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ChGn-2 Plays a Cardioprotective Role in
Heart Failure Caused by Acute Pressure
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BACKGROUND: Cardiac extracellular matrix is critically involved in cardiac homeostasis, and accumulation of chondroitin sulfate
glycosaminoglycans (CS-GAGs) was previously shown to exacerbate heart failure by augmenting inflammation and fibrosis at
the chronic phase. However, the mechanism by which CS-GAGs affect cardiac functions remains unclear, especially at the
acute phase.

METHODS AND RESULTS: We explored a role of CS-GAG in heart failure using mice with target deletion of ChGn-2 (chondroitin
sulfate N-acetylgalactosaminyltransferase-2) that elongates CS chains of glycosaminoglycans. Heart failure was induced by
transverse aortic constriction in mice. The role of CS-GAG derived from cardiac fibroblasts in cardiomyocyte death was ana-
lyzed. Cardiac fibroblasts were subjected to cyclic mechanical stretch that mimics increased workload in the heart. Significant
CS-GAGs accumulation was detected in the heart of wild-type mice after transverse aortic constriction, which was substan-
tially reduced in ChGn-27 mice. Loss of ChGn-2 deteriorated the cardiac dysfunction caused by pressure overload, accom-
panied by augmented cardiac hypertrophy and increased cardiomyocyte apoptosis. Cyclic mechanical stretch increased
ChGn-2 expression and enhanced glycosaminoglycan production in cardiac fibroblasts. Conditioned medium derived from
the stretched cardiac fibroblasts showed cardioprotective effects, which was abolished by CS-GAGs degradation. We found
that CS-GAGs elicits cardioprotective effects via dual pathway; direct pathway through interaction with CD44, and indirect
pathway through binding to and activating insulin-like growth factor-1.

CONCLUSIONS: Our data revealed the cardioprotective effects of CS-GAGs; therefore, CS-GAGs may play biphasic role in the
development of heart failure; cardioprotective role at acute phase despite its possible unfavorable role in the advanced phase.
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ardiac extracellular matrix (ECM) provides struc-
tural support and modulates the activity of cyto-
kines and growth factors in the heart.! Cardiac
ECM, which is composed of collagens, glycoproteins,
proteoglycans, and glycosaminoglycans, undergoes
extensive remodeling during the progression of heart
diseases.? These changes in ECM components are

critically involved in pathological cardiac remodelings
such as cardiac hypertrophy and fibrosis.®
Proteoglycans are composed of a protein core and
glycosaminoglycan chains including chondroitin sulfate
(CS), heparan sulfate, dermatan sulfate, and heparin.*
Chondroitin sulfate (CS) is one of the major glycosami-
noglycans and is composed of N-acetylgalactosamine
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CLINICAL PERSPECTIVE
What Is New?

Chondroitin sulfate glycosaminoglycans (CS-
GAGs) protect cardiomyocyte from acute injury
stress.

e Mechanical stretch enhances ChGn-2 (chon-
droitin sulfate N-acetylgalactosaminyltransfer
ase) expression and promotes CS-GAGs pro-
duction in cardiac fibroblasts.

What Are the Clinical Implications?

e (CS-GAGs are an attractive therapeutic target
against heart failure.

e (ChGn-2 is a potential target for modulation of
CS-GAGs production in the heart.

e (CS-GAGs might have biphasic effects on car-
diac function and remodeling in heart failure;
stage-dependent approaches for CS-GAGs-
targeted therapy are required to treat heart
failure.

Nonstandard Abbreviations and Acronyms

ChGn-2 chondroitin sulfate
N-acetylgalactosaminyltransferase-2

CM conditioned medium

CS-GAG chondroitin sulfate
glycosaminoglycan

HCF human cardiac fibroblast

MCF mouse cardiac fibroblast

NRC neonatal rat cardiomyocyte

TAC transverse aortic constriction

WT wild type

and glucuronic acid.® CS has been shown to play an
important role in post-injury recovery of nervous sys-
tem by modulating the immune system.®=8 In cardio-
vascular system, CS accumulation has been shown in
the failing heart, and detrimental roles of CS in heart
failure by enhancing cardiac inflammation have been
reported.® At the developmental stage, CS expression
is required for cardiac atrioventricular canal develop-
ment in zebra fish,'® and it also play a role in cardiac
differentiation of embryonic stem cells."" Also, several
reports have shown a possible role of CS in the forma-
tion of atherosclerotic plaque.'>#
CS-glycosaminoglycans  (CS-GAGs) chain s
synthesized through cooperation between numer-
ous enzymes.® ChGn-2 (chondroitin sulfate N-
acetylgalactosaminyltransferase-2) is an enzyme that
elongates CS chains in cooperation with chondroitin
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4-sulfotransferase 1. ChGn-2 is expressed ubiqui-
tously in all tissues of human.!” Deletion of ChGn-2 was
previously shown to reduce and shorten the length of
CS chain in mouse tissues.'®-2° This reduction of CS-
GAGs chain showed beneficial effects in the preven-
tion of atherosclerosis by reducing the oxidized LDL
accumulation in the intima and on the macrophage
surface.’®® On the other hand, another perspective
was reported that CS administration attenuated ath-
erosclerosis in ApoE-deficient mice potentially by in-
hibiting foam cell formation of macrophages.?’

Recently, it has been reported that excess accumu-
lation of CS-GAGs in the heart deteriorates heart failure
by retaining inflammatory cytokines in the advanced
stage®; however, whether and by which mechanism
CS-GAGs are causally involved in heart failure remain
unclear. In this study, we revealed another facet of CS
in heart failure by exploring a role of CS in heart failure
caused by acute pressure overload. Loss of ChGn-2,
which causes reduction in CS-GAG chain, results in
deteriorated cardiac hypertrophy, early cardiac dilata-
tion, and increased cardiomyocyte apoptosis, leading
to severe heart failure. We also revealed that CS-GAGs
protect cardiomyocytes from death through dual path-
way; direct interaction with CD44 and indirect activa-
tion of insulin-like growth factor-1.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Materials
Materials and antibodies used are shown in Table S1.

Ethics Statement

All experimental animal procedures were approved
by the Institutional Animal Care and Use Committee
(2016-025, 2017-030, 2018-014) and carried out ac-
cording to the Kobe University Animal Experimentation
Regulation, Animal Facility of Kobe Pharmaceutical
University, and the Guide for the Care and Use of
Laboratory Animals published by the US National
Institute of Health.

Animal Models

Mice lacking ChGn-2 (ChGn-27) on C57BL/6 genetic
background were obtained from Niigata University.??
ChGn-2 exon 5 that encodes a DXD motif, which
is a binding site for Mn?* that is essential for N-
acetylgalactosamine transferase activity, was deleted.
Mice were maintained under a 12-hours light-dark cycle
and fed standard CRF-1 mouse chow (Charles River
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Laboratories International, Inc., Wilmington, MA, USA)
ad libitum. Both male and female mice were subjected
to transverse aortic constriction (TAC) procedure. All
animal experiments were approved by the animal ex-
perimentation committee of Kobe Pharmaceutical
University.

TAC Technique

Acute pressure overload model was generated by
TAC according to Rockman technique.?® Briefly, mice
were anesthesized using 1% to 5% isoflurane and
immobilized in prone position. Fur in chest area was
clipped and surgical field sterilized using 70% ethanol.
Intubation was done, and then connected to ventilator.
Partial thoracotomy to the second rib was performed
under surgical microscope. Thymus and fat tissue was
gently separated from aortic arch using fine tip for-
ceps. Following identification of the transverse aorta,
a small piece of a 6.0-silk suture is placed between
the innominate and left carotid arteries. Transverse
aorta was contricted with blunt 27-gauge needle as
spacer. Rib cage and skin were then closed using 6.0-
silk suture.

Echocardiography

Echocardiography was performed at days O, 3, 7, and
14 to assess the left ventricular (LV) systolic functions.
Echocardiography was performed according to previ-
ous reports.?*=?7 Briefly, mice were anesthetized using
2% isoflurane. Anesthesia was controlled so that the
heart rate was maintained at 400 to 500 beats/min.
Mice were then placed to pad in prone position and
chest hair was removed. Echo gel was placed on
shaved chest and the 2-dimensional image of LV short
axis and LV long axis were visualized using Acuson X-
300 (Siemens).

LV internal dimensions, left ventricular posterior wall
diameter, LV interventricular septal thicknesses at dias-
tole and systole were measured from M-mode images
at the level of the papillary muscles. Fractional short-
ening, ejection fraction, stroke volume, cardiac output
and LV mass were calculated by using the following
formulas®*25:

FS (%) =100 x [(LVIDd — LVIDs) /LVIDd]
EF (%) =100 x [(LVIDd)3 — (LVIDs)® /LVIDdS]

SV = (LVIDd)® — (LVIDs)®

CO = 8V x HR

LV mass = 1.05 x [(IVSd +LVIDd+PWd)® — LVIDdS]
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Tissue Collection From Mice

Mice were put into deep anesthesia by 5% isoflurane in-
halation and euthanized by cervical dislocation 14 days
after TAC or sham surgery. Immediately, the skin was
incised from abdominal until chest area, peritoneal cav-
ity was opened and inferior vena cava was dissected.
Subsequently, mice rib cage was opened, and the ex-
posed heart was perfused with PBS. The heart was then
excised and weighted. Body weight was measured be-
fore sacrifice, and left tibia length was measured after
euthanasia. Hearts were either snap-frozen in liquid ni-
trogen or fixed with 4% paraformardehyde for histologi-
cal analysis.

Histological Analysis

Formalin fixed, parrafin-embedded heart sections were
stained with Masson trichrome® and Alcian Blue'® as
described previously. Fibrosis area in the heart was
quantified using Image J software.?® For detection of
cardiomyocyte apoptosis, heart sections were im-
munostained using anti-cardiac troponin T (Abcam,
ab10214; 1:400 dilution), followed by incubation with
alexa fluor 594-conjugated anti-mouse IgG antibody
(Invitrogen, A-21203; 1:500 dilution). Subsequently,
apoptotic cells were detected using the in situ Cell
Death Detection Kit (Roche, #11684795910). For CS
detection, heart sections were immunostained using
antibody anti-CS A (2H6) antibody (Cosmo Bio, NU-
07-001; 1:5000 dilution), followed by incubation with
fluorescein-conjugated anti-mouse IgM antibody (TCI
Chemicals, G0453; 1:200 dilution). For both immu-
nostaining, mouse IgG blocking reagent and M.O.M
antibody diluent from M.O.M immunodetection kit
(Vector Laboratories, PK-2200) were used for reducing
background signal.

RNA Isolation and Quantitative
Polymerase Chain Reaction

RNAs were extracted from heart tissue or cells using
RNA isoplus (Takara, #9109), and then purified using
Nucleo Spin RNA Clean Up kit (Macherey-Nagel,
740948.50). cDNA was synthetized from 1 pg RNA
using PrimeScript RT reagent Kit (Takara, RRO47A).
Quantitative real-time polymerase chain reaction was
performed using LightCycler 96 Instrument (Roche
Life Science) with SYBR Green real-time polymerase
chain reaction master mix. Primers used were shown
in Table S2.

Protein Extraction and Immunoblotting

Heart tissue and cells were homogenized in RIPA buffer
containing protease (Sigma-aldrich, P8340) and pho-
phatase inhibitors (1 mmol/L sodium orthovanadate
and 5 mmol/L sodium fluoride). Protein concentration
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was determined using DC protein assay kit (Bio-Rad,
#5000116). Equal amounts of proteins (20-30 pg)
were run on SDS-PAGE gel, and transferred onto ni-
trocellulose membrane as described previously.®® The
membrane was probed with first antibody, followed by
incubation with secondary antibody diluted in Can Get
Signal Immunoreaction Enhancer Solution (Toyobo,
#NKB-101). Subsequently, the membrane was incu-
bated with Clarity Western ECL Substrate (Bio-Rad,
#1705061), and signals were detected using ChemiDoc
XRS Plus (Bio-Rad).

Chondroitin-4-sulfate Dot BLOT

Nitrocellulose membrane was prewetted with PBS
and air dried 30 minutes at room temperature; 2 pL
of isolated protein were directly blotted to nitrocellu-
lose membrane. Membranes were then air dried for
30 minutes at room temperature, and blocked with 5%
BSA in TBS-T. Subsequently, membranes were incu-
bated with anti-chondroitin sulfate A (2H6) (Cosmo Bio,
#NU-07-001) at 1:5000 dilution, followed by incubation
with HRP-labeled secondary antibody (TCI Chemicals,
#G0417) at 1:2000 dilution. Signals were elicited by
Clarity Western ECL Substrate (Bio-Rad, #1705061),
and detected using ChemiDoc XRS Plus (Bio-Rad).

Cell Culture

Human primary cardiac fibroblasts (HCFs, #C12375)
was purchased from PromoCell, and cultured in
Fibroblast Growth Medium (PromoCell, #C-23110).
HCFs with passage number 6 were used for all ex-
periments. Mouse cardiac fibroblasts (MCFs) were
isolated and cultured according to previous publi-
cation.3' MCFs with passage number 3 were used
for all experiments. Neonatal rat cardiomyocytes
(NRCs) were isolated, and cultured as described
previously.®? HOC2 cells was purchased from ATCC,
cultured in DMEM high glucose supplemented with
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10% FBS (Gibco, #10270106) and 1% ABAM (Gibco,
#15240062).

Cell Stretching Experiment and Fibroblast
Conditioned Medium Preparation

HCFs and MCFs were cultured on silicone elas-
tic membranes when subjected to the mechanical
stretch stimuli. At confluence, growth medium was
changed into serum free fibroblast basal medium.
Then, cells were subjected to cyclic stretch of 10%
elongation at 60 cycles/min for 24 hours, which
has been reported to resemble cardiac overload in
vivo.®3-35 The cyclic mechanical stretch was gener-
ated by the STREX Cell Stretching Systems (Strex,
#3STB-1400). After 24 hours of stretch stimuli, the
conditioned medium (CM) was collected and centri-
fuged at 300g to remove suspended cells. Resulting
supernatant was filtered using 0.2 pm DISMIC-13CP
syringe filter (Advantec, #13CP020AS). To prepare
CM from the cells without stretch stimuli, cells were
cultured on silicone elastic membranes, and incu-
bated for 24 hours in the absence of stretch stimuli.

Apoptosis Assay

Cardiac cell apoptosis was induced by using doxoru-
bicin. Briefly, cells were grown until confluent in 6 or 96
well plates, and then incubated in serum free medium
or serum free CM for 18 hours, followed by treatment
with doxorubicin for further 5 hours. Doxorubicin was
used at 1 pmol/L, unless otherwise stated. Apoptosis
was assessed by immunoblotting for cleaved cas-
pase-3 and TUNEL staining using in situ Cell Death
Detection Kit (Roche, #11684795910).

Retrovirus Preparation

To construct a retrovirus expression vector for
ChGn-2 proteins, pcDNA3.1/Myc-His-hChGn-2
plasmid'™ were digested with BamHI| and Afill. The

Figure 1. Accumulation of chondroitin sulfate glycosaminoglycans in the heart after acute pressure overload is reduced in
ChGn-2" (chondroitin sulfate N-acetylgalactosaminyltransferase-2) mice.

A, Quantitative real time polymerase chain reaction (n=8 for each group) and immunoblotting (n=3 for each group) analysis for ChGn-2
in the heart of wild-type (WT) and ChGn-27- mice. Molecular weight (MW) for protein ladders are shown. B, Quantification of extracted
total glycosaminoglycans using 1,9-dimethylmethylene blue assay in the heart of WT and ChGn-2"- mice in either sham or transverse
aortic constriction (TAC) condition (n=7 for sham WT, n=5 for sham ChGn-2", n=12 for TAC WT, n=9 for TAC ChGn-2"). C, Representative
images for Alcian blue staining in the heart of WT and ChGn-27- mice in either sham or TAC condition; bars: 100 um. D, Representative
images of immmunofluorescence for chondroitin-4-sulfate (C4S) in the heart of WT and ChGn-2" in either sham or TAC condition. C4S
fluorescence intensity was quantified (n=5 for sham WT, n=5 for sham ChGn-2", n=7 for TAC WT, n=7 for TAC ChGn-2"); bars: 100 um.
C4S, red; and 4’,6-diamidino-2-28 phenylindole dihydrochloride, blue. E, Dot blot analysis for C4S in the heart of WT and ChGn-27- mice
in either sham or TAC conditions. C4S expression was quantified and normalized to total protein assessed by the ponceau staining (n=6
for each group). F, Immunoblotting for decorin in heart of WT and ChGn-2- mice in either sham or TAC conditions. High molecular weight
decorin protein expression was quantified and normalized to GAPDH expression (n=6 for each group). Bottom blot shows the results
after degradation of glycosaminoglycans by chondroitinase ABC treatment. Molecular weight (MW) for protein ladders are shown. Data
represent median and interquartile range. *P<0.05, **P<0.01, and ***P<0.001. Statistical analyses were performed using Wilcoxon rank-
sum test (A) or Kruskal-Wallis test followed by Wilcoxon rank-sum test (B, D, E, and F). 18s indicates 18s ribosomal RNA; A.U., arbitrary
unit; C4S, chondroitin-4-sulfate; ChABC, chondroitinase ABC; ChGn-2, chondroitin sulfate N-acetylgalactosaminyltransferase-2; DMMB,
1,9-dimethylmethylene blue; TAC, transverse aortic constriction; and WT, wild-type.
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1.7-kb BamHI-Aflll fragments were blunted using
T4 polymerase, and then inserted into Hpal site of
pMCSV-neo vector. Resulting pMSCV-neo-hChGn-2

ChGn-2 Plays a Protective Role in Heart Failure

plasmid was co-transfected with pVSV-G viral en-
velop plasmid into GP2-293 cells to prepare retrovi-
rus carrying hChGn-2. Control viruses carrying GFP
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were prepared using pMSCV-neo-GFP plasmid.
Retroviruses in the medium were aliquoted and kept
at =80 °C until use.

Glycosaminoglycans Analysis With
Dimethylmethylene Blue Assay
Glycosaminoglycans from the heart tissue or con-
ditioned mediums were isolated and quantified by
1,9-dimethylmethylene blue assay according to previ-
ous publications.6:3"

Statistical Analysis

A series of statistical analyses were performed using
GraphPad Prism software version 8 (GraphPad
Software, Inc) and Stata 17 (Stata Corp LLC).
Because of the small sample size and the possibil-
ity that assumptions of normality and equal variance
were not met for some of the data sets, we applied
hypothetical tests using non-parametric methods.
Differences between 2 groups were analyzed using
Wilcoxon rank-sum test. Differences among groups
>3 were analyzed using Kruskal-Wallis test. As a post
hoc test, Wilcoxon rank-sum test was performed for
pairwise comparison. Numerical data were summa-
rized as median and interquartile range. Survival data
were summarized using the Kaplan—Meier method
and differences between groups were analyzed using

ChGn-2 Plays a Protective Role in Heart Failure

log-rank test. P<0.05 was considered statistically
significant.

RESULTS

Loss of ChGn-2 Exacerbates the Cardiac
Dysfunction Caused by Acute Pressure
Overload

Acute pressure overload was induced by TAC using
wild-type (WT) and ChGn-27 mice (Figure 1A). After
2 weeks of TAC, significant glycosaminoglycans ac-
cumulation was detected in the heart, assessed by
dimethylmethylene blue assay, Alcian blue staining, im-
munofluorescence staining for chondroitin-4-sulfate,
and immunoblotting for chondroitin-4-sulfate (Figure 1B
through 1E). Loss of ChGn-2 significantly reduced the
glycosaminoglycan accumulation after 2 weeks of
TAC (Figure 1B through 1E). Reduced glycosaminogly-
can contents in the heart of ChGn-27- mice were fur-
ther supported by the immunoblotting for decorin that
is highly glycosylated by CS-GAGs. High molecular
weight decorin that has long CS-GAG chains was in-
creased in the heart of WT mice after TAC, while less
increase was detected in the heart of ChGn-27- mice
(Figure 1F). These data indicate that acute pressure
overload causes enhanced glycosaminoglycans accu-
mulation in the heart, and loss of ChGn-2 ameliorates it.

Figure 2. ChGn-2"- (chondroitin sulfate N-acetylgalactosaminyltransferase-2) mice exhibit severe left ventricle dysfunction
after acute pressure overload.

A, Representative echocardiographic images in wild-type (WT) and ChGn-27- mice in either sham or transverse aortic contriction (TAC)
group 2 weeks after surgery. White bars: 200 msec; red bars: 2 mm. B, Left ventricular systolic function was analyzed by the fractional
shortening at day 0, 3, 7, 10, and 14 days after TAC (n=6 for sham WT, n=5 for sham ChGn-2", n=8 for TAC WT, n=8 for TAC ChGn-
27). Kruskal-Wallis test followed by Wilcoxon rank-sum test was used to analyze the difference of fractional shortening between the
groups at each time point. $¥¥P<0.01 between sham WT and TAC WT. **P<0.01 between sham ChGn-27- and TAC ChGn-2". %%P<0.01
and %%%P<0.001 between TAC WT and TAC ChGn-27. C, Left ventricular systolic function was analyzed by the ejection fraction at day
0, 3, 7, 10, and 14 days after TAC (n=6 for sham WT, n=5 for sham ChGn-2"-, n=8 for TAC WT, n=8 for TAC ChGn-2"). Kruskal-Wallis
test followed by Wilcoxon rank-sum test was used to analyze the difference of ejection fraction between the groups. ¥¥P<0.01 between
sham WT and TAC WT. **P<0.01 between sham ChGn-2"- and TAC ChGn-2". %%P<0.01 and *%%P<0.001 between TAC WT and TAC
ChGn-2"-. D, Representative images for transversal section of the heart of WT and ChGn-2"- mice in either sham or TAC group 2 weeks
after surgery; bars: 500 pm. E, Representative images for Masson trichome staining of the heart in WT and ChGn-27- mice in either
sham or TAC condition; bars: 200 pm. F, Quantification of heart weight normalized to body weight in WT and ChGn-27- mice in either
sham or TAC condition (n=13 for sham WT, n=10 for sham ChGn-2", n=17 for TAC WT, n=15 for TAC ChGn-27). G, Quantification of
heart weight normalized to tibia length in WT and ChGn-27 mice in either sham or TAC condition (n=13 for sham WT, n=10 for sham
ChGn-27, n=17 for TAC WT, n=15 for TAC ChGn-27). H, Quantification of collagen fibrosis area (%) in the heart of WT and ChGn-2"
mice in either sham or TAC group 2 weeks after surgery (n=6 for sham WT, n=5 for sham ChGn-2"-, n=8 for TAC WT, n=8 for TAC
ChGn-27). 1, Quantitative real time polymerase chain reaction analysis for collagen-1a (Col1al) in the heart of WT and ChGn-27- mice in
either sham or TAC group 2 weeks after surgery (n=6 for sham WT, n=5 for sham ChGn-2", n=8 for TAC WT, n=8 for TAC ChGn-2"). J,
Representative images for TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) and cTnT (cardiac troponin T) double
immunofluorescence staining in the heart of WT and ChGn-2"- mice in either sham or TAC group 2 weeks after surgery. TUNEL and
cTnT double-positive apoptotic cells was quantified (n=5 for each group); bars: 50 um. TUNEL, green; cTnT, red; and 4’,6-diamidino-
2-28 phenylindole dihydrochloride, blue. K, Immunoblotting for caspase-3, cleaved caspase-3 (c.caspase 3), and GAPDH in the heart
of WT and ChGn-27- mice in either sham or 2 weeks after TAC. Molecular weight (MW) for protein ladders are shown. Apoptosis was
assessed by the cleaved caspase-3 expression levels (n=6 for each group). Quantitative data show cleaved caspase 3/total caspase 3
value relative to that in sham WT group. Data represent median and interquartile range. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
Statistical analyses were performed using Kruskal-Wallis test followed by Wilcoxon rank-sum test (F, G, H, I, J, and K). 18s indicates
18s ribosomal RNA; BW, body weight; ChGn-2, chondroitin sulfate N-acetylgalactosaminyltransferase-2; cTnT, cardiac troponin T,
DAPI, 4’,6-diamidino-2-28 phenylindole dihydrochloride; ChGn-2, chondroitin sulfate N-acetylgalactosaminyltransferase-2; EF, ejection
fraction; HW, heart weight; TAC, transverse aortic constriction; TL, tibia length; TUNEL, terminal deoxynucleotidyl transferase dUTP
nick end labeling; and WT, wild-type.
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We assessed the heart function by serial echocardiog-
raphyatday0, 3, 7, 10, and 14 after TAC using male mice.
Acute pressure overload continuously deteriorated the

tion period (Figure 2A through 2C).

ChGn-2 Plays a Protective Role in Heart Failure

LV systolic function in WT mice during the observa-
Notably, loss of
ChGn-2 caused significant left ventricular dysfunction
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as early as 3 days after TAC, and the worsened LV sys-
tolic function remained afterwards in ChGn-27 mice
(Figure 2A through 2C and Figure S1A through S1J).
Cardiac hypertrophy assessed by the heart weight was
augmented in ChGn-27- mice (Figure 2D, 2F and 2G),

ChGn-2 Plays a Protective Role in Heart Failure

while cardiac fibrosis, assessed by Masson trichrome
staining and collagen mMRNA expression, showed no
difference between WT and ChGn-27 mice (Figure 2E,
2H and 2lI). Furthermore, ChGn-27- mice showed less
survival rate than that in WT mice after 2 weeks of TAC
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Figure 3. Mechanical stretch increases glycosaminoglycans production and enhances cardioprotective effects in human
cardiac fibroblasts.

A, Quantitative real time polymerase chain reaction analysis for ChGn-2 (chondroitin sulfate N-acetylgalactosaminyltransferase-2) in
human cardiac fibroblasts (HCFs) in either control and stretch condition (n=6 for each group). B, Immunoblotting for ChGn-2 in HCFs in
either control and stretch condition. Molecular weight (MW) for protein ladders are shown. ChGn-2 protein levels were quantified and
normalized to GAPDH expression (n=3 for each group). C, Dot blot analysis for chondroitin-4-sulfate (C4S) in conditioned medium (CM)
derived from HCFs in either control (C-CM) and stretch (S-CM) condition. D, Quantification of extracted total glycosaminoglycans in
CM derived from HCFs in either C-CM or S-CM (n=3 for each group). E, Immunoblotting for caspase-3, cleaved caspase-3 (c.caspase
3), and GAPDH in H9C2 cells treated with CM derived from HCFs in either C-CM or S-CM in the presence or absence of doxorubicin.
Molecular weight (MW) for protein ladders are shown. Apoptosis was assessed by the cleaved caspase-3 expression levels normalized
to caspase 3 (n=9 for each group). Quantitative data show cleaved caspase 3/total caspase 3 value relative to that in HCF C-CM
group. F, TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining in neonatal rat cardiomyocytes treated with
CM derived from HCFs in either C-CM or S-CM in the presence of doxorubicin. TUNEL-positive apoptotic cells were quantified (n=4
for each group); bars: 100 pm. TUNEL, green; and Hoechst, blue. G, Immunoblotting for caspase-3, cleaved caspase-3, and GAPDH
in H9C2 cells treated with CM derived from HCFs in either C-CM or S-CM in the presence of doxorubicin. Molecular weight (MW)
for protein ladders are shown. Some cells were cultured in the CM pretreated with chondroitinase ABC. Apoptosis was assessed by
the cleaved caspase-3 expression levels compared with caspase 3 (n=9 for each group). Quantitative data show cleaved caspase 3/
total caspase 3 value relative to that in HCF C-CM + doxorubicin group. H, TUNEL staining in neonatal rat cardiomyocytes treated
with CM derived from HCFs in either C-CM or S-CM in the presence of doxorubicin. Cells were cultured in the CM pretreated with
chondroitinase ABC. TUNEL-positive apoptotic cells were quantified (n=4 for each group); bars: 100 pm. TUNEL, green; and Hoechst,
blue. I, Immunoblotting for ChGn-2 in HCFs infected with retroviruses carrying either green fluorescent protein or ChGn-2 (ChGn-2
overexpression). Molecular weight (MW) for protein ladders are shown. ChGn-2 protein levels were quantified and normalized to
GAPDH expression (n=3 for each group). J, Immunoblotting for caspase-3, cleaved caspase-3, and GAPDH in H9C2 cells treated with
CM derived from HCFs in either C-CM or S-CM in the presence of doxorubicin. Molecular weight (MW) for protein ladders are shown.
HCFs infected with retroviruses carrying either green fluorescent protein or ChGn-2 were used. Apoptosis was assessed by the cleaved
caspase-3 expression levels compared with caspase 3 (n=9 for each group). Quantitative data show cleaved caspase 3/total caspase
3 value relative to that in green fluorescent protein HCF C-CM + doxorubicin group. Chondroitinase ABC at 10 mIU/mL; doxorubicin at
1 pmol/L were used unless otherwise mentioned. Data represent median and interquartile range. *P<0.05, **P<0.01, and ***P<0.001.
Statistical analyses were performed using Wilcoxon rank-sum test (A, B, D, and I) or Kruskal-Wallis test followed by Wilcoxon rank-sum
test (E, F, G, H, and J). 18s indicates 18s ribosomal RNA; C-CM, control conditioned medium; ChABC, chondroitinase ABC; ChGn-2,
chondroitin sulfate N-acetylgalactosaminyltransferase-2; DMMB, 1,9-dimethylmethylene blue; GFP, green fluorescent protein; HCF,
human cardiac fibroblasts; and S-CM, stretch conditioned medium.

(Figure S2). Similar results including the worsened LV
systolic dysfunction and the augmented cardiac hy-

explore the role of CFs in cardiomyocyte apoptosis,
HIC2 cells and NRCs were incubated in HCF-CM,

pertrophy with similar cardiac fibrosis were observed
in female ChGn-27- mice compared with those in WT
female mice (Figure S3 and S4). Of note, apoptotic car-
diomyocyte was more frequently detected in the heart
of ChGn-27 mice than in WT mice 2 weeks after TAC,
suggesting a cardioprotective effect of ChGn-2 and
glycosaminoglycans in the acute phase of heart failure
(Figure 24 and 2K, Figure S5).

Glycosaminoglycans Derived

From Cardiac Fibroblasts Protect
Cardiomyocytes From Death

Because cardiac fibroblasts (CFs) are the primary
source of CS-GAGs in the heart,®3-40 we explored a
role of CF-derived glycosaminoglycans in cardiomyo-
cyte death. In overloaded heart, CFs are subjected
to mechanical stretch stimuli; therefore, we exposed
HCFs to cyclic mechanical stretch in vitro. Mechanical
stretch caused significant increase in ChGn-2 expres-
sion in HCFs (Figure 3A and 3B). Consistently, me-
chanical stretch increased the glycosaminoglycans
production in HCFs, assessed by the glycosamino-
glycans contents in their CM (Figure 3C and 3D). To

J Am Heart Assoc. 2022;11:e023401. DOI: 10.1161/JAHA.121.023401

and apoptosis was induced by doxorubicin treatment.
When incubated in CM derived from stretched HCFs,
apoptosis was significantly reduced in both H9C2
cells and NRCs (Figure 3E and 3F), suggesting that
stretch stimuli enhanced the production/secretion of
cardioprotective factors in HCFs. Of note, degrada-
tion of glycosaminoglycans using chondroitinase ABC
completely abolished the cardioprotective effects of
stretched HCFs-CM (Figure 3G and 3H). Furthermore,
overexpression of ChGn-2 in HCFs enhanced the car-
dioprotective effects of their CM even in the absence
of the stretch stimuli (Figure 3l and 3J). These results
strongly suggest that CFs produce more glycosami-
noglycans in association with the enhanced ChGn-2
expression when exposed to stretch stimuli, and these
glycosaminoglycans have cardioprotective effects.

ChGn-2 Is Essential for the Stretch-Induced
Cardioprotective Function in CFs

We then isolated primary MCFs from WT and ChGn-
27~ mice. Mechanical stretch enhanced ChGn-2 ex-
pression, and increased the glycosaminoglycans
production in WT MCFs as well as in HCFs (Figure 4A),
while ChGn-2” MCFs failled to produce more
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glycosaminoglycans after stretch stimuli (Figure 4B Consistent with the results of HCFs, CM derived

and 4C). These data indicate

that ChGn-2 plays a criti- ~ from stretched WT mouse cardiac fibroblasts (MCFs)

cal role in the increased glycosaminoglycans produc- showed significant protective effects against apop-
tion in CFs subjected to mechanical stretch. tosis in H9C2 cells and NRCs (Figure 4D and 4E).
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Figure 4. ChGn-2 (chondroitin sulfate N-acetylgalactosaminyltransferase-2) is inevitable for the stretch-mediated
cardioprotective effects in mouse cardiac fibroblasts (MCFs).

A, Immunoblotting for ChGn-2 in mouse cardiac fibroblasts (MCFs) in control and stretch conditions. MCFs were isolated from wild-type
(WT) mice. ChGn-2 protein levels were quantified and normalized to GAPDH expression (n=3 for each group). B, Dot blot analysis for
chondroitin-4-sulfate (C4S) in conditioned medium (CM) derived from MCFs in either control (C-CM) or stretch (S-CM) condition. MCFs
were isolated from either WT or ChGn-27- mice. C, Quantification of extracted total glycosaminoglycans in CM derived from MCFs
in either control (C-CM) or stretch (S-CM) condition (n=3 for each group). MCFs were isolated from either WT or ChGn-27- mice. D,
Immunoblotting for caspase-3, cleaved caspase-3 (c.caspase 3), and GAPDH in H9C2 cells treated with CM derived from WT-MCFs in
either C-CM or S-CM in the presence or absence of doxorubicin. Molecular weight (MW) for protein ladders are shown. Apoptosis was
assessed by the cleaved caspase-3 expression levels compared with caspase 3 (n=9 for each group). Quantitative data show cleaved
caspase 3/total caspase 3 value relative to that in MCF C-CM group. E, TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) staining in neonatal rat cardiomyocytes treated with CM derived from WT-MCFs in either C-CM or S-CM in the presence of
doxorubicin. TUNEL-positive apoptotic cells were quantified (n=4 for each group); bars: 100 um. TUNEL, green; and Hoechst, blue. F,
Immunoblotting for caspase-3, cleaved caspase-3, and GAPDH in HIC2 cells treated with CM derived from WT-MCFs in either C-CM
or S-CM in the presence of doxorubicin. Molecular weight (MW) for protein ladders are shown. Some cells were cultured in the CM
pretreated with chondroitinase ABC. Apoptosis was assessed by the cleaved caspase-3 expression levels compared with caspase
3 (n=9 for each group). Quantitative data show cleaved caspase 3/total caspase 3 value relative to that in MCF C-CM + doxorubicin
group. G, TUNEL staining in neonatal rat cardiomyocytes treated with CM derived from WT-MCFs in either C-CM or S-CM in the
presence of doxorubicin. Cells were cultured in the CM pretreated with chondroitinase ABC. TUNEL-positive apoptotic cells were
quantified (n=4 for each group); bars: 100 pm. TUNEL, green; and Hoechst, blue. H, Immunoblotting for caspase-3, cleaved caspase-3,
and GAPDH in H9C2 cells treated with CM derived from MCFs in either C-CM or S-CM condition in the presence of doxorubicin.
Molecular weight (MW) for protein ladders are shown. MCFs were isolated from either WT or ChGn-2"- mice. Apoptosis was assessed
by the cleaved caspase-3 expression levels compared with caspase 3 (n=9 for each group). Quantitative data show cleaved caspase
3/total caspase 3 value relative to that in MCF C-CM +doxorubicin group. I, TUNEL staining in neonatal rat cardiomyocytes treated
with CM derived from ChGn-27- MCFs in either C-CM or S-CM in the presence of doxorubicin. TUNEL-positive apoptotic cells were
quantified (n=4 for each group); bars: 100 um. TUNEL, green; and Hoechst, blue. Chondroitinase ABC at 10 mlU/mL; doxorubicin at
1 pmol/L were used for experiments unless otherwise mentioned. Data represent median and interquartile range. *P<0.05, **P<0.01,
and ***P<0.001. Statistical analyses were performed using Wilcoxon rank-sum test (A) or Kruskal-Wallis test followed by Wilcoxon
rank-sum test (C, D, E, F, G, H, and I). C-CM indicates control conditioned medium; ChABC, chondroitinase ABC; ChGn-2, chondroitin
sulfate N-acetylgalactosaminyltransferase-2; DMMB, 1,9-dimethylmethylene blue; MCFs, mouse cardiac fibroblasts; S-CM, stretch
conditioned medium; and WT, wild-type.

Degradation of glycosaminoglycans by chondroiti-
nase ABC completely abrogated the cardioprotective
effects of stretched MCFs-CM, indicating the critical
role of glycosaminoglycans in the stretch-mediated
cardioprotective effects of in CFs (Figure 4F and
4G). Notably, cardioprotective effects of stretched
MCF-CM disappeared in ChGn-27- MCFs (Figure 4H
and 4l). Moreover, retrovirus-mediated overexpres-
sion of ChGn-2 enhanced the cardioprotective effects
of MCF-CM in both WT and ChGn-27- MCFs even in
the absence of mechanical stretch stimuli (Figure 5A
through 5F). These data collectively indicate that me-
chanical stretch enhances ChGn-2 expression, which
promotes glycosaminoglycans elongation, in CFs, and
the increased glycosaminoglycans protect cardiomyo-
cytes from death.

Chondroitin Sulfate A Protects
Cardiomyocyte From Death Via CD44

To further analyze the cardioprotective role of CS-
GAG, we examined the effects of purified chon-
droitin sulfate A (CS-A), which is one of the major
glycosaminoglycans produced by CFs,® in cardio-
myocyte apoptosis. Treatment with CS-A attenuated
the apoptosis in HIC2 cells in association with pre-
served Akt activity after doxorubicin administration

J Am Heart Assoc. 2022;11:e023401. DOI: 10.1161/JAHA.121.023401

(Figure 6A through 6C). CS-A also inhibited car-
diomyocyte death in NRCs (Figure 6D). These data
strongly suggest the direct inhibitory effect of CS-A
on cardiomyocyte death. Because CS-A inhibited
the cell death in association with preserved Akt ac-
tivity, we examined whether PISK/Akt pathway is
implicated in the CS-A-mediated cardioprotection.
Inhibition of PIBK/Akt pathway by LY294002 abol-
ished the reduced apoptosis in H9C2 cells treated
with CS-A, indicating that PI3K/Akt pathway is criti-
cally involved in the CS-A-mediated cardioprotection
(Figure BE through 6G).

Cell surface glycoprotein CD44 has been reported
as a receptor for CS-GAGs in hematopoietic cell
lines,*' rat chondrosarcoma cells,*> human pancre-
atic adenocarcinoma cells,*® and human lung cancer
cells.** Also, it has been reported that CD44 activate
PI3K/Akt pathway in lymphocytes and many types of
cancer cells**-5! to promote those cells survival and
proliferation. We therefore explored whether CD44 is
involved in the CS-GAG-mediated cardioprotection.
Blocking CD44 by anti-CD44 antibody diminished
the inhibitory effects of CS-A on apoptosis in HIC2
cells in conjunction with abrogating the Akt activity
preservation after doxorubicin treatment (Figure 6H
through 6J). Blocking CD44 also abolished the car-
dioprotective effects of CS-A in NRCs (Figure 6K).
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Combination treatment of CD44ab and LY294002 did
not show additive effects on reduction of the CS-A-
mediated anti-apoptosis effect compared with each

ChGn-2 Plays a Protective Role in Heart Failure

of the compound, suggesting that CD44 and PI3K/
Akt work in the same pathway (Figure S6). These
data collectively suggest that CS-GAGs protect
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Figure 5. Overexpression of ChGn-2 augments the cardioprotective effects in mouse cardiac fibroblasts (MCFs).

A, Immunoblotting for ChGn-2 (chondroitin sulfate N-acetylgalactosaminyltransferase-2) in wild-type (WT) mouse cardiac fibroblasts
(MCFs) infected with retroviruses carrying either green fluorescent protein (GFP) or ChGn-2 (ChGn-2 overexpression). Molecular weight
(MW) for protein ladders are shown. ChGn-2 protein levels were quantified and normalized to GAPDH expression (n=3 for each group).
B, Immunoblotting for caspase-3, cleaved caspase-3 (c.caspase 3), and GAPDH in HIC2 cells treated with conditioned medium (CM)
derived from WT MCFs in either control (C-CM) or stretch (S-CM) condition in the presence of doxorubicin. Molecular weight (MW) for
protein ladders are shown. WT MCFs infected with retroviruses carrying either GFP or ChGn-2 (ChGn-2 overexpression) were used.
Apoptosis was assessed by the cleaved caspase-3 expression levels compared with caspase 3 (n=6 for each group). Quantitative
data show cleaved caspase 3/total caspase 3 value relative to that in GFP MCF C-CM + doxorubicin group. C, TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) staining in in H9C2 cells treated with CM derived from WT MCFs in either C-CM
or S-CM in the presence of doxorubicin. WT MCFs infected with retroviruses carrying either GFP or ChGn-2 (ChGn-2 overexpression)
were used. TUNEL-positive apoptotic cells were quantified (n=6 for each group); bars: 100 um. TUNEL, green; and Hoechst, blue. D,
Immunoblotting for ChGn-2 in ChGn-2"- MCFs infected with retroviruses carrying either GFP or ChGn-2 (ChGn-2 overexpression).
Molecular weight (MW) for protein ladders are shown. E, Immunoblotting for caspase-3, cleaved caspase-3, and GAPDH in H9C2
cells treated with CM derived from ChGn-27- MCFs in either C-CM or S-CM in the presence of doxorubicin. Molecular weight (MW)
for protein ladders are shown. ChGn-27- MCFs infected with retroviruses carrying either GFP or ChGn-2 (ChGn-2 overexpression)
were used. Apoptosis was assessed by the cleaved caspase-3 expression levels (n=9 for each group). Quantitative data show cleaved
caspase 3/total caspase 3 value relative to that in GFP ChGn-27- MCF C-CM + doxorubicin group. F, TUNEL staining in HOC2 cells
treated with CM derived from ChGn-27- MCFs in either C-CM or S-CM in the presence of doxorubicin. ChGn-27- MCFs infected with
retroviruses carrying either GFP or ChGn-2 (ChGn-2 OE) were used. TUNEL-positive apoptotic cells were quantified (n=6 for each
group); bars: 100 um. TUNEL, green; and Hoechst, blue. Doxorubicin was used at 1 umol/L. Data represent median and interquartile
range. *P<0.05, **P<0.01, and ***P<0.001. Statistical analyses were performed using Wilcoxon rank-sum test (A) or Kruskal-Wallis
test followed by Wilcoxon rank-sum test (B, C, E, and F). C-CM indicates control conditioned medium; ChABC, chondroitinase ABC;
ChGn-2, chondroitin sulfate N-acetylgalactosaminyltransferase-2; GFP, green fluorescent protein; MCFs, mouse cardiac fibroblasts;

S-CM, stretch conditioned medium; and WT, wild-type.

cardiomyocytes from death directly via CD44-PI3K/
AKT axis.

CS-A Inhibits Cardiomyocyte Death by
Activating Insulin-Like Growth Factor-1-1

CS-GAGs binds to various soluble factors includ-
ing proteases, cytokines, and growth factors to
modulate their biological functions.>'®52-5% Binding
to CS-GAGs leads to efficient accumulation and/or
retention of soluble factors at specific sites, which
largely promotes their biological functions.t°-%4 CFs
produce various cardioprotective growth factors.
We found that stretch stimuli substantially increased
insulin-like growth factor-1 (IGF-1) expression in HCFs
(Figure 7A), and that stretched HCF-CM showed
higher IGF-1 concentration than in control HCF-CM
(Figure S7). Therefore, we explored a possible in-
teraction between CS-GAGs and IGF-1. We first
analyzed whether CS-A binds to IGF-1. Cell culture
dishes were coated with CS-A, followed by incuba-
tion with IGF-1. After washing out the unbound IGF-1,
HIC2 cells were plated onto the dishes, and the ef-
fect of IGF-1 (bound to CS-A coating) was analyzed
(Figure S8). CS-A coating caused significant reten-
tion of IGF-1, which induced atrial natriuretic peptide
and brain natriuretic peptide expression in H9C2 cells
cultured on the dishes (Figure 7B). Notably, digestion
of CS-GAG using chondroitinase ABC abolished the
retention of IGF-1 (Figure 7B). IGF-1 bound to CS-A-
coated dish sufficiently activated Akt and inhibited
the apoptosis in HIC2 cells cultured on the dishes
in serum free medium containing doxorubicin, as well
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as the control group (100 ng/mL IGF-1 directly added
into the culture medium) (Figure 7C).

We then assessed whether binding to CS-A affects
the biological function of IGF-1. Addition of IGF-1
in the medium strongly activated Akt, and inhib-
ited doxorubicin-induced apoptosis in H9C2 cells
(Figure 7D). Of note, treatment with IGF-1 in the
presence of CS-A showed synergistic, rather than
additive, cardioprotective effects, suggesting that
interaction with CS-A might enhance IGF-1 cardio-
protective functions (Figure 7D). These data indicate
that CS-GAGs protect cardiomyocyte from death via
dual pathway; direct pathway through CD44 and indi-
rect pathway through binding to and activating IGF-1
(Figure S9).

To investigate which pathway is more important
for CS-GAG to protect cardiomyocyte, we assessed
the effects of CD44 blockade on the cardioprotec-
tive effects of CM derived from stretched MCFs. CS-
GAGs chains and IGF-1, which are rich in the CM of
the stretched MCFs, should activate both direct and
indirect pathway of CS-GAGs to protect cardiomyo-
cyte. In this experiment, we blocked the direct pathway
through CD44 using CD44 antibody, and examined
the role of remaining indirect pathway in cardiopro-
tective effects mediated by CS-GAGs. Blocking CD44
showed no significant effects on the cardioprotective
effects of CM derived from stretched MCFs in H9C2
cells (Figure 7E), suggesting the minimal role of direct
pathway in the CS-GAGs-mediated cardioprotection.
In contrast, cardioprotective effects of stretched MCFs-
derived CM were significantly attenuated by CD44
blockade in NRCs, indicating a crucial role of direct
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pathway for CS-GAGs to protect cardiomyocytes

(Figure 7F). These

data suggest that both direct and

indirect pathway is important in CS-GAGs-mediated
cardioprotection, although indirect pathway appeared
to play a major role.

ChGn-2 Plays a Protective Role in Heart Failure

DISCUSSION

In this study, we revealed a cardioprotective role of
ChGn-2 and CS-GAGs in the progression of heart
failure using acute pressure overload model. Pressure
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Figure 6. Purified chondroitin sulfate A (CS-A) shows cardioprotective effects.

A, Immunoblotting for caspase-3, cleaved caspase-3 (c.caspase 3), phospho-AKT (p-AKT), total-AKT (t-AKT), and GAPDH in H9C2
cells treated with either vehicle or CS-A in the presence or absence of doxorubicin. Molecular weight (MW) for protein ladders are
shown. B, Apoptosis was assessed by the cleaved caspase-3 (c.caspase 3) expression levels compared with caspase 3 (n=9 for each
group). Quantitative data show cleaved caspase 3/total caspase 3 value relative to that in vehicle group. C, Akt activity was assessed
by quantification of p-AKT compared with t-AKT (n=9 for each group). Quantitative data show p-AKT/t-AKT value relative to that in
vehicle group. D, TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) staining in neonatal rat cardiomyocytes treated
with either vehicle or CS-A in the presence of doxorubicin. TUNEL-positive apoptotic cells were quantified (n=4 for each group); bars:
100 um. TUNEL, green; and Hoechst, blue. E, Immunoblotting for caspase-3, cleaved caspase-3, p-AKT, t-AKT, and GAPDH in H9C2
cells treated with either vehicle or CS-A in the presence of doxorubicin. Molecular weight (MW) for protein ladders are shown. Some
cells were treated with phosphoinositide 3-kinases inhibitor, LY294002 (LY). F, Apoptosis was assessed by the cleaved caspase-3
expression levels compared with caspase 3 (n=9 for each group). Quantitative data show cleaved caspase 3/total caspase 3 value
relative to that in vehicle + doxorubicin group. G, Akt activity was assessed by quantification of p-AKT compared with t-AKT (n=9 for
each group). Quantitative data show p-AKT/t-AKT value relative to that in vehicle + doxorubicin group. H, Immunoblotting for caspase-3,
cleaved caspase-3, p-AKT t-AKT, and GAPDH in H9C2 cells treated with either vehicle or CS-A in the presence of doxorubicin.
Molecular weight (MW) for protein ladders are shown. Some cells were treated with anti-CD44 antibody (CD44ab). I, Apoptosis was
assessed by the cleaved caspase-3 expression levels compared with caspase 3 (n=9 for each group). Quantitative data show cleaved
caspase 3/total caspase 3 value relative to that in vehicle + doxorubicin group. J, Akt activity was assessed by quantification of p-AKT
compared with t-AKT (n=9 for each group). Quantitative data show p-AKT/t-AKT value relative to that in vehicle + doxorubicin group.
K, TUNEL staining in neonatal rat cardiomyocytes treated with either vehicle or CS-A in the presence of doxorubicin. Some cells were
treated with anti-CD44 antibody (CD44ab). TUNEL-positive apoptotic cells were quantified (n=3 for each group). Bars: 100 um. TUNEL,
green; and Hoechst, blue. CS-A at 500 pg/mL; LY294002 at 25 pmol/L; CD44ab at 1: 200 dilution; doxorubicin at 1 pmol/L were used for
experiments unless otherwise mentioned. Data represent median and interquartile range. *P<0.05, **P<0.01, and ***P<0.001. n.s., not
significant. Statistical analyses were performed using Kruskal-Wallis test followed by Wilcoxon rank-sum test (B, C, D, F, G, I, J, and
K). CS-A indicates chondroitin sulfate A; LY, LY294002; pAKT, phospho-AKT; tAKT, total-AKT; and TUNEL, terminal deoxynucleotidyl

transferase dUTP nick end labeling.

overload results in cardiac hypertrophy and fibrosis
that is characterized with accumulation of collagen
and glycosaminoglycans in interstitial and perivascu-
lar in the heart.?365-%7 This condition mimics systemic
hypertension which is associated with progressive in-
terstitial and perivascular deposition of ECM proteins
that increase myocardial stiffness and cause diastolic
dysfunction.®8-6°

CFs are a primary source of chondroitin sulfate
proteoglycans in the heart.%%8-40 Also, CFs have been
shown to interact with cardiomyocyte via direct con-
tact and indirect pathway through secreted factors.
This complex interaction influences cardiomyocyte
phenotype such as hypertrophy, contractility, sur-
vival, and differentiation.”®~* In overloaded heart,
CFs are subjected to mechanical stretch, which has
been reported to induce secretion of growth factors,
collagens, proteoglycans, and micro RNA containing
exosomes.®37579 Qur data revealed mechanistic in-
sights in a facet of the CFs-cardiomyocytes interac-
tion under pathologic condition. Increased workload
induces ChGn-2 expression in CFs through the me-
chanical stretch, leading to the more production of
CS-GAGs and cardioprotective growth factors includ-
ing IGF-1. These CS-GAGs and IGF-1 show synergis-
tic cardioprotective effects to inhibit the progression
of heart failure at least in an acute phase. We found
that various cardioprotective factors such as basic fi-
broblast growth factor, platelet-derived growth factor
subunit A and granulocyte-colony stimulating fac-
tor were increased in CFs subjected to mechanical
stretch, while we examined only a role of IGF-1 in the
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cardioprotective effects mediated through CS-GAGs.
Potential role of other factors need to be analyzed in
future experiments. Also, there is a caveat to be noted
in our study. Because fibroblast cells will transdifferen-
tiate into myofibroblasts when cultured in polystyrene
plates and passaged several times,®' some of CFs in
our experiments might have transdifferentiated into
myofibroblasts that show cellular responses different
from those in CFs.

Previous findings have described interaction of
chondroitin sulfate proteoglycans by its CS-GAGs
chains with numerous soluble ligands and receptors.
These interactions cause indirect enhancement or in-
hibition of signaling pathways by augmentation of solu-
ble factors bioavailability, enforcement of those soluble
ligands binding to its receptors or blockade have been
described.%6-5980-83 On the other hand, much less is
known about the direct modulation of signaling path-
way by CS-GAGs. Our data strongly suggest that CS-
GAGs have direct cardioprotective effects through
CD44/Akt axis, although further analyses are required
to answer questions; how CS-GAGs interact with
CD447, Is there specificity for chondroitin sulfate pro-
teoglycans in this CS-GAG-CD44 interaction?, how
this interaction affects CD44 functions?, and how
CD44 modulates Akt activity?

Previous research showed a detrimental role of CS-
GAGs in the development of heart failure.® Authors
demonstrated the excess accumulation of CS-GAGs
in the human failing heart of end-stage cardiomy-
opathy. Subsequently, they showed that treatment
with rhASB (chondroitin-4-sulfate-specific  sulfatase)
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starting at 2 weeks after TAC improved the LV sys-
tolic function assessed at 8 weeks after TAC in rats.
Finally, they demonstrated that CS-GAGs binds to
TNF-a, and potentiates TNF-a-induced inflammation.

ChGn-2 Plays a Protective Role in Heart Failure

Considering an important role of chronic inflammation
in the development of heart failure, these data sug-
gest a detrimental role of excess CS-GAGs in chronic
heart failure by augmenting cardiac inflammation. In
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Figure 7. Chondroiton sulfate A (CS-A) binds to insulin-like growth factor 1 (IGF-1) and augments its cardioprotective effects.
A, Quantitative real time polymerase chain reaction analysis for insulin-like growth factor 1, basic fibroblast growth factor, platelet
derived growth factor subunit A, and granulocyte colony-stimulating factor in human cardiac fibroblasts in either control or stretch
condition (n=6 for each group). Cells were given stretch stimuli for 3h S, 6h S, 12h S, and 24h S, respectively. B, Culture plates were
coated with CS-A in the presence or absence of chondroitinase ABC. Negative control plates were prepared by incubating with PBS.
Subsequently, plates were incubated with 100 ng/mL IGF-1 for 2 hours at 37 °C, followed by washing with PBS. H9C2 cells were then
seeded onto the plates, and incubated for 24 hours. RNAs were extracted from cells, and atrial natriuretic peptide and brain natriuretic
peptide MRNA expression was quantitatively analyzed with GAPDH as normalization (n=3 each). As a positive control, cells were
seeded on non-coated plate (without incubation with IGF-1), and 100 ng/mL IGF-1 was added in the culture medium at the time of cell
seeding. For detailed experimental procedures, see Figure S8. C, Culture plates were coated with CS-A in the presence or absence of
chondroitinase ABC. Negative control plates were prepared by incubating with PBS. Subsequently, plates were incubated with 100 ng/
mL IGF-1 for 2 hours at 37 °C, followed by washing with PBS. H9C2 cells were then seeded onto the plates, and incubated for 24 hours.
Then, the cells were treated with doxorubicin for 3 hours (see Figure S8 for detailed experimental procedures). Caspase-3, cleaved
caspase-3 (c.caspase 3), phospho-AKT, total-AKT, and GAPDH expressions were analyzed by immunoblotting. Molecular weight (MW)
for protein ladders are shown. As a positive control, cells were seeded on non-coated plate (without incubation with IGF-1), and 100 ng/
mL IGF-1 was added in the culture medium at the time of cell seeding. D, Immunoblotting for caspase-3, cleaved caspase-3, phospho-
AKT, total-AKT, and GAPDH in H9C2 cells treated with either vehicle, IGF-1, CS-A, or IGF-1+CS-A in the presence of doxorubicin.
Apoptosis was assessed by the cleaved caspase-3 expression levels compared with caspase 3 (n=6 for each group). AKT activity
was also assessed by quantification of phospho-AKT compared with total-AKT (n=6 for each group). Quantitative data show cleaved
caspase 3/total caspase 3 and phospho-AKT/total-AKT values relative to those in vehicle + doxorubicin group. E, Immunoblotting for
caspase-3, cleaved caspase-3, and GAPDH in H9C2 cells treated with conditioned medium (CM) derived from wild-type (WT) mouse
cardiac fibroblasts in either control-CM or stretch-CM in the presence of doxorubicin. Molecular weight (MW) for protein ladders are
shown. Some cells were treated with anti-CD44 antibody (CD44ab). Apoptosis was assessed by the cleaved caspase-3 expression
levels compared with caspase 3 (n=9 for each group). Quantitative data show cleaved caspase 3/total caspase 3 value relative to that
in mouse cardiac fibroblasts control-CM + doxorubicin group. F, TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling)
staining in neonatal rat cardiomyocytes treated with CM derived from WT- mouse cardiac fibroblasts in either control-CM or stretch-
CM condition in the presence of doxorubicin. Some cells were treated with anti-CD44 antibody (CD44ab). TUNEL-positive apoptotic
cells were quantified (n=3 for each group); bars: 100 um. TUNEL, green; and Hoechst; blue. CS-A at 500 pg/mL; IGF-1 at 10 ng/mL;
CD44ab at 1: 200 dilution; doxorubicin at 1 umol/L (D through F) were used for experiments. Data represent median and interquartile
range. *P<0.05, **P<0.01, and ***P<0.001. n.s., not significant. Statistical analyses were performed using Kruskal-Wallis test followed
by Wilcoxon rank-sum test (D through F). 18s indicates 18s ribosomal RNA; ANP, atrial natriuretic peptide; bFGF, basic fibroblast
growth factor; BNP, brain natriuretic peptide; C-CM, control conditioned medium; ChABC, chondroitinase ABC; CS-A, chondroitin
sulfate A; GCSF, granulocyte colony-stimulating factor; IGF-1, insulin-like growth factor 1; MCFs, mouse cardiac fibroblasts; pAKT,
phospho-AKT; PDGFA, platelet derived growth factor subunit A; S-CM, stretch conditioned medium; and tAKT, total-AKT.

contrast, our data showed that insufficient CS-GAGs
production (because of loss of ChGn-2) deteriorated LV
systolic function as early as 3 days after TAC in mice.
Furthermore, we demonstrated the cardioprotective
role of CS-GAGs in doxorubicin-mediated acute car-
diomyocyte injury model. These data strongly suggest
that sufficient amount of CS-GAGs is required for car-
diomyocyte to resist the acute injury stress. It is not
clear whether less production and/or accumulation of
CS-GAGs in ChGn-27- mice is beneficial for cardiac
function at chronic phase (for example, 8 weeks after
TAC). Considering the remarkable reduction of LV sys-
tolic function in ChGn-27 mice after TAC, we presume
that worsened cardiac function attributable to insuffi-
cient CS-GAGs production at acute phase might not
be overcome even though less CS-GAGs might lead
to reduced inflammation at chronic phase. Increased
production of CS-GAGs in CFs subjected to mechan-
ical stretch might be an adaptive response to resist
the acute pressure overload stress, while continuous
CS-GAGs-overproduction may cause maladaptation.
Investigating an effect of exogenously injected CS-A in
mice will provide important information to further con-
firm the cardioprotective effects of CS-GAGs. Because
CS-GAGs appeared to have biphasic effects on cardiac

J Am Heart Assoc. 2022;11:e023401. DOI: 10.1161/JAHA.121.023401

function and remodeling in heart failure, careful consid-
eration and stage-dependent strategies are needed for
the CS-GAGs-targeted therapy against heart failure.
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Table S1. Major Resources.

Antibodies
Target antigen Vendor or Source Catalog # Working
concentration
Rabbit polyclonal Protein tech 17420-1-AP 1: 1000 dilution
anti-CSGalNact-2 (WB)
Goat anti mouse R&D System AF1060-SP 1: 1000 dilution
decorin (WB)
GAPDH (14C10) Cell Signaling 2118S 1: 2000 dilution
Rabbhit mAB Technology (WB)
Cleaved Caspase-3 | Cell Signaling 9661S 1 : 2000 dilution
(Asp175) Antibody Technology (WB)
Rabbit mAB
Caspase-3 Antibody | Cell Signaling 9662S 1 : 2000 dilution
Rabbit mAB Technology (WB)
Phospho-Akt Cell Signaling 9271S 1 : 1000 dilution
(Ser473) Antibody Technology (WB)
Rabbit mAB
Akt Antibody Rabbit | Cell Signaling 9272S 1 : 2000 dilution
mAB Technology (WB)
Purified Rat Anti BD Pharmingen™ 553131 1: 1000 dilution
CD44 (IM7 clone) (WB)
1: 200 dilution ('in
vitro cell treatment)
Anti Chondroitin Cosmo Bio NU-07-001 1 : 5000 dilution (dot
Sulfate A (2H6) blot)
1: 200 dilution (IF)
Anti-rabbit IgG, Cell Signaling 7074 1: 3000 dilution
HRP-linked Antibody | Technology (WB)
Anti-rat IgG, HRP- Cell Signaling 7077 1: 3000 dilution
linked Antibody Technology (WB)
Peroxidase- Jackson 705-035-147 1 : 3000 dilution
AffiniPure Donkey Immunoresearch (WB)
Anti-Goat 1gG (H+L)
Goat anti-mouse TCI Chemicals G0453 1:200 dilution (IF)
IgM FITC conjugate
Goat anti-mouse TCI Chemicals G0417 1: 2000 dilution (dot
IgM HRP conjugate blot)
Anti-Cardiac Abcam Ab10214 1 : 400 dilution (IF)
troponin T
Donkey anti-mouse | Invitrogen A-21203 1 : 500 dilution (IF)

IgG alexa fluor 594




Reagents

Name Vendor or Source Catalog #
1,9-dimethylmethylene (DMMB) Sigma-aldrich 341088
2-Amino-2-hydroxymethyl-1,3- Wako pure chemicals 207-06275
propanediol

(Tris(hydroxymethyl)aminomethane)

4% Paraformaldehyde phosphate | Wako pure chemicals 163-20145
buffer

Solution

ABAM Gibco 15240062
Acetic acid Wako pure chemicals 017-00256
Alcian blue staining pH 1.0 (for Muto pure chemicals 40862
tissue)

Can Get Signal® Toyobo NKB-101
Chondroitin sulfate A sodium salt | Sigma-aldrich 39455-18-0
from bovine trachea

Chondroitinase ABC Sigma-aldrich C3667
Clarity Western ECL Substrate Bio-Rad 1705061
DC™ protein assay Bio-rad 5000116EN
DISMIC-13CP syringe filter Advantec 13CP020AS
Dulbecco’s Modified Eagle’s Sigma-aldrich D5796
Medium — high glucose

Ethanol Wako pure chemicals 057-00456
Fetal bovine serum (FBS) Gibco 10270106
Fibroblast Growth Medium PromoCell C-23110
Glycine Sigma-aldrich 12-1210-5
in situ Cell Death Detection Kit Roche 11684795910
LightCycler® FastStart DNA Roche 03003230001
Master SYBR Green |

M.O.M immunodetection kit Vector Laboratories PK-2200
Mayer’s hematoxylin Muto pure chemicals 3000-2
Nucleo Spin RNA Clean Up kit Macherey-Nagel 740948.50
pcDNA™3.1/Myc-His vector Invitrogen V80020
Penicillin-streptomycin (P/S) Thermo fisher 15140122
PrimeScript™ RT reagent Kit with | TaKaRa RR 047 A
gDNA Eraser

Protease Inhibitor Coctail Sigma-aldrich P8340
Sodium chloride (NaCl) Wako pure chemicals 191-01665
Sodium Orthovanadate Wako pure chemicals 198-09752
Sodium Fluoride Wako pure chemicals 192-01972
Vectashield mounting with DAPI Vector labs H-1200




Table S2. List of primers used in real time PCR.

Gene

Primer sequence

Human ChGn-2

F = 5-CTGACCATTGGTGGATTTGACAT-3

R = 5-AACCGGAGTCCGAATCACAA-3’

Human IGF-1 F = 5-CCGGAGCTGTGATCTAAGGA-3’
R =5-CCTGCACTCCCTCTACTTGC-3
Human bFGF F =5’-AGAGCGACCCTCACATCAAG-3

5-ACTGCCCAGTTCGTTTCAGT-3
Human PDGFa 5’-CAAGACCAGGACGGTCATTT-3
5-CCTGACGTATTCCACCTTGG-3
Human GCSF 5-GCTTGAGCCAACTCCATAGC-3’
5-TTCCCAGTTCTTCCATCTGC-3
Rat ANP 5-CTTCCTCTTCCTGGCCTTTTG-3
5-TGTGTTGGACACCGCACTGTA-3
Rat BNP 5-AGCTGCTTTGGGCAGAAGAT-3’
"-AAAACAACCTCAGCCCGTCA-3’
Rat GAPDH '-GGCACAGTCAAGGCTGAGAATG-3

-TCTCGCTCCTGGAAGATGGTGA-3’

Human and mouse 18S rRNA

-GTAACCCGTTGAACCCCATT-3

oA, |A|;n

"-CCATCCAATCGGTAGTAGCG-3’

Mouse ChGn-2

(@]

'-AGAGGCAGGTGGATTTCTGA-3’

"-ACAACAAAGAGCTCCCCAAC-3

Mouse Collal

'-ATGCCGCGACCTCAAGATG-3’

AT M0N0 TN oMM

01|91

-TGAGGCACAGACGGCTGAGTA-3’




Figure S1. Echocardiographic measurements for male WT and ChGn-2" mice.
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A) Echocardiographic measurement of LVIDd in either sham or TAC group 2 weeks after surgery.
B) Echocardiographic measurement of LVIDs in either sham or TAC group 2 weeks after surgery.
C) Echocardiographic measurement of LVPWDd in either sham or TAC group 2 weeks after surgery.
D) Echocardiographic measurement of LVPWDs in either sham or TAC group 2 weeks after surgery.
E) Echocardiographic measurement of IVSd in either sham or TAC group 2 weeks after surgery.
F) Echocardiographic measurement of IVSs in either sham or TAC group 2 weeks after surgery.
) Echocardiographic measurement of LV mass in either sham or TAC group 2 weeks after surgery.
) Echocardiographic measurement of HR in either sham or TAC group 2 weeks after surgery.
) Echocardiographic measurement of SV in either sham or TAC group 2 weeks after surgery.

(J) Echocardiographic measurement of CO in either sham or TAC group 2 weeks after surgery.
Abbreviation used are ; LVID = Left ventricle internal diameter; LVPWD = Left ventricle posterior wall

diameter; IVS =

volume; CO = Cardiac output; -d =
Data represent median and interquartile range. *P < 0.05, **P < 0.01, and ***P < 0.001. n.s., not significant.
Statistical analyses were performed using Kruskal-Wallis test followed by Willcoxon rank-sum test (A-J).

Interventricular septum; LV mass = Left ventricular mass; HR = Heart rate; SV = Stroke

in diastole; -s = in systole.



Figure S2. Survival rate after TAC surgery in male WT and ChGn-2-/- mice.

—— TAC WT (n=44)
] -~ TAC ChGn-2"" (n=40)

Log-rank (Mantel-Cox) Test p = 0,0027 and
Gehan-Breslow-Wilcoxon Test p = 0,0072

Percent survival
(3]
o
L

Days elapsed

Kaplan-Meier estimate curve for survival after TAC surgery in WT and ChGn-2+ mice during
the experimental period. Statistical analyses for differences between WT and ChGn-2"- mice
were performed using Log-rank (Mantel-Cox) test (p = 0.0027) and Gehan-Breslow-Wilcoxon
test (p = 0.0072).
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Figure S3. Cardiac functions and morphologies in female WT and ChGn-2" mice after TAC.

(A) Representative echocardiographic images in female WT and ChGn-2-/- mice in either sham or TAC group 2 weeks after surgery. White bars:
200 msec. Red bars: 2 mm. (B, C) Left ventricular systolic function was analyzed by the fractional shortening (FS) (B) and ejection fraction (EF) (C)
atday 0, 3, 7, 10, and 14 days after TAC (n = 5 for sham WT, n = 4 for sham ChGn-2", n = 10 for TAC WT, n = 8 for TAC ChGn-27). Kruskal-Wallis
test followed by Willcoxon rank-sum test was used to compare the FS and EF of each group at each time point. $P < 0.05, $$P < 0.01, and $$$P <
0.001 between sham WT and TAC WT. +P < 0.05, ++P < 0.01, and +++P < 0.001 between sham ChGn-27- and TAC ChGn-2". %P < 0.05, %%P <
0.01, and %%%P < 0.001 between TAC WT and TAC ChGn-2". (D) Representative images for transversal section of the heart of female WT and
ChGn-2" mice in either sham or TAC group. Bars: 500 um. (E) Representative images for Masson’s trichome staining of the heart in female WT
and ChGn-2" mice in either sham or TAC group 2 weeks after surgery. Bars: 200 um. (F, G) Quantification of heart weight (HW) normalized to
body weight (BW) (F) or tibia length (TL) (G) in female WT and ChGn-2" mice in either sham or TAC group (n = 5 for sham WT, n = 4 for sham
ChGn-2", n = 10 for TAC WT, n = 8 for TAC ChGn-2"). (H) Quantification of collagen fibrosis area (%) in the heart of female WT and ChGn-27
mice in either sham or TAC group (n = 5 for sham WT, n = 4 for sham ChGn-2", n = 10 for TAC WT, n = 8 for TAC ChGn-2"). Data represent
median and interquartile range. *P < 0.05, **P < 0.01, and ***P < 0.001. Statistical analyses were performed using Kruskal-Wallis test followed by
Willcoxon rank-sum test (F, G, and H).
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Figure S4. Echocardiographic measurements for female WT and ChGn-27 mice.

(A) Echocardiographic measurement of LVIDd in either sham or TAC group 2 weeks after surgery.

B) Echocardiographic measurement of LVIDs in either sham or TAC group 2 weeks after surgery.

C) Echocardiographic measurement of LVPWDd in either sham or TAC group 2 weeks after surgery.
D) Echocardiographic measurement of LVPWDs in either sham or TAC group 2 weeks after surgery.
E) Echocardiographic measurement of IVSd in either sham or TAC group 2 weeks after surgery.

F) Echocardiographic measurement of IVSs in either sham or TAC group 2 weeks after surgery.

G) Echocardiographic measurement of LV mass in either sham or TAC group 2 weeks after surgery.
H) Echocardiographic measurement of HR in either sham or TAC group 2 weeks after surgery.

I) Echocardiographic measurement of SV in either sham or TAC group 2 weeks after surgery.

(J) Echocardiographic measurement of CO in either sham or TAC group 2 weeks after surgery.
Abbreviation used are ; LVID = Left ventricle internal diameter; LVPWD = Left ventricle posterior wall
diameter; IVS = Interventricular septum; LV mass = Left ventricular mass; HR = Heart rate; SV = Stroke
volume; CO = Cardiac output; -d = in diastole; -s = in systole. Data represent median and interquartile
range. *P < 0.05, **P < 0.01, and ***P < 0.001. n.s., not significant. Statistical analyses were performed

using Kruskal-Wallis test followed by Willcoxon rank-sum test (A-J).
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Figure S5. Cardiomyocyte apoptosis assessed by TUNEL and cTnT immunofluorescence staining.

Sham WT Sham ChGn-2-/- TACWT TAC ChGn-2"-

Representative images at high magnification for TUNEL and cardiac troponin T (cTnT) immunofluorescence
staining in the heart of WT and ChGn-2" mice in either sham or TAC group 2 weeks after surgery. Bars: 25
um. TUNEL (green), cTnT (red) and DAPI (blue).

TUNEL

TUNEL/cTnT/DAPI



Figure S6. Combination treatment with anti-CD44 antibody and LY294002 in H9C2 cells incubated with CS-A.
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Immunoblotting for caspase-3, cleaved caspase-3, p-Akt, t-Akt, and GAPDH in H9C2 cells treated with
either vehicle or CS-A in the presence of DOX. Some cells were treated with PI3K inhibitor, LY294002
(LY), anti-CD44 antibody, or both. CS-A at 500 ug/mL; LY294002 at 25uM; CD44ab at 1: 200 dilutions;
DOX at 1 uM were used. Data represent median and interquartile range. *P < 0.05, **P < 0.01, and ***P
< 0.001. n.s., not significant. Statistical analyses were performed using Kruskal-Wallis test followed by
Willcoxon rank-sum test.



Figure S7. IGF-1 concentration in CM derived from HCFs.
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IGF-1 concentration was analyzed using enzyme-linked immunosorbent assay (ELISA) in
CMs derived from HCFs in either control (C-CM) or stretch (S-CM) condition (n = 6 for
each group). Data represent median and interquartile range. **P < 0.01. Statistical analyses
were performed using Willcoxon rank-sum test.



Figure S8. Scheme for CS-A and IGF-1 binding experiments.

CS-A CS-A + ChABC
Coating with PBS or CS-A 200 ug/mL or

CS-A 200 ug/mL + ChABC 10 mIU/mL
at 37°C for 24h.

Two sets of plates were prepared
Wash PBS 2x

PBS IGF-1 PBS IGF 1 PBS IGF-1

Incubation with IGF-1 100 ng/mL or —_—

PBS at 37°C for 2h, followed by —

washing with PBS As a positive control
IGF-1 100 ng/mL were

dded in the medium
. Wash PBS 2x a
Cells were plated in serum free DMEM ‘ at the time of cell
free, and incubate at 37°C for 24h. RNAs .

. i plating
were collected at this point in one set of
the plates (for Fig 7B). Cells in another set

proceed to next step.

Subsequently, 1 uM DOX was added into
the medium, and cells were incubated in

the medium at 37°C for 3h. Finally,
proteins were collected from cells (for Fig

7C).
v
RNA isolation
and quantitative RT-PCR

Protein isolation
and western blotting

Culture plates were coated with CS-A in the presence or absence of ChABC for 24h at 37°C. Negative control
plates were prepared by incubating with PBS. Two sets of plates were prepared. After washing with PBS,
plates were incubated with IGF-1 or PBS for 2 h at 37°C, followed by 2 times of washing with PBS. H9C2 cells
were then seeded onto the plates and incubated in the serum free DMEM medium for 24 h. Then, RNAs were
isolated from one set of plates. Cells in another set of plate were treated with DOX for 3 h before lysed for
protein extraction.



Figure S9. Schematic diagram of dual pathway for cardioprotective effects mediated by CS-
GAGs chain.
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