
inhibition of HIPK2 will be a potential target for thera-
peutic interventions in heart failure.
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