Basigin Promotes Cardiac Fibrosis and Failure in Response
to Chronic Pressure Overload in Mice
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Objective—Basigin (Bsg) is a transmembrane glycoprotein that activates matrix metalloproteinases and promotes
inflammation. However, the role of Bsg in the pathogenesis of cardiac hypertrophy and failure remains to be elucidated.
We examined the role of Bsg in cardiac hypertrophy and failure in mice and humans.

Approach and Results—We performed transverse aortic constriction in Bsg*~ and in wild-type mice. Bsg*~ mice showed
significantly less heart and lung weight and cardiac interstitial fibrosis compared with littermate controls after transverse
aortic constriction. Both matrix metalloproteinase activities and oxidative stress in loaded left ventricle were significantly
less in Bsg*~ mice compared with controls. Echocardiography showed that Bsg*~ mice showed less hypertrophy, less
left ventricular dilatation, and preserved left ventricular fractional shortening compared with littermate controls after
transverse aortic constriction. Consistently, Bsg*~ mice showed a significantly improved long-term survival after
transverse aortic constriction compared with Bsg** mice, regardless of the source of bone marrow (Bsg** or Bsg*").
Conversely, cardiac-specific Bsg-overexpressing mice showed significantly poor survival compared with littermate
controls. Next, we isolated cardiac fibroblasts and examined their responses to angiotensin II or mechanical stretch.
Both stimuli significantly increased Bsg expression, cytokines/chemokines secretion, and extracellular signal-regulated
kinase/Akt/JNK activities in Bsg** cardiac fibroblasts, all of which were significantly less in Bsg*~ cardiac fibroblasts.
Consistently, extracellular and intracellular Bsg significantly promoted cardiac fibroblast proliferation. Finally, serum
levels of Bsg were significantly elevated in patients with heart failure and predicted poor prognosis.

Conclusions—These results indicate the crucial roles of intracellular and extracellular Bsg in the pathogenesis of cardiac
hypertrophy, fibrosis, and failure in mice and humans. (Arterioscler Thromb Vasc Biol. 2016;36:636-646. DOI:
10.1161/ATVBAHA.115.306686.)
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Heart failure is a major cause of death worldwide.! Despite
the recent development in medical therapy, the morbid-
ity and mortality rate in patients with heart failure remains
high and fundamental treatment remains to be developed.
Cardiac dysfunction is caused by excessive fibrosis, hypertro-
phy, and inflammation.? Pressure overload, such as systemic
hypertension and stenotic valvular heart diseases, induces
cardiac hypertrophy. Although cardiac hypertrophy is basi-
cally a compensatory response to maintain wall stress and
cardiac output, sustained hypertrophic response eventually
leads to cardiac dysfunction and failure.>* To date, the mecha-
nism responsible for transition from adaptive cardiac hyper-
trophy to failure remains to be elucidated. The responses of
cardiac tissues to pressure overload are mediated by various

intracellular signaling pathways, including mitogen-activated
protein kinase, calcium, inflammation, and oxidative stress—
mediated signaling pathways.>® We also have demonstrated
that these pathways are substantially involved in the develop-
ment of heart failure.”!

Basigin (Bsg, also known as CD147 or EMMPRIN,
encoded by Basigin) is a transmembrane glycoprotein that
is ubiquitously expressed in the body.'? Bsg is a multifunc-
tional protein that promotes myofibroblast differentiation, cell
proliferation, and matrix metalloproteinase (MMP) activation
and inhibits autophagy.'*'> Bsg is an essential receptor for
multiple ligands such as malaria, cyclophilin A (CyPA), and
soluble Bsg (sBsg) itself.!* Bsg promotes progressions of
several kinds of malignant tumors and collagen diseases.?**
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Nonstandard Abbreviations and Acronyms
Ang Il angiotensin Il

Bsg basigin

CF cardiac fibroblast

Colla collagen 1a

CyPA cyclophilin A

IL interleukin

MMP matrix metalloproteinase

NRCM neonatal rat cardiomyocyte

TAC transverse aortic constriction

In the cardiovascular field, Bsg promotes pulmonary hyper-
tension, atherosclerosis, and platelets activation.!>!62325 Bgg
also disrupts nitric oxide metabolism and causes harmful
endothelial activation, including the Rho/Rho-kinase activa-
tion.?® Importantly, Bsg is highly expressed in the left ventri-
cle (LV) in patients with dilated cardiomyopathy, myocardial
infarction, and inflammatory cardiomyopathy.”’ However,
the role of Bsg expression in the pathogenesis of heart failure
remains to be elucidated.

In this study, we performed transverse aortic constriction
(TAC) in both Bsg knockout (Bsg*~) and cardiomyocyte-spe-
cific Bsg-overexpressing mice (Bsg-Tg) to elucidate the role
of Bsg in pressure overload—induced heart failure. Here, we
report that Bsg*~ mice showed resistance to pressure overload
and that Bsg-Tg mice showed weakness to pressure overload.
Consistently, plasma levels of sBsg was significantly increased
in patients with heart failure and well correlated with their
long-term survival. Our data suggest that cell surface Bsg and
cleaved form of free Bsg (sBsg) are novel therapeutic targets
for heart failure.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

Bsg in Cardiac Tissue Promotes

Cardiac Hypertrophy and Failure

First, we performed TAC in Bsg*~ mice and littermate con-
trols (Bsg** mice) to examine the role of Bsg in the progres-
sion of pressure overload—induced heart failure. Because
complete Bsg disruption in mice results in perinatal lethality,
we used Bsg™ mice in this study. At baseline, there was no
difference in blood pressure or heart rate between Bsg*~ and
Bsg** mice (Figure 1A). Bsg expression in heart homog-
enates was reduced by 64% in Bsg*~ mice compared with
Bsg** mice (Figure IA in the online-only Data Supplement).
Transverse aortic velocities were comparable between Bsg**
and Bsg* mice after TAC (Figure IB in the online-only Data
Supplement). In contrast, survival curves demonstrated a sig-
nificantly less mortality rate in Bsg*~ mice compared with
Bsg** mice after TAC (Figure 1B). Echocardiographic exami-
nation showed that TAC caused LV dilation and dysfunction
in both genotypes (Figure 1C). TAC caused cardiac hypertro-
phy as examined by interventricular septum and LV posterior
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wall thickness in both the genotypes, and the increase in
wall thickness was significantly less in Bsg*~ compared with
Bsg** mice (Figure 1D). In addition, the increase in LV inter-
nal diameter in diastole and the decrease in LV fractional
shortening were significantly less severe in Bsg*~ compared
with Bsg*™* mice (Figure 1D). Consistently, the measurement
of organ weights showed that TAC significantly increased
the ratio of heart weight/body weight and lung weight/body
weight in both the genotypes (Figure 1E). Again, the increase
in heart/lung weight ratio was significantly less in Bsg*"~ com-
pared with Bsg** mice, suggesting that Bsg plays a crucial
role in the development of cardiac hypertrophy and failure in
response to pressure overload.

Because Bsg plays a crucial role in inflammatory cells that
contribute to the development of cardiovascular diseases, we
next performed bone marrow (BM) transplantation to exam-
ine the role of Bsg in inflammatory cells after TAC. Bsg*"~ and
Bsg*"* mice were irradiated and thereafter transplanted with BM
cells (Bsg*™~ or Bsg*™"). After reconstitution of BM, mice were
subjected to TAC and followed for 4 weeks (Figure IC in the
online-only Data Supplement). Importantly, the expression of
Bsg was strong in cardiomyocytes and fibrotic tissue but not
in green fluorescent protein® transplanted BM (inflammatory
cells; Figure ID in the online-only Data Supplement). Moreover,
Bsg*"~ recipient mice were more likely to survive compared with
Bsg*'* recipient mice regardless the source of BM (Figure IE in
the online-only Data Supplement). These data implicated a lim-
ited role of Bsg in inflammatory cells of cardiac tissues.

Bsg Augments Pressure Overload-Induced
Oxidative Stress and Matrix Metalloproteinase
Because Bsg in cardiac tissue seems to play a crucial role
in pressure overloaded heart, we next examined the expres-
sion and localization of Bsg in LV after TAC in Bsg** mice
by immunofluorescence staining. Bsg was weakly expressed
especially in the interstitial tissue at baseline (Figure 2A;
Figure II in the online-only Data Supplement). In contrast,
TAC strongly induced Bsg expression in LV in a time-depen-
dent manner, especially in the surface of cardiomyocytes and
fibroblasts. Furthermore, Bsg was significantly glycosylated
after TAC compared with SHAM control (Figure VA in the
online-only Data Supplement). Because Bsg is known to
induce inflammation and MMP activation, we further evalu-
ated TAC-mediated induction of oxidative stress (Figure 2B;
Figure III in the online-only Data Supplement) and activa-
tion of MMPs (Figure 2C; Figure IV in the online-only Data
Supplement). Dihydroethidium staining of the LV showed
that oxidative stress was induced in both genotypes in a time-
dependent manner. However, the extent of oxidative stress in
the LV was less in Bsg*™~ compared with Bsg™* (Figure 2B).
In situ zymography (DQ gelatin) showed that MMP activa-
tion in the LV was significantly attenuated in Bsg*~ compared
with Bsg** (Figure 2C; Figure IV in the online-only Data
Supplement). MMP activities as examined by gelatin zymog-
raphy were also significantly less in Bsg*~ LV homogenates
than in Bsg** LV homogenates (Figure 2D). Thus, Bsg plays a
crucial role in pressure overload—induced oxidative stress and
MMP activation in the LV.
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Figure 1. Basigin (Bsg) promotes pressure overload-induced cardiac hypertrophy and failure. A, Heart rate and blood pressure measured
by tail-cuff method in Bsg*- and Bsg** mice (n=4 in each group). B, Long-term survival curves showed that mortality rate was significantly
ameliorated in Bsg*~ (n=41) compared with Bsg** mice (n=38) after transverse aortic constriction (TAC). C, Representative transthoracic
M-mode echocardiographic tracing of the heart in Bsg*- and Bsg** mice 4 weeks after TAC. D, Quantitative analysis of the parameters

of cardiac function in Bsg*- and Bsg** mice at 4 weeks after TAC (n=8 in each group). E, Ratio of heart weight to body weight (BW) and
lung weight to BW in Bsg*~ and Bsg** mice at 4 weeks after TAC (n=8 in each group). Results are expressed as mean+SEM. IVS indicates
interventricular septum thickness; LVFS, left ventricular fractional shortening; LVIDd, LV internal end-diastolic diameter; and LVPW, LV

posterior wall thickness. *P<0.05.

Bsg Promotes Cardiac Fibrosis and

Inflammation by Pressure Overload

We next performed histological analyses in Bsg*~ and Bsg**
mice. Elastica-Masson staining demonstrated that TAC
induced interstitial fibrosis in the LV of both genotypes
(Figure 3A). However, the extent of increase was significantly
less in Bsg*~ compared with Bsg** mice at 4 weeks after TAC
(Figure 3A). Importantly, immunohistochemistry showed that
the expression of CyPA, a potent oxidative stress and inflam-
mation inducer, was increased in Bsg** LVs compared with
Bsg*~ LVs after TAC (Figure 3B). The expression of CyPA
and its receptor, Bsg, was colocalized in the LVs after TAC
(Figure 3B), suggesting the crucial role of the CyPA/Bsg sig-
naling in the development of cardiac fibrosis and inflamma-
tion in pressure overload—induced heart failure. In addition,
a-smooth muscle actin expression in the LV was markedly
less in Bsg*~ compared with Bsg*’* mice after TAC, suggesting
an importance of Bsg for myofibroblast activation and cardiac
fibrosis (Figure 3B). Consistently, gene expressions of fibrotic
markers such as collagen la (Colla) and connective tissue
growth factor were significantly less in heart homogenates
in Bsg*~ compared with Bsg** mice after TAC (Figure 3C).

We further examined induction of inflammatory cytokines in
response to TAC. Notably, interleukin (IL)-6 expression in
the LV after TAC was significantly less in Bsg*~ compared
with Bsg** mice, though there were no differences in IL-1p
and tumor necrotic factor-o (Figure 3D). Next, we performed
Western blotting to examine the signaling mechanism in Bsg*/*
and Bsg*~ hearts after TAC. However, the activities of extra-
cellular signal-regulated kinase, Akt, and stress-activated pro-
tein kinase were comparable between Bsg** and Bsg*~ hearts
after TAC (Figure VB in the online-only Data Supplement).
We further examined the Nox expression in hearts after TAC.
The Nox2 expression was comparable between Bsg*~ and
Bsg** hearts at baseline. However, the expressions of Nox2
was significantly less in Bsg*™~ hearts compared with Bsg**
hearts 1 week after TAC (Figure VC and VD in the online-
only Data Supplement).

Bsg Activates Cardiac Fibroblasts in Response

to Mechanical Stretch and Angiotensin II

There was a significant difference in the severity of cardiac
fibrosis between Bsg*~ and Bsg** mice after TAC. Thus, we
harvested cardiac fibroblasts (CFs) from Bsg*~ and Bsg** LV

Downloaded from http://atvb.ahajournals.org/ at Tohoku University on March 23, 2016


http://atvb.ahajournals.org/

A Control TAC

Day 1 Day3 Day7

Bsgt*

B Day 0 Day1 Day3 Day7

Bsgt*

Bsgt-

C Day 0 Day1 Day3 Day7

Bsg+*

Bsg*-

[+
o
i

Suzuki et al Basigin in Heart Failure 639

D
Control TAC
pmMMPz #“
MMP2=
Bsg+/+ Bsgh’— Bsg+,’+ BS gv_
Pro-MMP2 MMP2

~
o
3

M

(5] (=2
(=] o
I L

Intensity
L) =
o o

Intensity

-
(=]

o

Sham TAC

Sham TAC

Il Bsg™* [ Bsg*

Figure 2. Basigin (Bsg) augments pressure overload-induced oxidative stress and matrix metalloproteinase (MMP) activities. A, Repre-
sentative immunostaining of the left ventricle (LV) after transverse aortic constriction (TAC). Bsg (Alexa Fluor-563, red) and 4’,6-diamidino-
2-phenylindole (DAPI; blue) expression in the LV after TAC. TAC induced Bsg expression in the LV in a time-dependent manner, especially
on the surface of cardiomyocytes. Scale bars, 200 pm. B, Representative pictures of dihydroethidium (DHE) staining of the LV after TAC.
Scale bars, 600 um. C, Representative pictures of in situ zymography (DQ gelatin) for gelatinase activities in the LV after TAC. Scale bars,
300 um. D, Gelatin zymography to detect proMMP-2 and MMP-2 in heart homogenates at 1 week after TAC. Results are expressed as

mean+SEM. *P<0.05.

and stimulated them with cyclic mechanical stretch (1 Hz, 20%
elongation) or angiotensin II (Ang II; 100 nmol/L) for <24
hours. Cyclic mechanical stretch—activated protein kinase B
(Akt) and stress-activated protein kinase in Bsg** CFs, which
was significantly less in Bsg*~ CFs (Figure 4A). Interestingly,
cyclic mechanical stretch induced Bsg expression in and
secretion from CFs, which was significantly less in Bsg*~
compared with Bsg**. CyPA secretion was also significantly
less in Bsg*~ CFs compared with Bsg** CFs (Figure 4B).
Because Bsg is known as a strong inducer of inflammation,
we next examined the secretion of cytokines/chemokines
and growth factors from CFs (Figure 4C; Figure VI in the
online-only Data Supplement). Importantly, mechanical
stretch significantly promoted secretion of several cytokines/
chemokines and growth factors in Bsg** CFs, which was
significantly less in Bsg*~ CFs, especially for monocyte che-
moattractant protein-1, tumor necrotic factor-a, IL-1, IL-18,
and monokine induced by vy-interferon (Figure 4C; Figure VI
in the online-only Data Supplement). Because pressure over-
load upregulates Ang II in cardiac tissues, CFs were subjected
to Ang II for <24 hours. Again, Ang II significantly activated

Akt, extracellular signal-regulated kinase and stress-activated
protein kinases in Bsg** CFs, which was significantly less in
Bsg*~ CFs (Figure 4D). Bsg expression and secretion from
CFs were significantly less in Bsg*~ CFs compared with
Bsg** CFs (Figure 4E). In addition, Ang II significantly pro-
moted secretion of cytokines/chemokines and growth factors
from Bsg** CFs, which was significantly less in Bsg*~ CFs,
especially for IL-6, IL-17, IL-18, tumor necrotic factor-a., and
monokine induced by y-interferon (Figure 4F and Figure VII
in the online-only Data Supplement). These findings suggest
that Bsg plays a pivotal role in mediating mechanical stretch-
and Ang II-induced CFs activation and inflammation.
Because we found that both mechanical stretch and Ang
IT promoted significant secretion of Bsg from CFs, we next
examined the role of extracellular Bsg. Human recombinant
Bsg (hrBsg) significantly activated Akt and extracellular
signal-regulated kinase in Bsg** CFs compared with con-
trols (Figure 5A). Moreover, hrBsg induced atrial natriuretic
peptide expression in neonatal rat cardiomyocytes (NRCM;
Figure 5B). Furthermore, Bsg knockdown by siRNA sig-
nificantly reduced Nox2 in neonatal rat CFs (Figure 5C).
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Figure 3. Basigin (Bsg) promotes pressure overload-induced cardiac fibrosis and inflammation. A, Representative photomicrographs of
Elastica—-Masson staining of hearts from Bsg*- and Bsg*+ mice at 4 weeks after transverse aortic constriction (TAC). Bar graphs show

the interstitial fibrotic area (%) in the left ventricles (LVs) of Bsg*~ and Bsg** mice after TAC or sham operation (n=8 in each group). Scale
bars, 200 um. B, Representative immunostaining of the LV at 4 weeks after SHAM or TAC in Bsg*~ and Bsg** mice. Scale bars, 200 um.
C, Relative mRNA expressions of fibrotic markers, such as collagen 1a (Col1a) and connective tissue growth factor (CTGF), Bsg. and
brain natriuretic peptide (BNP) in the LV of Bsg*~ and Bsg** mice at 1 week after TAC or SHAM (n=5-8). D, Relative mRNA expressions of
interleukin-6 (IL-6), IL-1p, and tumor necrosis factor-a (TNF-a) in the LV of Bsg*- and Bsg** mice (n=5-8) at 1 week after TAC or SHAM.
Results are expressed as mean+SEM. CyPA indicates cyclophilin A; and aSMA, a-smooth muscle actin. *P<0.05.

Consistent with these findings, Bsg*~ CFs were significantly
less proliferative compared with Bsg** CFs (Figure 5D).
Because Bsg knockdown significantly reduced the secretion of
cytokines/chemokines and growth factors from CFs (Figure 4;
Figures VI and VII in the online-only Data Supplement), we
compared the proliferation of CFs by treatment with condi-
tioned medium. Cell proliferation was significantly promoted
by the treatment with conditioned medium, especially by that
from Bsg** CFs (Figure 5E). We further performed Western
blotting of conditioned medium to evaluate the secretion of
Colla and Col3a from CFs by Ang II treatment for 24 hours.
The secretion of Colla and Col3a was significantly reduced
in Bsg*~ CFs compared with Bsg** CFs (Figure VIII in the
online-only Data Supplement). These findings suggest that
both cell surface Bsg and extracellular soluble form of Bsg
promote CF proliferation and activate cardiomyocytes in
response to hypertrophic stimulus.

Although these data demonstrated that Bsg in CFs plays
a crucial role in the development of inflammation and heart
failure, the responsive Bsg upregulation was especially
strong in the cell membrane of cardiomyocytes (Figure 2A;
Figure II in the online-only Data Supplement). Here, to

further examine the role of Bsg in cardiomyocytes, we per-
formed TAC in cardiomyocyte-specific Bsg-overexpressing
mice (Bsg-Tg). Bsg-Tg mice showed significantly high-
Bsg expression in cardiomyocytes (Figure IXA and IXB
in the online-only Data Supplement). Importantly, Bsg-Tg
mice showed significantly poor survival compared with lit-
termate controls after TAC (Figure 5F). Consistently, echo-
cardiography showed significantly reduced cardiac function
in Bsg-Tg mice compared with control mice after TAC in a
time-dependent manner (Figure IXC in the online-only Data
Supplement). We further evaluated the proliferation of CFs
in Bsg-overexpressing mice in vivo. Interestingly, Elastica—
Masson staining of hearts demonstrated that the interstitial
fibrotic area in the LVs was significantly increased in cardio-
myocyte-specific overexpressing mice (Bsg-Tg) compared
with littermate controls after TAC (Figure SH). Moreover, the
levels of cytokines/chemokines and growth factors in heart
homogenates were elevated in Bsg-Tg mice compared with
controls (Figure X in the online-only Data Supplement),
especially for interferon-vy, regulated on activation normal T
cell expressed and secreted and basic-fibroblast growth factor
(Figure 5G). We further performed experiments using NRCM
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Figure 4. Basigin (Bsg) activates cardiac fibroblasts (CFs) and enhances inflammation. A-C, Bsg*- and Bsg** CFs were subjected to
mechanical cyclic stretch at 1 Hz with 20% elongation for 0, 6, and 24 hours (n=4 each), and then total cell lysates (TCL) and conditioned

medium (CM) were collected. A, Quantitative Western blotting analyses

of Akt, extracellular signal-regulated kinase 1/2 (ERK1/2), (Continued)
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Figure 4 (Continued). and JNK activation (phosphorylated/total-Akt, ERK, and JNK) in TCL. B, Quantitative Western blotting analyses

of Bsg in TCL and CM and cyclophilin A (CyPA) secretion in CM. C, Levels of cytokines/chemokines and growth factors secreted from
Bsg*- and Bsg*+ CFs, such as monocyte chemoattractant protein-1 (MCP-1), monokine induced by y-interferon (MIG), tumor necrosis
factor-o. (TNFa), and interleukin-18 (IL-18). Results are expressed as mean+SEM. *P<0.05. D-F, Bsg*- and Bsg*+ CFs were stimulated by
angiotensin Il (Ang Il; 100 nmol/L) for 0, 1.5, 3, 6, and 24 hours (n=3 each), and then TCL and CM were collected. D, Quantitative Western
blotting analysis of Akt, ERK, and stress-activated protein kinase (SAPK) activation (phosphorylated/total-Akt, ERK, and SAPK) in TCL.
E, Quantitative Western blotting analyses of Bsg expression in TCL and CM. Bsg expression and secretion were significantly less in Bsg*-
CFs than in Bsg** CFs. F, Levels of cytokines/chemokines and growth factors secreted from Bsg*- and Bsg** CFs, such as IL-6, IL-17,
TNFa, MIG, and macrophage colony-stimulating factor (M-CSF). Results are expressed as mean+SEM. *P<0.05.

that was stimulated with recombinant Bsg or inhibited by
using siRNA. Interestingly, Bsg siRNA significantly reduced
NRCM survival compared with control (Figure XIA in the
online-only Data Supplement). In contrast, treatment with
recombinant Bsg had no effects on the survival of NRCM
(Figure XIB in the online-only Data Supplement). Next, we
further evaluated the paracrine effects of CF-derived Bsg

on cardiomyocytes. Here, we used the conditional medium
from CF in response to cyclic stretch to stimulate NRCMs
with or without an inhibitory antibody to Bsg (Bsg-Ab)
for <24 hours. Interestingly, treatment of NRCM with the
inhibitory antibody to Bsg significantly reduced oxidative
stress levels assessed by DCF staining compared with con-
trols (Figure XIC in the online-only Data Supplement). We
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Figure 5. Basigin (Bsg) promotes cell activation and proliferation in a paracrine manner. A, Quantitative Western blotting analyses of Akt
and extracellular signal-regulated kinase (ERK) activation (p/t-Akt and p/t-ERK) in Bsg*+ cardiac fibroblasts (CFs) that were treated with
human recombinant Bsg (hrBsg, 100 ng/mL, 1 hour; n=5 in each group). B, Relative mRNA expressions of hypertrophic markers, such as
atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), in neonatal rat cardiomyocytes treated with hrBsg (10 ng/mL, 1 hour;
n=4 in each group). C, Relative mRNA expressions of Bsg, Nox2, and integrin-p2 in neonatal rat CFs after transfection with Bsg siRNA
(siBsg) or control siRNA (siCT; n=4 in each group). D, Proliferation assay (Cell Titer 96 MTT assay) of Bsg*- and Bsg** CFs by treatment
with Dulbecco’s modified eagle medium (DMEM) with fetal bovine serum (FBS; 0% vs 5%) for 5 days (n=8 in each group). E, Cell prolif-
eration of Bsg*~ and Bsg*+ CFs after treatment with 2% conditioned medium (CM) prepared from Bsg*- and Bsg*+ CFs after 24 hours of
mechanical stretch (n=8 in each group). F, Survival curves of cardiomyocyte-specific overexpressing mice (Bsg-Tg) and littermate controls
after TAC. G, Levels of interferon-vy (INF-y), regulated on activation, normal T cell expressed and secreted (RANTES) and basic-fibroblast
growth factor (FGF) in the hearts from Bsg-Tg and control mice (n=3). H, Representative photomicrographs of Elastica-Masson staining of
hearts from Bsg-Tg and control mice at 2 weeks after transverse aortic constriction (TAC). Bar graphs show the interstitial fibrotic area (%)
in the left ventricle of Bsg*- and Bsg*+ mice after TAC (n=4-5). Scale bars, 200 um. Results are expressed as mean+SEM. *P<0.05.
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further performed analysis of the casual link between reac-
tive oxygen species overproduction and the Bsg-dependent
cardiac phenotype. At first, NRCM was treated with Ang II
with or without resveratrol, which is a popular antioxidant.
Interestingly, resveratrol tended to reduce Bsg expression
of NRCM in a time-dependent manner (Figure XID in the
online-only Data Supplement). Next, we stimulated NRCM
with recombinant Bsg to evaluate the expression of Nox
enzymes. Interestingly, recombinant Bsg significantly upreg-
ulated Nox2 expression, but not Nox4 expression, in NRCM
(Figure XIE in the online-only Data Supplement). These data
suggest that cell surface Bsg in cardiomyocytes augments the
development of inflammation and pressure overload—induced
cardiac hypertrophy and failure.
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Serum Levels of sBsg Predict Prognosis

in Patients With Heart Failure

Because we found that Bsg plays a crucial role in pressure
overload—induced heart failure in mice, we next assessed the
role of Bsg in patients with heart failure. To confirm the clini-
cal implication of Bsg, we performed cell proliferation assay in
human CFs. Treatment with hrBsg significantly increased pro-
liferation of human CFs compared with controls (Figure 6A).
In contrast, Bsg knockdown by siRNA significantly reduced
proliferation of human CFs compared with control siRNA
(Figure 6B). To further examine the clinical implication, we
assessed serum levels of sBsg in patients with heart failure. The
clinical characteristics and laboratory data of patients with heart
failure are shown in Table I in the online-only Data Supplement.

A Human CFs D
=== Control . . Heart Failure
- 13 hiBsg Composite Endpoint All-cause Death Re-hospitalization
E_ 2 1.01 Low-Bsg (n=91) 1.04 Low-Bsg (n=91) 10 Low-Bsg (n=70)
2 =
3 B 08 051
= = High-Bsg (n=37) )
S 5 084 0.6- 064 High-Bsg (n=58)
3 High-Bsg (n=37)
@ 0.47 0.4 0.4
—
& 921 p<0.001 02{ P<0.01 021 P<0.01
B Human CFs O - HR: 3.5 (95% Cl, 1.7.7.2) HR: 4.6 (95% CI, 1.7-12.6) HR: 4.0 (95% Cl, 1.4-11.0)
20 == Control siRNA o o o e T * I ; : 1, (days)
-,2. — Bsg SIRNA 0 500 1000 1500 0 500 1000 1500
£ s
2 -
5 {K IE E Mechanical
8 10 Angll  gtretch
8 sBsg
CyPA ..5} l(/ g ® N Remodeling
3 Augmentationyj T
€ . Bsg +
e l ROs —>| MMPs activation
-E —> ~ SBsg
& _ Akt, ERK, SAPK Bsg
a
= . . Cytokines
L Proliferation yt
E .J—. \ Hypertrophy
- [
- . Cardiacfibroblasts Cardiomyocytes

Control HF

Figure 6. Serum levels of basigin (Bsg) as a novel prognostic biomarker for patients with heart failure. A, Cell proliferation assessed by
using Cell Titer 96 MTT assay. Human cardiac fibroblasts (hCFs) were stimulated with human recombinant Bsg (hrBsg: 10 ng/mL) for <3
days (n=8 in each group). B, hCFs were transfected with human Bsg siRNA or control siRNA, and cultured for 3 days (n=8 in each group).
C, Plasma levels of soluble form of Bsg (sBsg) in patients with heart failure (n=187) compared with healthy controls (n=12). Data are box-
and-whisker plots of sBsg (ELISA). D, The Kaplan-Meier curve in patients with high-serum sBsg and those with low-serum sBsg. On the
basis of the survival CART analysis, the cut-off points of high- and low-sBsg groups were set at 3099 pg/mL in the composite end point
and all-cause death and 2554 pg/mL in heart failure rehospitalization. E, Proposed mechanism of Bsg-mediated cardiac fibrosis and
hypertrophy. Cyclic stretch and angiotensin Il (Ang Il) promote CFs activation and proliferation, which is mediated by cell surface Bsg. Bsg
signaling activates Akt, extracellular signal-regulated kinase 1/2 (ERK1/2), and stress-activated protein kinase (SAPK) in CFs and induces
cell proliferation, oxidative stress, and inflammatory cytokines, resulting in metalloproteinase (MMPs) activation. Extracellular active form
of MMPs cleave cell surface Bsg and release sBsg, which interacts with cell membrane Bsg again in an autocrine/paracrine manner. As a
result, Bsg forms a vicious cycle to augment proliferation of CFs and inflammatory cytokines secretion. Inflammatory cytokines and sBsg
released from CFs stimulate cardiomyocyte hypertrophy and promote cardiac hypertrophy in a paracrine manner. Results are expressed
as mean+SEM. Cl indicates confidence interval; HF, heart failure; HR, hazard ratio; and ROS, reactive oxygen species. *P<0.05.
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Importantly, we found significant elevation of sBsg in patients
with heart failure compared with healthy controls (Figure 6C).
Moreover, the elevation of sBsg was severe especially in
patients with pressure-overloaded heart disease, such as aor-
tic stenosis and hypertensive heart disease (Figure XIIA in the
online-only Data Supplement). Finally, the event-free survival
curve demonstrated that high-sBsg levels were associated with
poor prognosis in each end point (composite, all-cause death,
and hospitalization for worsening heart failure) in patients
with heart failure (Figure 6D). These data suggest that Bsg is
involved in the pathogenesis of cardiac hypertrophy and heart
failure and could be a novel therapeutic target and biomarker
for pressure overload—induced cardiac hypertrophy and failure.

Discussion

The major findings of this study are that (1) Bsg is upregulated in
pressure-overloaded heart and augments inflammation, MMPs,
and oxidative stress; (2) Bsg promotes pressure overload—
induced cardiac fibrosis, hypertrophy, and failure; (3) Bsg in car-
diac tissue, but not in inflammatory cells, plays a dominant role
for the progression of heart failure; (4) Bsg mediates mechani-
cal stretch- and Ang II-induced activation of CFs and inflam-
matory cytokines secretion; (5) cell surface Bsg is cleaved and
released from CFs and the free sBsg promotes cell proliferation
in an autocrine/paracrine manner; (6) serum levels of sBsg are
elevated in patients with heart failure and predict their prognosis.
On the basis of these findings, we propose that mechanical and
neurohumoral stress induce growth-promoting inflammatory
responses in cardiac tissue through cell surface and extracellular
Bsg with a vicious cycle formation, which could be a novel
mechanism for pressure overload—induced cardiac hypertro-
phy and failure (Figure 6E).

Bsg in Cardiac Tissues Promotes

Hypertrophy, Fibrosis, and Heart Failure

It has been reported that Bsg is highly expressed in the LV of
patients with dilated cardiomyopathy, myocardial infarction,
and inflammatory cardiomyopathy.”’?* However, the role of
Bsg and its signaling in heart failure have been elusive. In this
study, we precisely characterized the role of Bsg in pressure-
overloaded heart and its basal mechanisms. Cardiac hypertro-
phy, fibrosis, and inflammation are initially adaptive responses
to afterload for maintaining cardiac output.****' In contrast,
excessive cardiac hypertrophy and fibrosis can be a risk fac-
tor for sudden cardiac death, poor prognosis, and heart failure
hospitalization.>* Thus, we need to develop a novel therapeu-
tic option for targeting the hypertrophic signaling.>'*3** In this
study, we demonstrated that Bsg is a novel signaling that pro-
motes cardiac hypertrophy, fibrosis, and heart failure inresponse
to pressure overload. These responses were accompanied by
significant upregulation of inflammatory cytokines/chemo-
kines and growth factors by Bsg in CFs and cardiomyocytes.
Notably, survival rate of mice was significantly improved by
Bsg knockdown and worsened by cardiomyocyte-specific Bsg
overexpression. It has already been demonstrated that cardiac-
specific Bsg-overexpressing mice (Bsg-Tg) show myocardial
remodeling and dysfunction in aging mice.* Consistent with
this report, Bsg-Tg mice showed reduced LV systolic function

at baseline and especially after TAC. Moreover, in this study,
we demonstrated severe cardiac fibrosis in Bsg-Tg mice after
TAC, which is consistent with the previous report that showed
increased fibrosis in old Bsg-Tg mice compared with younger
mice.*® In addition, it has been reported that cardiomyocyte-
derived Bsg induces MMPs expressions and activities by oxi-
dative stress and -adrenergic stimuli.*® These findings indicate
important role of cardiomyocyte-derived Bsg in the develop-
ment of pressure overload—induced cardiac fibrosis and failure.
It is important to elucidate the role of BM-derived Bsg for the
development of cardiac hypertrophy and fibrosis. Indeed, it has
been reported that Bsg is highly expressed in erythroid cells
and white blood cells.’” However, in this study, immunostain-
ing demonstrated that Bsg expression in green fluorescent pro-
tein-positive BM-derived cells was relatively weak compared
with that of cardiomyocytes. Thus, we have focused on the
role of Bsg in cardiac tissues and used cardiomyocyte-specific
Bsg-overexpressing mice. However, further analysis of the
role of BM-derived Bsg will provide us important informa-
tion about the Bsg-mediated inflammation and cardiac fibrosis.
Bsg is also called extracellular MMP inducer (EMMPRIN),
which indicates an inducer of several kinds of MMPs,*® and
thus potently promotes cardiac remodeling. In this study, TAC
upregulated Bsg expression and MMP activities in loaded LV
in a time-dependent manner. However, the extent of which
was cancelled by Bsg knockdown in mice, suggesting that Bsg
plays a crucial role for TAC-induced MMP activation and car-
diac remodeling. Thus, inhibition of Bsg signaling could be a
novel therapeutic target for heart failure.

Inflammatory Response of CFs to Pressure Overload
It is known that CFs promote cardiac hypertrophy, dysfunc-
tion, and inflammation.**" CFs produce a variety of cyto-
kines, such as IL-6, endothelin-1, and insulin-like growth
factor-1, all of which induce hypertrophic response in cardio-
myocytes in a paracrine manner.***>* In this study, we dem-
onstrated that cell surface Bsg is cleaved and secreted from
CFs in response to stimulus by mechanical stretch and Ang II.
Moreover, treatment with hrBsg activated mitogen-activated
protein kinase in CFs and promoted cell proliferation. In addi-
tion, hrBsg upregulated atrial natriuretic peptide expression in
cardiomyocytes. Interestingly, mechanical stretch-mediated
secretion of inflammatory cytokines/chemokines and growth
factors was also downregulated by Bsg knockdown in CFs,
which implicates the role of Bsg as a mechanotransducer in
cardiac tissues. These data indicate that sBsg secreted from
CFs affects CFs themselves and cardiomyocytes in an auto-
crine/paracrine manner. Thus, both cell surface Bsg and
soluble form of Bsg could be a novel therapeutic target for
attenuating cardiac hypertrophy, fibrosis, and failure.

Bsg as a Therapeutic Target and a Novel Biomarker
When we consider Bsg as a novel therapeutic target, there are
several compounds for Bsg inhibition. For direct inhibition,
there are several reports that demonstrated the role of Bsg
monoclonal antibodies to ameliorate atherosclerosis, myocardial
infarction, and cancers in mice.?”*** For indirect inhibition, ber-
berine, resveratrol, and curcumin have been reported to inhibit
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Bsg expression through regulation of mitogen-activated protein
kinase and reactive oxygen species.*** In this study, we showed
that systemic Bsg inhibition showed resistance to chronic pres-
sure overload in mice in vivo. Thus, inhibition of Bsg could be a
promising therapeutic strategy for heart failure.

Next, this study provides novel evidence that serum levels
of sBsg are increased in patients with heart failure. In addition,
higher sBsg levels predicted all-cause death and heart failure
hospitalization. It has been reported that serum levels of sBsg
are increased in patients with hepatocellular carcinoma, lupus
nephritis, and systemic sclerosis.?"**3! Moreover, in this study,
serum sBsg levels had strong correlations with serum IL-8,
monokine induced by vy-interferon , adiponectin, and CyPA,
indicating the inflammatory role of Bsg in humans. It has been
reported that high levels of serum IL-8 and adiponectin pre-
dict poor prognosis in patients with heart failure,”>** which
also supports our findings that serum sBsg levels could be a
promising biomarker for patients with heart failure. Further
study will provide additional knowledge as to the usefulness
of sBsg in patients with heart failure.

In conclusions, we were able to demonstrate that Bsg in car-
diac tissue plays a crucial role in pressure overload—induced heart
failure in mice and patients with heart failure. Bsg could be a
novel therapeutic target and a biomarker for heart failure.
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Significance

Heart failure is a major cause of death and mortality rate still remains high, but fundamental therapies have not been developed yet. Bsg
was reported to be upregulated in LV in patients with heart failure; however, the role of Bsg in heart failure remains to be elucidated. In this
study, we showed that Bsg deletion improved pressure overload—induced cardiac hypertrophy, fibrosis, and failure in mice through inhibition
of MMPs, inflammation, and oxidative stress. Furthermore, we showed that extracellular and intracellular Bsg promoted CFs proliferation and
make a vicious cycle to augment cardiac fibrosis in an autocrine and paracrine manner. Furthermore, serum levels of sBsg in patients with
heart failure were markedly upregulated and predicted poor prognosis in patients with heart failure. These results provided the evidence that
Bsg could be a novel therapeutic target and serum sBsg could be a potential prognostic biomarker for patients with heart failure.
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SUPPLEMENTAL MATERIAL
Supplemental Methods

Animal Experiments

All animal experiments were conducted in accordance with the protocols approved by the
Tohoku University Animal Care and Use Committee.  Pressure overload-induced heart failure
models were used to assess the role of Bsg on heart failure development in mice. Body weight
between 23 and 30 g male Bsg deficient (Bsg™~) mice and cardiomyocytes-specific Bsg
overexpressing (Bsg-Tg) mice and their littermate controls on a normal chow diet were exposed
to severe pressure overload by transverse aortic constriction (TAC). TAC procedures were
performed as we previously reported.*®  Briefly, the animals were anesthetized with isoflurane
and maintained body temperature. The transverse aorta was banded with a 6-0 suture, tied tight
against a 27-gauge needle, which was removed quickly. Sham operated mice underwent the
same procedure but without tying the transverse aorta. Mice with transverse aortic velocity
above 4 m/s assessed by echocardiography were enrolled for the present study. The assessment
of heart failure and histology were performed at 4 weeks after the operation. To determine the
effect of Bsg deficiency on pressure overload-induced heart failure, we performed cardiac
echocardiography and weight measurements.  All the operations and analyses were performed in
a blinded manner with regard to the genotype of mice.

Generation and Genotyping of Bsg*~ and Bsg-Tg Mice

All animal experiments were conducted in accordance with the experimental protocols approved
by the Institutional Animal Care and Use Committee of Tohoku University (2012 Kodo-002).
Bsg™~ mice were obtained from Dr. Kadomatsu at Nagoya University (Nagoya, Japan).* Bsg is

®  Since

an important cell-surface molecule involved in early embryogenesis and reproduction.™
complete Bsg disruption (Bsg™") in mice results in perinatal lethality,® we used Bsg™mice in the
present study. Cardiomyocytes-specific Bsg overexpressing mice (Bsg-Tg) were obtained from
Dr. Spinale & Mukherjee at Medical University of South Carolina in the United States.’

Animals were housed under a 12-hour light and 12-hour dark regimen and placed on a normal
chow diet. All mice were genotyped by PCR on tail clip samples. Genotyping primers were as
follows: Bsg, Basigin forward 5'-TGGCCTTCACGCTCTTGAGC-3’ and Basigin reverse
5-GCCTCATCTCTAAGATCACT-3’" and Neo forward 5'-CAGCGTCTTGTCATTGGCGA-3’

and Neo reverse 5-GCTCTTCGTCCAGATCATCC-3’; human Bsg, human Basigin forward
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5'-GGCCAGAAAACGGAGTTCAA-3" and human Basigin reverse
5-GCGCTTCTCGTAGATGAAGA-3'.

Blood Pressure and Echocardiography

Blood pressure at baseline was measured by the tail-cuff system (Muromachi Kikai Co, Ltd,
MK-2000ST NP-NIBP Monitor, Tokyo, Japan) without anesthesia. Echocardiography was
performed using the Vevo 2100 (Visualsonics, Toronto, Canada) under inhalation of isoflurane
(0.5-1.0% v/v). Echocardiography was performed to measure LV dimensions and functions at
the level of papillary muscles in M-mode tracings as previously described.*

Bone Marrow Transplantation

Bone marrow transplantation was performed as previously described.®**  Briefly, 8-week-old
Bsg**and Bsg*’ recipient mice were lethally irradiated (9.6 Gy) and received an intravenous tail
injection of 5x10° donor GFP* bone marrow cells (Bsg*'* or Bsg*"") suspended in 100 pl calcium-
and magnesium-free PBS with 2% fetal bovine serum (FBS). After bone marrow
transplantation, the mice were placed on a regular chow diet for 4 weeks followed by TAC for
another 4 weeks. Transgenic mice ubiquitously expressing green fluorescent protein (GFP)
were obtained from the Jackson Laboratory. To obtain the chimeric mice, we crossed Bsg*"
mice with GFP mice, and they were born in expected Mendelian ratio.

Histology

After echocardiographic measurements, animals were anesthetized with isoflurane (2.0%). For
morphological analysis, mice were perfused with cold phosphate-buffered saline (PBS) and
perfusion-fixed with 10% phosphate-buffered formalin at physiological pressure for 5 min. The
whole heart and lungs were harvested, fixed for 24 h, embedded in paraffin and cross sections (5
um) were prepared. Paraffin sections were stained with hematoxylin-eosin (HE) and
Elastica-Masson (for analysis of the myocardial fibrosis area) or used for immunostaining.

These analyses were performed by light microscopy (BX51, Olympus, Tokyo, Japan) and Inage J
Software (NIH, Bethesda, MD, USA).

Immunohistochemistry

Human heart tissues were obtained from patients with DCM at the time of heart transplantation.
All patients provided written consent for the use of their heart tissues for research. Ethics
approval was obtained from the Ethics Committee of Tohoku University Graduate School of
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Medicine (#2013-1-230). For immunofluorescence staining, mice were anesthetized with
isoflurane and perfused with cold PBS and fixed by 4% phosphate-buffered paraformaldehyde,
which were embedded in OCT (Tissue-Tek; Miles Ink., Elkhart, Illinois, USA). For
immunostaining, we used following primary antibodies; Bsg (1:400 dilution; R&D systems,
AF972 for human tissue and AF772 for mouse tissue), CyPA polyclonal (1:1000 dilution;
BIOMOL Research Laboratories, Inc.), a-smooth muscle actin (aSMA, clone 1A4, 1:400
dilution; Sigma-Aldrich, A5691), leukocyte common antigen, CD45 (clone Ly-5, 1:100 dilution;
BD Pharmingen, #550539), and a-actinin (1:200 dilution; BD Pharmingen, #612576). Slides
were viewed with a microscope (BX51, Olympus, Tokyo, Japan) equipped with a digital camera
and analyzed by DP Controller and DP Manager Software (Olympus, Tokyo, Japan) or confocal
microscopy (Zeiss, LSM780).

Dihydroethidium Staining

The whole heart was harvested, embedded in OCT, snap-frozen, and cross-sections (10 um) were
prepared. Dihydroethidium (DHE), an oxidant fluorescent dye, was used to detect myocardial
production of ROS as previously described.! '3
cryostat and placed on MAS-coated glass-slides (Matsunami Glass, Osaka, Japan). Then, the
glass slides were incubated at 37°C for 30 min with DHE solution in phosphate-buffered saline
(PBS) (2 umol/L) in the shade. After washing with PBS, DHE red fluorescence (585nm)

images were obtained using a confocal microscopy (Zeiss, LSM780).

Briefly, transverse sections were cut with a

MMP Activity

To evaluate the MMPs activities in response to pressure overload in vivo, we used gelatin
zymography. The whole heart was harvested 1 week after TAC and gelatinolytic activities were
studied by gelatin zymography kit (Cosmo Bio, Tokyo, Japan). Briefly, the extracts of heart
homogenates were electrophoresed in SDS-PAGE gels containing gelatin.  Gels were washed
and incubated for 24 hours at 37°C in zymography buffer, and thereafter stained with coomassie
brilliant blue.  Subsequently, gels were scanned and quantitative analysis of MMP-2 and
pro-MMP-2 activities were performed by using Image J Software (NIH, Bethesda, MD, USA).
For in situ zymography, freshly cut frozen heart sections (10 um) were incubated with a
fluorogenic gelatin substrate (DQ gelatin, Molecular Probes) dissolved to 25ug/ml in
zymography buffer (50 mmol/L Tris-HCL pH7.4 and 5 mmol/L CaCl,) according to the
manufacturer’s protocol.’®  Proteolytic activity was detected as green fluorescence (530 nm) by
confocal microscopy (Zeiss, LSM780).
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Harvest of Mouse Cardiac Fibroblasts

Mouse cardiac fibroblasts (CFs) were isolated from male mice. The heart tissue was
enzymatically digested by collagenase type Il (Worthington, NJ, USA), and then placed in a dish
filled with Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose
supplemented with 20% fatal bovine serum and 1x penicillin/streptomycin.  Following removal
of the atria, both ventricles were teased apart and pipetted into small pieces. The pellet
containing cardiomyocytes was discarded and the supernatant, containing mostly cardiac
fibroblasts (CFs), was centrifuged and re-suspended in medium. The CFs were plated and
cultured on a 10 cm dish with DMEM with 10% fatal bovine serum at 37°C in a humidified
atmosphere of 5% CO, and 95% air.> Mouse CFs were stimulated with either angiotensin II
(100 nmol/L) or human recombinant Basigin (972-EMN-050, R&D, MN, USA) after 24 hours
starvation. To examine the cellular effects of mechanical stress, CFs were starved for 24 hours
and then subjected to cyclic stretch with 20% elongation at 1Hz for up to 24 hours using Strex

1415 After the stimulus, medium and total cell lysate were

system (Strex, Osaka, Japan).
collected. Briefly, soon after medium was collected, the CFs were washed with cold PBS and
harvested on ice in cell lysis buffer (#9803, Cell Signaling, MA, USA) with proteinase inhibitor
cocktail (P8340, Sigma), and medium was filtered to remove cell debris and concentrated
100-fold with an Amicon Ultre-15 centrifugal filter (Millopore Corp, MA, USA) to yield

concentrated conditioned medium (CM).*®

Isolation of Neonatal Rat Cardiomyocytes and Cardiac Fibroblasts

The hearts from neonatal Wistar rats (Japan SLC, Shizuoka, Japan) were minced and dissociated
with collagenase type 1l (Worthington, NJ, USA). Then, cells were incubated on 10 cm dishes
for 30 min at 37°C in 5% CO, incubator. To obtain neonatal cardiomyocytes (NRCM),
non-attached viable cells in supernatant were collected and supplemented with 10 uM cytosine
B-d-arabinofuranoside (Sigma-Aldrich, Tokyo, Japan) to prevent growth of non-myocytes.’

To obtain neonatal cardiac fibroblasts (NRCF), attached cells to dishes were passaged and
cultured in DMEM with 10% FBS. After 24 hours starvation, NRCM were treated with human
recombinant Basigin for 24 hours to obtain mMRNA samples. NRCM was also treated with
Angll with or without resveratrol (CAS 501-36-0, Calbiochem) for up to 24 hours, thereafter Bsg
gene expression was studied. NRCF were transfected with Basigin siRNA (10 nmol/l) or
control siRNA (10 nmol/L) (QIAGEN, Germany) for 72 hours to evaluate gene expressions.
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Survival Analysis of Neonatal Rat Cardiomyocytes

Neonatal cardiomyocytes (NRCM) were treated with control sSiRNA or Bsg siRNA for 72 hours,
thereafter NRCM were cultured in DMEM without serum for 5 days. NRCM were also cultured
in DMEM with recombinant Bsg (1-1000 ng/ml) for 5 days. NRCM survival was examined by
the number of residual NRCM in the MTT assay.

Detection of Reactive Oxygen Species in vitro

We treated neonatal rat cardiomyocytes with control IgG (MAB002, R&D, USA) or Bsg
inhibitory antibody (UM-8D6 376-020, Ancell, USA) in 2% conditioned medium prepared from
Bsg™* cardiac fibroblasts after 24 hours of mechanical stretch. Oxidative stress was measured
by 2,7-dichlorofluorescein diacetate (H2DCF-DA) (5 umol/L, Molecular Probes, Eugene, OR,
USA) for 30 min at 37°C.  Presence of ROS was detected as green fluorescence (488 nm) by
fluorescence microscopy (BIOREVO, Keyence). The relative fluorescence intensity was
measured by Image J.

Cell Proliferation Assay

Mouse CFs were seeded in 96-well plates (2x10° cells/well) in 100 ul DMEM with 10% FBS.
On the next day, CFs were stimulated with DMEM containing 5% FBS or 2 % conditioned
medium obtained from culture media of cyclic stretch experiment. Human cardiac fibroblasts
(hCFs) were purchased from Lonza (Basel, Switzerland). According to the manufacturer, hCFs
were isolated from normal adult human ventricle tissue (Basel, Switzerland). hCFs were seeded
in 96-well plates (5x10° cells/well) in 200 pl fibroblasts growth medium (FGM) (Lonza, Basel,
Switzerland) with 10 nmol/L of either Basigin siRNA or control siRNA. Cells were counted on
day 0, 1 and 3, using Cell Titer 96 MTT assay method (Promega, Fitchburg, W1, USA).

Measurement of Cytokine/Chemokine and Growth Factors by Bioplex System
Cytokine/Chemokine and growth factors were evaluated by the Bioplex system according to the
manufacturer’s instructions (Bio-Rad, Tokyo, Japan). We measured cytokines in conditioned
medium from CFs stimulated with cyclic mechanical stretch (10cm? stretch chamber, 5ml
DMEM) or Angll (100mm dish, 10ml DMEM). Mouse cytokines/chemokines and growth
factors were measured with commercially available kits (Bio-Rad, 9-Plex, MD0-00000EL and
23-Plex, M60-009RDPD). Human cytokines/chemokines and growth factors were measured
with commercially available kits (Bio-Rad, 27-Plex, #M50-0KCAFOY and 21-Plex,
#MF0-005KMII1).*>  Each experiment was performed in duplicate.
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Western Blot Analysis

An equal amount of protein samples were loaded on SDS-PAGE gel and transferred to PVDF
membranes (GE Healthcare, UK), and blocked for 1 hour at room temperature in 5 % BSA in
Tris-Buffered Saline with Tween 20 (TBST). The primary antibodies used were as follows; Bsg
(400:1-1000:1 dilution; R&D systems, AF 772 for mice and AF972 for human), a-tubulin
(2000:1, Sigma, T9026), phosphorylated-ERK1/2 (1000:1, Cell Signaling, #9101), and
total-ERK1/2 (1000:1, Cell Signaling, #9102) , phosphorylated-protein kinase B (Akt) (1000:1,
Cell Signaling, #9271), and total-Akt (1000:1, Cell Signaling, #9272) , phosphorylated-stress
activated protein kinase (SAPK) (1000:1, Cell Signaling, #9251), and total-SAPK (1000:1, Cell
Signaling, #9252), CyPA (1:1000 dilution; BIOMOL Research Laboratories, Inc.), GAPDH
(1000:1, Santa Cruz, sc-20357), collagen 1al (500:1, Santa Cruz, sc-8784), collagen 3al (500:1,
Santa Cruz, sc-8781), Nox4 (500:1, Santa Cruz, sc-21860), Nox2 (500:1, Santa Cruz, sc-5827).
The regions containing proteins were visualized by the enhanced chemiluminescence system
(ECL Prime Western Blotting Detection Reagent, GE Healthcare, Buckinghamshire, UK).
Densitometric analysis was performed by the Image J Software.

RNA Isolation and Real-time PCR

Isolation of total RNA from mouse heart tissues and NRCM and NRCF were performed using the
RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s protocol. Total RNA was
converted to cDNA using PrimeScript RT Master Mix (Takara). Primers for murine Basigin
(Assay ID: Mm01144228 g1) and Gapdh (Assay ID: Mm99999915 g1) were purchased from
Life Technologies (TagMan assays, Applied Biosystems, US).  Primers for murine IL-6 (Primer
Set ID: MA104898), TNF-a (Primer Set ID: MA121221), IL1-f (Primer Set ID: MA025939),
Nppa (Primer Set ID: MA102516), Nppb (Primer Set ID: MA103081), Colla2 (Collagen I:
Primer Set ID: MA128559), Col3al (Collagen I1I: Primer Set ID: MA131765), CTGF (Primer
Set ID: MA028643), Gapdh (Primer Set ID: MA050371), and primers for rat Nppa (Primer Set
ID: RA058681), Nppb (Primer Set ID: RA043888), Cybb (Nox2: Primer Set ID: RA052264),
Nox4 (Primer Set ID: RA064409), Itgh2 (Integrin B2: Primer Set ID: RA059368), and Gapdh
(Primer Set ID: RA015380) were purchased from Takara Bio Inc. (SYBR Green | assays, Shiga,
Japan). After reverse transcription, quantitative real-time PCR on the CFX 96 Real-Time PCR
Detection System (Bio-Rad) was performed using either SsoFast Probes Supermix (Bio-Rad) for
TagMan probes or SYBR® Premix Ex Taq™ II (Takara) for SYBR probes. The Ct value
determined by CFX Manager Software (version2.0, Bio-Rad) for all samples was normalized to
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housekeeping gene Gapdh and the relative fold change was computed by the AACt method.*

Clinical Study

The Ethical Review Board of Tohoku University approved the study (#2009-363) and written
informed consent was obtained from all participants. We conducted an observational study of
the prognostic value of serum soluble Basigin (sBsg) in patients with heart failure who were
referred to Tohoku University Hospital for examination. A total of 199 consecutive patients
were analyzed for survival rate and first time heart failure re-hospitalization. Serum levels of
sBsg in each specific heart disease and association with other inflammatory cytokines were also
examined. The clinical characteristics and laboratory data of patients with heart failure are
shown in Supplementary Table I. The clinical characteristics and laboratory data between
patients with high levels of serum Bsg and those with low levels of serum Bsg are shown in
Supplementary Table 1. The cut-off value of serum Bsg between high and low levels was

3,099 ng/ml.

Statistical Analysis in the Clinical Study

Plasma levels of sBsg are presented as mean + standard error of the mean (s.e.m.). An unpaired
t-test was used for comparisons between groups. Event (all cause-death or hospitalization)-free
survival curves were generated for both groups. Median follow-up days were 1364 days. In
order to identify the cut-off points of high and low sBsg groups, we performed survival
classification and regression trees (survival CART) analyses. All reported P values are 2-tailed,
with a P value of less than 0.05 indicating statistical significance. Analyses were performed in
SPSS, version 19.0 (Chicago, IL, USA) and R version 3.1.3 with the rpart package.™®

Statistical Analysis for in Vivo and in Vitro Study

Statistical analysis was performed with GraphPad Prism, version 6 (GraphPad Software Inc,
California, USA). Results are shown as mean + standard error of the mean (s.e.m) for all
studies. Comparisons of means between 2 groups were performed by unpaired t-test.
Comparisons of mean parameters among multiple groups were made by one-way or two-way
analysis of variance (ANOVA), followed by Bonferroni’s multiple comparisons tests. P<0.05

was considered to be statistically significant.** 3
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Supplementary Figure 1. Bsg in cardiac tissue plays a crucial role for pressure
overload-induced heart failure
(A) Representative Western blotting photographs of Basigin (Bsg) and quantitative analysis in
Bsg™"~ mice and Bsg™* mice at baseline (n =4 each). (B) Transverse aortic velocity in Bsg*"
and Bsg™* mice at 4 weeks after TAC (n = 8 in each group). (C) Bone marrow transplantation
(BMT) protocol. Bsg*" and Bsg™* bone marrow (BM) were transplanted into irradiated
8-week-old Bsg™~ and Bsg*"* mice. After 4 weeks, Bsg*'~ and Bsg™’* mice were subjected to
transverse aortic constriction (TAC) and were thereafter followed for 4 weeks. (D)
Representative photomicrographs of immunostaining showing localization of GFP-positive
(green fluorescent protein) cells in the heart from Bsg*'* recipient mice with Bsg*"* GFP positive
BM (green) 4 weeks after TAC. Bsg (red) and a-actinin (red). There were few numbers of
GFP/Bsg double positive cells in pressure-overloaded heart tissue.  Scale bars, 100 pm. (E)
Long-term survival curves demonstrated that Bsg™~ recipient mice were more likely to survive
compared with Bsg*'* recipient mice, regardless of the source of BM (Bsg™* or Bsg”~ BM)
(Bsg™* recipient mice with Bsg*’* BM: n = 7; Bsg*" recipient mice with Bsg™* BM: n = 6;
Bsg*'* recipient mice with Bsg*'~ BM: n = 4; Bsg*"~ recipient mice with Bsg*~ BM: n = 6).
Results are expressed as mean + s.e.m. *P<0.05.
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Control TAC (Day 1) Supplementary
Figure Il

Bsg expression in interstitial tissue

Bsg expression in interstitial tissue
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Bsg expression in interstitial tissue Bsg expression in interstitial tissue

Bsg expression in cardiomyocytes Bsg expression in cardiomyocytes

Supplementary Figure Il. Pressure overload-induced Bsg expression in cardiomyocytes
Representative immunostaining of the left ventricle (LV) after transverse aortic constriction
(TAC). Bsg (Alexa Fluor-563, red) and DAPI (blue) expression in the LV after TAC. The
expression of Bsg was strong in interstitial tissue and cardiomyocytes. TAC induced Bsg
expression in the LV in a time-dependent manner, especially on the surface of cardiomyocytes.
Scale bars, 200 um.
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Control TAC (Day 3) Supplementary
Figure Il
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Supplementary Figure I11. Bsg augments pressure overload-induced oxidative stress
Representative immunostaining of the left ventricles (LV) after transverse aortic constriction
(TAC). Representative pictures of dihydroethidium (DHE) staining of Bsg*"~ and Bsg™* LV
after TAC. Scale bars, 300 um. Pressure overload-induced reactive oxygen species (ROS)
was less in Bsg*'~ LV compared with Bsg™'* after TAC.
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Strong MMP activation especially
in the vascular wall and
perivascular area

Less MMP induction in the
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Supplementary
Figure IV

Supplementary Figure V. Bsg augments pressure overload-induced MMP activation
Representative pictures of in situ zymography (DQ gelatin) for gelatinase activities in Bsg*"~ and

+/+

Bsg

LV after TAC. Pressure overload-induced MMP activation was strong especially in

perivascular area in Bsg*’* LV, which was less in Bsg*"~ LV after TAC. Scale bars, 300 pm.
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Supplementary Figure V. Bsg mediated cell signaling in Vivo by pressure overload.

(A) Quantitative Western blotting analysis of Bsg in heart homogenates in Bsg*'* mice at 1 week
after TAC (n =5-6). (B) Quantitative Western blotting of ERK, Akt and SAPK in heart
homogenates of Bsg*~ and Bsg*’* mice at 1 week after TAC (n = 6-8). (C) Quantitative
Western blotting analysis of Nox2 and Nox4 expression in heart homogenates of Bsg™* and
Bsg™" at baseline (n = 5 each). (D) Quantitative Western blotting analysis of Nox2 and Nox4
expression in heart homogenates of Bsg*"* and Bsg™ at 1 week after TAC (n = 6-8). Results are
expressed as mean £ s.e.m. *P<0.05.
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MIP-2 Supplementary

Figure VI
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Bsg promotes secretion of inflammatory cytokines/chemokines

and growth factors from cardiac fibroblasts in response to mechanical stretch

Bsg™ and Bsg*"* cardiac fibroblasts (CFs) were subjected to mechanical cyclic stretch at 1 Hz

with 20 % elongation for 0, 6 and 24 hours (n = 4 each), and then conditioned medium (CM)

were analyzed by Bio-plex cytokines array system. Levels of cytokines/chemokines and growth

factors secreted from Bsg™’~ and Bsg™* CFs. Results are expressed as mean + s.e.m. *P<0.05.
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Supplementary

Figure VII
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cytokines/chemokines and growth factors from cardiac fibroblasts in response to

angiotensin 11
Bsg™~ and Bsg*"* CFs were stimulated with Angll (100 nmol/l) for 0, 1.5, 3, 6 and 24 hours (n =
3 each), and then conditioned medium (CM) were analyzed by the Bio-plex cytokines array

system. Levels of cytokines/chemokines and growth factors secreted from Bsg*'~ and Bsg*'*

CFs.

Results are expressed as mean + s.e.m.

*P<0.05.
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Supplementary
Figure VIl
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Supplementary Figure VII1. Bsg promotes collagen synthesis in cardiac fibroblasts.

Bsg™ and Bsg*’"* cardiac fibroblasts (CFs) were subjected to Angll (100nM) for 0, 1.5, 3, 6 and
24 hours (n = 2 each) and then conditioned medium (CM) were collected. Quantitative Western
blotting analyses of collanen-1a and collagen-3a in CM. Results are expressed as mean + s.e.m.
*P<0.05.
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Supplementary
A B Figure IX
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Supplementary Figure IX. Cardiomyocyte-specific Bsg overexpressing mice shows

markedly worsened cardiac function after TAC.

(A) Representative photomicrograph of immunostaining showing localization of Bsg (Alexa
Fluor-488, green) in heart from Bsg-Tg mice and littermate control at baseline. Bsg (green),
a-actinin (red) and DAPI (blue). Scale bars, 100 um. (B) Representative pictures of Bsg
expression in heart homogenates in Bsg-Tg mice and littermate controls at baseline, and
quantitative analysis of them (n=4 each). (C) Quantitative analysis of the parameters of cardiac
function in Bsg-Tg mice and littermate controls at days 0, 3, 14 after TAC (n =4-5). 1VS,
interventricular septum thickness; LVIDd, LV internal end-diastolic diameter; LVFS, LV
fractional shortening. Results are expressed as mean £ s.e.m. *P<0.05
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Supplementary
Figure X
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Supplementary Figure X. Baseline characteristics of cytokines arrays in

cardiomyocyte-specific Bsg overexpressing hearts
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Baseline characteristics of cardiomyocyte-specific Bsg overexpressing hearts (Bsg-Tg) and

littermate controls.

Heart tissue homogenates samples were analyzed by Bio-plex cytokines

array system. Levels of cytokines/chemokines and growth factors in the hearts from Bsg-Tg

and control mice (n = 3).

Results are expressed as mean * s.e.m. *P<0.05.
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Supplementary
A B C Figure Xl
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Supplementary Figure XI. Association between Bsg and oxidative stress in neonatal rat
cardiomyocytes.

Neonatal rat cardiomyocytes (NRCM) survival assay by Cell Titer 96 MTT assay. (A) NRCM
was transfected with Bsg siRNA or control siRNA for 72 hours, thereafter cultured in DMEM
without serum for 5 days (n = 8 in each group). (B) NRCM was cultured in DMEM with
recombinant Bsg for 5 days (n = 8 in each group). (C) Representative photomicrograph of
oxidative stress in NRCM at 4 hours, which were treated with control IgG or inhibitory antibody
to Bsg (Bsg-Ab) in 2% conditioned medium prepared from Bsg™'* cardiac fibroblasts after 24
hours of mechanical stretch. Oxidative stress was measured by dichlorofluorescein (DCF) assay.
Bar graphs show the relative intensity of DCF fluorescence (n = 4 in each group). (D) Relative
MRNA expressions of Bsg in NRCM treated with Angll (100 nmol/l) with or without resveratrol
(Res, 25umol/l) for up to 24 hours (n = 6 in each group). (E) Relative mMRNA expressions of
Nox2 and Nox4 in NRCM treated with hrBsg (1 ug/ml, 24 hours) (n = 6 in each group). Results
are expressed as mean £ s.e.m. *P<0.05.
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Supplementary Figure XII. Serum levels of Bsg as a novel prognostic biomarker for
patients with heart failure

(A) Serum levels of sBsg according to the specific diagnosis of heart diseases. Serum sBsg
were increased in several pressure overloaded-heart diseases, such as aortic valve stenosis (AS),
hypertrophic cardiomyopathy (HCM), hypertensive heart disease (HHD), aortic valve
regurgitation (AR), mitral valve regurgitation (MR), tricuspid valve regurgitation (TR), mitral
valve stenosis (MS), and pulmonary valve stenosis (PS). (B) Correlations between serum sBsg
levels and inflammatory cytokines. Serum levels of Bsg were significantly correlated with
those of monokine induced by gamma interferon (MIG), IL-8, adiponectin and cyclophilin A
(CyPA).
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Supplementary
Table |
Control (n=8) HF (n=120)
Age (years) 5319 60+14
Male (%) 16.7 641
Body mass index ikg{mgj 230+2.0 23 5x4 T
BNP (pa/ml) 249+209 417.2+690.3
WHO class
[ &I (%) 100 745
1T (%) 0 176
IV (%) 0 78
echocardiography
LAD (mm) 314+4 3 4324103
LVDd (mm) 44 6+2 2 51.6+10.5
LVDs (mm) 27 5+1.1 363128
EF (%) 666158 56.9+17 1
Medical history
Hypertension (%) 333 45 6
Diabetes mellitus (%) 66.7 214
Dislipidemia (%) 66.7 243
Medication
ACE-I (%) 0 36.9
ARB (%) 333 33
3-blocker (%) 333 56.3
CCB (%) 16.7 30.1

Supplementary Table I. The clinical characteristics and laboratory data of patients with
heart failure.

Results are expressed as mean £ SD.

Heart failure (HF), brain natriuretic peptide (BNP), left atrial diameter (LAD), left ventricle
end-diastolic diameter (LVDd), left ventricle end-systolic diameter (LVDs), ejection fraction
(EF), angiotensin converting enzyme inhibitor (ACE-I), angiotensin receptor blocker (ARB),
calcium channel blocker (CCB).
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Supplementary
Table Il
Serum Bsg High (n=37) Low (n=83)
Age (years) 606+14.1 F8.3+189
Male (%) 627 679
E.|:;||;j1_.,.r mass index (kg,"mzj 23.0+£3.5 24 746 4
BNP (pg/ml) 304 0£566.5 656 6+870.6
VWHO class
[/T (%) 60.7 797
1T (%) 214 16.2
IV (%) 179 41
echocardiography
LAD (mm) 40648 3 47 2412 8
LVDd (mm) 50.7£10.0 53.3x11.0
LVDs (mm) 3544130 38.2+11.9
EF (%) ET7+17 4 56.7+15.8
Medical history
Hypertension (%) 413 571
Diabetes mellitus (%) 16.0 387
Dislipidemia (%) 293 10.7
Medication
ACE-I (%) 36.0 393
ARB (%) 28.0 46.4
-blocker (%) 573 536
CCB (%) 293 321
Supplementary Table Il.  The clinical characteristics and laboratory data between

patients with high levels of serum Bsg and those with low levels of serum Bsg

Results are expressed as mean + SD.

Brain natriuretic peptide (BNP), left atrial diameter (LAD), left ventricle end-diastolic diameter
(LVDd), left ventricle end-systolic diameter (LVDs), ejection fraction (EF), angiotensin
converting enzyme inhibitor (ACE-1), angiotensin receptor blocker (ARB), calcium channel
blocker (CCB).





