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Abstract

Rationale: Cartilage intermediate layer protein 1 (Cilp1) is a secreted extracellular matrix (ECM)
protein normally associated with bone and cartilage development. Its function and mechanism of
action in adult heart disease remain elusive.

Objective: To establish the function and mechanism of action of Cilpl in post-myocardial
infarction (MI) cardiac remodeling.

Methods and Results: We investigated the expression of Cilpl in mouse models of
pathological cardiac remodeling and human heart failure patients. Cilp1 was expressed
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predominantly in cardiac fibroblasts and upregulated in response to cardiac injury and in the heart
and blood of heart failure patients. We generated Cilpl knock out (KO) and transgenic (Tg) mice
with N-terminal half of the protein (NCilp1) overexpressed in myofibroblasts. CijpZ KO mice
had better cardiac function, reduced number of immune cells and myofibroblasts, and enhanced
microvascular survival after MI compared to wild-type (WT) littermates. Conversely, NCilp1-Tg
mice had augmented loss of cardiac function, increased number of myofibroblasts and infarct
size after the Ml injury. RNA-seq and gene ontology analysis indicated that cell proliferation
and mTORCL1 signaling were downregulated in KO hearts compared to WT hearts. /17 vivo BrdU
labeling and immunofluorescence staining showed that myofibroblast proliferation in the CilpZ
KO heart was downregulated. Biaxial mechanical testing and ECM gene expression analysis
indicated that while MI caused significant stiffness in WT hearts it had little effect on KO hearts.
Upregulation of collagen expression after Ml injury was attenuated in KO hearts. Recombinant
CILP1 protein or NCilp1-conditioned medium promoted proliferation of neonatal rat ventricular
cardiac fibroblasts via the mTORC1 signaling pathway.

Conclusions: Our studies established a pathological role of Cilpl in promoting post-Ml
remodeling, identified a novel function of Cilpl in promoting myofibroblast proliferation, and
suggested that Cilp1 may serve as a potential biomarker for pathological cardiac remodeling and
target for fibrotic heart disease.
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INTRODUCTION

Myocardial fibrosis is the common pathological outcome of nearly all forms of heart
disease including myocardial infarction (M1) and a major risk factor for heart failure 1 2,
Myocardial fibrosis is irreversible. As the adult heart has limited regenerative capacity, a
stable scar must quickly form to prevent ventricular wall rupture. Fibrosis is characterized
by excessive deposition of a collagen-rich extracellular matrix (ECM) 3. The characteristics
of the scar including its molecular composition and mechanics are the critical determinants
of subsequent pathological remodeling, which can change the size, shape, and physiology
of the heart, ultimately leading to heart failure. Great efforts in the past have been

focused on repopulating the scar tissue with either endogenously or exogenously derived-
cardiomyocytes, and on therapies targeting inflammatory mediators and myofibroblasts
4567-10 These efforts have not yet led to effective therapies 11: 12, On the other hand, genetic
modification and/or pharmacological targeting of ECM components have been shown to
alter the scar characteristics and partially restore the contractile and electrical conduction
properties of the scar 13, Myofibroblast is the principal cell type for post-MI ECM. Using
the natural reparative processes of myofibroblast to modify properties of the infarct scar

is emerging as an exciting therapeutic avenue 8 3. However, the ability to therapeutically
modify cardiac scar tissue is still limited by a lack of knowledge of what constitutes
benefit. Research is much needed to gain insight into the molecular determinants of the
fibrosis-driven ECM.

Cartilage intermediate layer protein 1 (Cilpl) is a matricellular protein, originally found
secreted predominantly from chondrocytes in articular cartilage 14 and is implicated in
common musculoskeletal disorders, including osteoarthritis and lumbar disc degeneration 1°,
Cilpl is a large protein with 1184 amino acid residues and is cleaved into N- and C-terminal
parts at amino acid 721 upon secretion 14 16: 17 The C-terminal portion is homologous to
nucleotide pyrophosphatase phosphodiesterase (NPP) but with no intrinsic NPP activity 16.
The N-terminal part (NCilpl) contains a highly conserved thrombospondin type 1 repeat
domain (TSR) known to bind Tgfp. Binding of Cilp1 to Tgfp blocks the Tgfp/Smad
signaling and inhibits transcriptional activation of cartilage matrix genes in nucleus pulposus
cells in vitro and matrix deposition in vivo 18. Cilp1 is also expressed in the heart and
implicated in cardiac extracellular matrix remodeling 1922, Cilp1 is significantly elevated

in post-mortem human infarct tissues and in aortic valve stenosis patients 19. Cilp1 was
shown, paradoxically in the same study, decreased in the circulation of heart failure patients
even though it was upregulated in the infarcted heart tissues 23. Cilp1 is also significantly
upregulated in mouse hearts undergoing pathological ventricular remodeling induced by

MI, trans aortic constriction (TAC), or Angll-treatment 19: 20. 24 \Whether upregulation of
Cilpl in diseased heart plays a protective role against or pathological role driving adverse
remodeling remains elusive. One study suggested that Cilpl may play an anti-fibrosis role
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in a mouse model of pressure-overload induced by TAC 20, Recombinant Cilp1 protein was
also shown to inhibit Tgfpl-induced expression of smooth muscle alpha-actin (aSMA) in
vitro 19: 21 suggesting it may inhibit myofibroblast differentiation and myocardial fibrosis
during pathological cardiac remodeling.

Here, we present evidence supporting a role of Cilpl in promoting pathological cardiac
remodeling and myocardial fibrosis. Our studies revealed that Cilpl was expressed
predominantly in cardiac fibroblasts and upregulated in animal models of adverse cardiac
remodeling and in blood of heart failure patients. We generated Ci/pZ knock out (KO)

mice from commercial Cilp2™ mice and transgenic (Tg) mice with NCilp1 overexpressed
in myofibroblasts. Deletion of CilpI in mice attenuated adverse cardiac remodeling

caused by Ml and TAC injuries. CilpZ KO mice showed reduced post-MI inflammation,
reduced number of myofibroblasts, and enhanced survival of microvasculature compared

to WT littermates. Conversely, NCilp1-Tg mice had exacerbated post-MI remodeling with
reduced cardiac function and increased number of myofibroblasts and infarct size. Further
mechanistic studies indicated that recombinant CILP1 protein or conditional medium
containing secreted NCilp1 promoted proliferation of neonatal ventricular cardiac fibroblasts
(NRV cFbs) in vitro via the mTORC1 signaling pathway. Cilpl also promoted proliferation
of adult cFbs. The mTORCL1 signaling was upregulated in proliferating myofibroblasts

of infarcted heart in response to MI, which was attenuated in infarcted CijpZ KO hearts
compared to WT hearts. Our study identified a novel function of Cilpl in promoting
myofibroblast proliferation under pathological conditions that may underly the mechanism
by which Cilpl promotes post-MI remodeling and suggested it may be a potential biomarker
for adverse cardiac remodeling and therapeutic target in pathological cardiac remodeling and
fibrosis.

METHODS

Data Availability.

A description of all materials and detailed methods is provided in the Supplemental
Materials and are available from the corresponding author upon request.

Statistical method.

Data are presented as Mean £ SEM. n numbers are biological replicates. At least 3
independent experiments and 2~3 samples/experiment/group were performed for each assay.
Shapiro-Wilk test was used to test normality. 0.05 threshold was assumed. A parametric
t-test was made when the dataset met the normality test. For dataset that did not meet
normality test, non-parametric Mann-Whitney test was used. Changes were considered to be
significant when p<0.05. Statistical analysis was performed with Graphpad Prism.
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RESULTS

Cilp1 is differentially expressed in the MI-heart compared to the sham-heart and absent in
CCly-induced liver fibrosis.

In search for molecular mechanisms underlying the irreversible cardiac fibrosis, we
performed a large-scale quantitative proteomics of infarcted mouse hearts, fibrotic livers-
induced by CCl, 22, and bleomycin-treated lungs 25, along with respective sham and
vehicle-treated control tissues (Figure 1). Unlike injury induced myocardial fibrosis that is
irreversible, chemical induced fibrosis of the liver and lung is reversible/partially reversible
once the inciting chemicals are removed. About 4600 quantifiable proteins were identified
in each sample. There were approximately 800 differentially expressed proteins in the
infarcted heart (>=2-fold change) compared to the sham-heart with Cilp1 being the most
differentially expressed one (Figure 1A). Gene ontology (GO) analysis (DAVID, NIH)
suggested that proteins involved in ECM biology were among the top ones (Figure 1B).

We have identified 210 ECM proteins (~25% of total differentially expressed proteins)
including proteins involved in collagen biosynthesis such as Coll, Col3, Col5, and P3H1.
ECM proteins uniquely found in the heart include lysyl oxidases (Lox) and Lox-like proteins
(LoxI1, LoxI2, LoxI3) (Figure 1C). Lox and Lox-like proteins are enzymes responsible for
crosslinking collagens. Interestingly LoxI2 and LoxI3 were upregulated only in the infarcted
heart and had low expression levels or no change in the CCly-induced fibrotic liver (Figure
1C). CCly-induced liver fibrosis is reversible once CCly is removed. Galectin3, an emerging
marker for chronic heart failure 27, and growth factors Tgfp1 and Bmp1, are also among the
differentially expressed proteins in our dataset. These results demonstrated the superiority of
our protocol; it identifies not only the abundant ECM structural proteins such as collagens
but also growth factors that have low-expression levels. In addition to Cilpl, differentially
expressed proteins in the heart tissue also included Ltbp2, Thbs2, and Aspn, which are
involved in the Tgfp signaling.

Cilp1is upregulated in response to heart injuries and expressed in the cardiac fibroblast.

We further investigated the expression of Cilpl in diseased mouse and human hearts. Cilpl
was upregulated in both remote area (RA) and infarct area (I1A) at post-MI day 3 and

7 (Figure 2A). Interestingly, Cilp1 was transiently downregulated in the IA at post-MI
dayl even though its expression was upregulated in the RA. Cilp1 was also upregulated

in mouse hearts subjected to TAC (Figure 2B), which induces cardiac hypertrophy and
interstitial fibrosis 28. BAPN (B-aminopropionitrile) is lysyl oxidase inhibitor that has been
shown to reduce myocardial fibrosis in various animal models of heart disease 2931,
TAC-induced upregulation of Cilp1 can be reduced in the presence of BAPN (Figure

2B). To identify the cellular source of upregulated Cilp1l in the heart, we examined the
expression pattern of Cilpl in three publicly available single cell RNA-seq (SCRNA-seq)
datasets using a t-distributed stochastic neighbor embedding (t-SNE) method 32: 1) Tabula
Muris containing single-cell transcriptomic data of 20 mouse organs 33; 2) E-MTAB-6173
containing single-cell transcriptional profiles of mouse non-cardiomyocytes 34; and 3)
GSE97117 containing sScRNA-seq data of hearts from a P/#?9¢’* and a WT control mouse
35, pIn?9C"* mouse has a cardiac fibrosis phenotype due to R9C mutation in phospholamban
36, Cilp1 was expressed predominantly in cardiac fibroblasts (Online Figure IA and IB)
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and was upregulated in fibroblasts of P/7*9¢/* heart (Online Figure 1C). We fractionated
cardiomyocytes and non-cardiomyocytes from sham and TAC hearts. Cilpl expression was
also observed predominantly in non-cardiomyocyte fraction and further upregulated after
TAC (Figure 2C). Cilpl was also expressed in neonatal rat ventricular cardiac fibroblast
(NRV cFbs) and adult cFbs and was upregulated in response to Tgfpl (Figure 2D). A recent
report with single cell RNA-seq of Angll-induced fibrotic hearts also indicated that Cilp1l is
expressed in cardiac fibroblasts 24,

Cilpl was shown previously to be upregulated in post-mortem human infarct tissues and

in aortic valve stenosis patients 19. Consistently, we also observed upregulation of Cilp1

in hypertrophic cardiomyopathy (HCM) patients’ hearts (Figure 2E). Because of Cilpl is a
secreted protein, we tested if it can be detected in the circulation of heart failure patients
and therefore may be used as a potential biomarker. We performed ELISA analysis of
CILP1 in sera of normal (ctl) and dilated cardiomyopathy (DCM) patients with unknown
etiology (Online Table I). CILP1 was significantly upregulated in the blood of DCM patients
compared to that of controls (Figure 2F). As Cilpl was downregulated in diseased mouse
hearts treated with anti-fibrosis agent (Figure 2B), we tested if this could be the case in
human. Downregulation of CILP1 was indeed observed in human hearts after use of left
ventricular assisted device (LVAD) compared to those before LVAD (Online Figure I1).

Cilpl-deletion attenuates pathological cardiac remodeling.

Cilp1 KO mice were viable and fertile with no overt phenotypes at baseline. We subjected
KO and WT littermates to the Ml surgery. Loss of Cilp1 resulted in a better cardiac function
with significantly greater percent of fractional shortening (FS%) (Figure 3A) and smaller
LVESD (Figure 3B) compared to WT hearts. Although LVEDD in KO hearts was also
reduced, it was not significant (Figure 3C). Inactivation of Cilp1 also resulted in a reduced
infarct size upon Ml (Figure 3D-E). Cilp1 KO mice also had reduced HW/BW compared

to WT mice (Online Figure I11). We also subjected CijpZ KO and WT littermate to TAC
surgery. Cilp1 KO mice showed attenuated hypertrophic remodeling with better cardiac
function (Figure 3F-H), reduced HW/BW ratio (Figure 3I) and cardiomyocyte areas (Figure
3J), and expression of hypertrophic (Figure 3K) and fibrotic maker Periostin (Postn) (Figure
3L). Cilp1 KO hearts also had less post-TAC fibrosis (Figure 3M).

Cilp1 promotes post-Ml inflammation and myofibroblast proliferation.

We next focused on the cellular phenotypes of Ml injury. Post-MI cardiac remodeling
consists of three overlapping stages, early inflammation (post-MI day1 to day 3 in mice),
fibroblast proliferation and differentiation to myofibroblasts (day 3-7), and maturation of
fibrotic scars (>day 7) 37 38. Inflammatory cells such as neutrophils marked by Ly6G and
macrophages marked by CD68 were low/absent at baseline in both WT and CilpZ KO
hearts (Online Figure IVA-B), they were upregulated in WT infarcted hearts at post-Ml
day 3 compared to day 1 and significantly attenuated in Ci/pZ KO hearts (Figure 4-B).
Similarly, few aSMA+ myofibroblasts were observed at baseline in both WT and Cilpz
KO hearts (Online Figure 4C), they were upregulated at post-MI day 7 compared to day
3 in WT infarcted hearts whereas this upregulation was significantly reduced in Cilp1
KO hearts (Figure 4C). Interestingly, microvasculature stained with endothelial cell marker
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CD31 was downregulated in post-MI day 7 compared to day 3 in WT hearts whereas
remained similar between post-MI day 3 and 7 in CijpZ KO hearts (Figure 4D), suggesting
deletion of Cilp1 resulted in a better survival of microvasculature. No difference of the
vimentin* mesenchymal cells or CD31* endothelial cells were observed between WT and
Cilp1 KO hearts at baseline (Online Figure IVD-E), suggesting the different amounts of
myofibroblast and microvasculature in the infarcted WT and CilpZ KO heart were the result
of injury-induced remodeling.

We performed gene profiling of sham and post-MI day 3 WT and Cilpl KO hearts using
RNA-seq assays (Figure 5A). Gene ontology analysis of >2-fold differentially expressed
genes between CilpZ KO IA and WT IA indicated that cell proliferation and inflammation
were among the top downregulated molecular processes in the KO hearts (Figure 5B). We
confirmed the downregulation of several top differentially expressed inflammatory cytokines
and cell cycle genes in infarcted KO hearts over infarcted WT hearts by gRT-PCR with
independent tissue samples (Figure 5C-D). To test if downregulation of aSMA* cells in the
infarcted KO hearts was due to cell proliferation, WT and KO hearts were pulse-labeled
with BrdU at post-MI day 3 and 7 for 4 hrs before being fixed for histological analysis.
Heart sections were co-stained with antibodies against BrdU and aSMA (Figure 5E).
BrdU-labeled aSMA™ cells in the KO IA were significantly downregulated compared to
WT hearts at post-MI day 3 and were similar to WT hearts at post-MI day 7 (Figure 5F).
Consequently, aSMA® cells in infarcted KO hearts at post-MI day 7 were significantly

less than WT hearts (Figure 5G). As aSMA also stains smooth muscle cells (SMCs)
around vasculature, we co-stained infarcted hearts with a SMA and vimentin that stains
noncardiomyocytes including the fibroblast 24. Majority of a SMA™ cells overlapped with
vimentin* cells in the 1A (Online Figure VA). Proliferation of vimentin® fibroblasts of KO
hearts was also downregulated at post-MI day 3 compared to WT hearts as assayed by
BrdU-labeling (Online Figure VB). These results suggested that myofibroblasts in infarcted
Cilpl KO hearts were downregulated compared to WT hearts and likely due to reduced cell
proliferation.

Cilp1 promotes myofibroblast proliferation via the mTORC1 signaling pathway.

Gene Set Enrichment Analysis revealed that the mTORC1 and KRAS signaling pathways
were downregulated in the infarcted Cilpl KO hearts compared to WT hearts (Online
Figure VIA). The mTORC1/S6 signaling pathway is known to regulate protein synthesis,
cell growth, and proliferation in response to growth conditions. The EGFR/KRAS signaling
activates mTORC1 via the MAP Kinase Erk 39. Western blot analysis confirmed that the
mTORC1/S6 signaling was upregulated in the 1A of WT hearts and significantly attenuated
in the KO hearts (Figure 6A). Immunofluorescent images co-stained with pS6 and aSMA
indicated that the majority of the pS6 signals were from the myofibroblast (Figure 6B).

NRV cFbs undergo spontaneous myofibroblast differentiation and express aSMA when
cultured in plastic plates*®: 41, We treated NRV cFbs with condition medium from HEK293
cells transfected with control vector, NCilp1, or signal sequence deleted NCilp1/ASS,

and with recombinant human CILP1 protein and investigated their effect on downstream
signaling pathways, global protein synthesis, and cell proliferation. CILP1 activated
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the mTORC1, MAPK, and Akt signaling (Figure 6C). NCilpl-conditioned medium or
recombinant CILP1 protein increased global protein synthesis in NRV cFbs compared

to control or NCilp1/ASS-condition medium treated cells as assayed by puromycin
incorporation assays 42 (Figure 6D). NRV cFbs treated with NCilp1-conditioned medium or
CILP1 also showed significantly increased proliferation as assayed by BrdU-pulse labeling
experiments (Figure 6E) and CCK8 kits (Online Figure VIB). CILP1-stimulated cell
proliferation was inhibited significantly by mTOR inhibitor rapamycin and to a lesser extent
by MAPK inhibitor PD98059 (Figure 6E), indicating that Cilp1 promoted myofibroblast
proliferation mainly via the mTOR signaling pathway and perhaps partially via the MAPK
pathway. We also knocked down (KD) Cilpl in NRV cFbs using Cilpl specific sSiRNA.
Cilpl KD resulted in downregulation of expression of cell cycle genes such as Aurka/b,
Ccna2 and Mcm3 and aSMA (Figure 6F) and reduced cell proliferation (Figure 6G).
Recombinant CILP1 also promoted proliferation of adult cFbs (Figure 6H). CijpZ KD in
adult cFbs resulted in downregulation of expression of cell cycle genes (Figure 61).

Cilpl regulates collagen remodeling.

We tested the effect of CijpI-deletion on the collagen remodeling in the infarcted heart.
Deletion of Cilp1 resulted in an attenuated expression of collagens (Col1A1, Col3A1, and
Col5A1) and fibrosis-related genes such as FN, Postn, and aSMA in the 1A at post-Ml

day 7 compared to WT hearts (Figure 7A). Interestingly, behaving differently from the 1A,
the expression of Col3A1 and Postn in the sham CilpZ KO hearts were higher than those

of WT hearts. Biaxial mechanical behavior of left ventricle showed that CijpZ KO hearts

at baseline had a stiffer mechanical curve in the longitudinal direction than WT hearts
although it’s not statistically significant (Figure 7B, KO sham vs WT sham), consistent with
higher Col3A1 expression in the KO hearts. While MI-injury led to a significant increase

in circumferential stiffening in WT hearts, it had little effect on the KO hearts (Figure

7B WT Ml vs KO MI). This could be explained by significantly increased amounts of
fibroblasts, thus increased production of collagen in infarcted WT hearts compared to KO
hearts. We also stained collagens of infarcted WT and KO hearts with picrosirius red (PSR)
to assess the organization of the collagen fibers. WT hearts had dense green/yellowish color
in birefringent image, a characteristic of thicker, more mature collagen fiber (Figure 7C). In
contrast, CrlpI KO hearts showed a mostly green birefringence pattern of immature collagen
that had greater space between them (Figure 7C). CilpZ KO mice have no overt cardiac
phenotype at baseline. That being said, the difference of Col3A1 and Postn expression
between KO and WT heart at baseline suggested that it is possible that Cilp1 inactivation
may result in alteration in some of ECM gene expression and/or cellular composition of the
hear ECM at baseline.

Overexpression of NCilpl in myofibroblasts promotes adverse post-MI cardiac remodeling.

To test whether overexpression of Cilpl in myofibroblasts can promote cell proliferation and
adverse post-MI remodeling in vivo, we generated transgenic mice that express C-terminal
GFP tagged NCilp1 in myofibroblasts driven by the Periostin(Postn) promoter plus 304bp
enhancer 43 44 (Figure 8A). It has been shown that existing resident fibroblast population
contributes to the majority of collagen-producing myofibroblasts that are uniquely labeled
by Periostin whereas other cell types such as endothelial cells, pericytes, and immune
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cells contribute little 3 45, We established two transgenic lines with Cilp1 expression level
comparable to the endogenous protein in the infarcted heart (Figure 8A, lower panel). No
NCilp1-GFP cells were observed in Tg hearts at baseline/sham hearts whereas expression of
NCilp1l-GFP in myofibroblasts was confirmed by GFP co-stained with vimentin and aSMA
in infarcted hearts after injury (Online Figure VIIA-B). No GFP staining was observe in
CD31" cells (Online Figure VIIC). Overexpression of NCilpl in myofibroblasts resulted in
exacerbated adverse post-MI remodeling with reduced cardiac function (Figure 8B). LVESD
was significantly increased in Tg mouse hearts compared to WT hearts (Figure 8C, left
panel). Although LVEDD of Tg hearts were increased, they were not statistically significant
(Figure 8C, right panel). NCilp1-Tg mice also had increased HW/BW (Figure 8D), lung
weight (LW)/BW (Figure 8E), and infarct size (Figure 8F-G) compared to WT littermates.
We noticed that WT littermates from Cilp1-Tg mouse cohort had different post-MI response
from WT littermates from Cilpl KO mouse cohort, they had smaller FS at post-MI day?7,
which is likely due to the strain difference 46 47, Consistent with worsened post-MI
remodeling, ECM fibrosis-related genes were also upregulated in infarcted Tg hearts over
WT hearts (Figure 8H-J). Overexpression of Cilpl in myofibroblasts resulted in significantly
increased number of aSMA* myofibroblasts in the IA of post-MI day 7 Tg-hearts compared
to WT littermates (Figure 8K). BrdU proliferation assays indicated increased myofibroblast
proliferation in NCilp1-Tg hearts at post-MI day 3 (Figure 8L) and increased vimentin* cells
at post-MI day 7 compared to WT hearts (Figure 8M). Western blot analysis indicated that
infarcted Tg hearts had increased pS6 and reduced pSmad3 compared to WT hearts (Figure
8N). Comparing changes in Akt and MAPK signaling in infarcted Cilpl KO hearts over WT
littermates (Figure 6A), changes in pAkt and pErk in infarcted Tg hearts over WT controls
(Figure 8N) were much smaller, suggesting that CilpZl in cell types other than the fibroblast
may contribute to post-MI Akt and MAPK signaling.

DISCUSSION

In this study we investigated the role of Cilpl in pathological cardiac remodeling and
myocardial fibrosis. Prior studies indicated that Cilp1 was upregulated in diseased human
heart tissues and in pathological remodeling mouse hearts 19 20. 23 However, whether
Cilp1 can be used as a biomarker and its role in pathological cardiac remodeling remain
elusive. Cilpl was shown upregulated in heart tissues but paradoxically downregulated in
the serum of heart failure patients 23, We and others showed that Cilp1 was expressed
predominantly in cardiac fibroblasts. Nonetheless, Li and co-workers suggested that Cilpl
was expressed in cardiomyocytes and observed that Cilp1 knockdown in cardiomyocytes
enhanced pathological cardiac remodeling after TAC injury, suggesting that Cilpl may play
a protective role against adverse cardiac remodeling and fibrosis 20.

Our studies indicated that Cilp1 promoted pathological cardiac remodeling in response to
TAC and Ml injury. Cilpl was upregulated in TAC- and Ml-injured hearts (Figures 1 &

2). The upregulation of Cilpl in the remodeling heart can be attenuated by inhibitors of
cardiac fibrosis (Figure 2B). Contrary to a prior study showing Cilpl was downregulated in
blood of heart failure patients 23, our studies revealed that Cilp1 was upregulated (Figure
2F). The inconsistence between the two studies may be due to the anti-Cilpl antibodies
that were derived against different parts of the protein. Cilp1 is cleaved at amino acid 721
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upon secretion. There are likely three forms of the protein in the circulation: full-length
protein and cleaved N- and C-terminal fragments. The anti-Cilp1 antibody used in our study
is derived against N-terminal part of the protein (NCilp1) and thus is able to capture both
NCilpl and full-length Cilp1. On the other hand, the antibody used in Park et al.’s study
(Biomatik CAU24346) is derived against middle part of Cilp1 (amino acid 603-846). Only
full-length Cilp1 was captured 23, Although the relative amount of full-length Cilp1 and

its cleaved fragments in the circulation remains to be determined, the full-length protein

is likely to be lower than that of cleaved fragments. As our study indicated that the
pathological activity of Cilp1 is within its N-terminal part and NCilp1 was upregulated

in both the diseased heart and blood, we conclude that NCilpl may be a better biomarker/
theranostic marker for pathological remodeling and myocardial fibrosis. The discrepancy
between the two studies may also be due to the sample size. The cohort in our study
contained 37 normal healthy controls and 57 DCM patients whereas the one in Park et al ‘s
study had 23 normal healthy controls and 22 heart failure patients.

Our loss-functional studies of Cilpl with CiljpZ KO mice indicate that C//jpI-deletion
resulted in attenuated post-MI cardiac remodeling with better cardiac function and

reduced fibrosis compared to WT littermates (Figure 3). CilpZ KO hearts had reduced
number of immune cells and inflammatory gene expression, reduced myofibroblasts, and
enhanced microvasculature survival compared to WT controls (Figure 4). Conversely,
overexpression of Cilpl in myofibroblasts resulted in exacerbated post-MI remodeling with
decreased cardiac function and increased infarct size (Figure 8). These results thus provide
strong support for a pathological role of Cilpl in driving adverse post-MI remodeling

and myocardial fibrosis. Consistent with its role in promoting adverse post-MlI cardiac
remodeling, we showed that Cilp1 played a similar role in promoting TAC-induced
hypertrophic remodeling (Figure 3). Our results contradict to that of a prior report showing
Cilp1 inhibiting post-TAC hypertrophic remodeling 20. The conclusion from Zhang et al’s
study 20 was based on the post-TAC cardiac phenotypes of knockdown and overexpressing
Cilp1 in cardiomyocytes without considering the contribution of fibroblast Cilpl, thus
casting doubts on the relevance of the conclusion.

Mechanistically, Cilpl may promote adverse cardiac remodeling and myocardial fibrosis
by promoting myofibroblast proliferation via the mTOR pathway. This is supported by

the following evidences: 1) deletion of CilpZ in mice resulted in an attenuated post-Ml
remodeling and decreased myofibroblast proliferation (Figures 3A-E, 4C, & 5E ); whereas
2) overexpression of Cilpl in myofibroblasts promoted cell proliferation and worsened
adverse cardiac remodeling (Figure 8); 3) secreted NCilp1 protein in conditioned medium
or recombinant CILP1 protein activated the mTORCL signaling pathway and promoted
myofibroblast proliferation (Figure 6C-E); 4) the mTORCL signaling was upregulated in
the myofibroblast of WT 1A and attenuated in CilpZ KO IA (Figure 6A-B); 5) inhibition
of mTOR abolished Cilpl-promoted myofibroblast proliferation (Figure 6E); and 5) Cilpl
KD in myofibroblasts downregulated cell cycle gene expression (Figure 6F & 61) and cell
proliferation (Figure 6G). The MAPK pathway may be involved in Cilpl-regulated cell
proliferation as well since it can be activated by Cilpl and inhibition of ERK by PD98059
downregulated Cilp1-promoted myofibroblast proliferation even though the downregulation
was only partial (Figure 6E).
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There are several shortcomings for using immunofluorescence staining to study
myofibroblast proliferation in vivo. First, there is no unique marker for labeling
myofibroblasts; aSMA also stains smooth muscle cells around vasculature and vimentin
stains endothelial cells as well. Second, myofibroblast morphology can range from circular
(like vessels) to long spindles depending on their spatial locations. Immunofluorescence
staining cannot determine the cell type based on their morphology. Despite these caveats,
the following arguments support our conclusion that Cipl1 promotes myofibroblast
proliferation. First, microvasculature stained by CD31 were similar between post-MI day

3 and day 7 in KO hearts (Figure 4D), therefore the downregulation of aSSMA™ cells in
infarcted KO hearts compared to WT hearts cannot come from smooth muscle cells around
vessels. The difference of myofibroblast proliferation between WT and KO hearts based on
aSMA staining could be underestimated in our analysis. Second, experiments using both
markers (aSMA and vimentin) yielded similar conclusion. Most importantly, recombinant
protein or Cilp1-conditioned medium can promote proliferation of NRV and adult cFbs in
vitro. Other things that are worth mentioning and require further investigations, including
1) Cilp1 may have pro-proliferative function for other heart cell types as well since it is a
secreted protein; 2) Cilpl from other heart cell types or organs may contribute to post-Ml
cardiac remodeling since it is in the circulating blood and our studies are based on global
Cilpi-deletion; 3) the mechanism by which Cipl promotes activation of the mTOR signaling
remains to be determined and may involve a receptor mediated signaling pathway.

Cilpl is known to inhibit Tgfp-induced myofibroblast differentiation and collagen
production 181921 Consistently, we observed upregulation of Col3A1 and Postn in Cilp1
KO hearts under baseline physiological condition (Figure 7A). We also noticed that although
aSMA was downregulated in CijpZ KD cFbs compared to control KD cells (Figure 6F

& 61), it was similar in post-MI day 3 between CijpZ KO and WT hearts (Fig. 4C).

The apparent discrepancy between in vitro and in vivo may be explained by the fact that
loss of Cilp1in vivo may result in upregulation of Tgfp signaling (Figure 6A) which

can promote aSMA expression in a feed-back loop mechanism. The consequence of the
anti-Tgfp activity of Cilpl on collagen expression is opposite from its action on promoting
myofibroblast proliferation, suggesting that the anti-Tgfp and pro-proliferation activities of
Cilpl may be context dependent. Activation of Tgf/Smad3 in activated fibroblasts has

been shown to downregulate matrix metalloproteinase (MMP)-mediated matrix degradation
and protect mice against TAC-induced heart remodeling °. Cilp1 may promote pathological
cardiac remodeling via MMP-associated function of Tgfb in myofibroblast rather than

the pro-fibrotic function of Tgfb. Future studies using mouse model where Cilp1 can be
conditionally deleted specifically in cardiac fibroblast and at various post-MI time points are
needed to test this hypothesis.

We attempted to use recombinant CILP1 protein to rescue downregulated cell cycle gene
expression in Cilpl KD cFbs and observed no rescue. We found that Cilp1 may interact with
nuclear protein NEDD1 and CDC20 (URL.: https://thebiogrid.org/114057/summary/homo-
sapiens/cilp.html), suggesting that Cilp1 may have fibroblast cell autonomous function that
is different from its role as a paracrine factor. Studies using mouse with Cilp1-deleted
specifically in cardiac fibroblasts is warranted in the future to test this hypothesis.
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In summary, we have identified a novel function of Cilpl in promoting pathological cardiac
remodeling upon injury. Our studies suggest that Cilpl may serve as a potential biomarker
for adverse remodeling and promote myofibroblast proliferation and myocardial fibrosis
during the pathological remodeling. Matricellular proteins are clinically attractive targets
owing to their accessibility to systemically delivered therapeutic reagents. Our mechanistic
studies established Cilpl as a target for pathological cardiac remodeling and myocardial
fibrosis and inhibition of the cellular function of Cilp1l may provide a therapeutic strategy in
blocking progression of heart failure.
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Nonstandard Abbreviations and Acronyms:

aSMA smooth muscle alpha-actin

BAPN B-aminopropionitrile

Cilp1 Cartilage intermediate layer protein 1
DCM Dilated cardiomyopathy

ECM Extracellular matrix

HCM Hypertrophic cardiomyopathy

1A Infarct area

KO Knock out

Ml Myocardial infarction

NPP Nucleotide pyrophosphatase phosphodiesterase
RA Remote area

Tg Transgenic

TSR Thrombospondin type 1 repeat domain
TAC Trans aortic constriction

WT Wild type
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Cartilage intermediate layer protein 1 (Cilpl) is a matricellular protein,
originally found secreted predominantly from chondrocytes in articular
cartilage, that is implicated in common musculoskeletal disorders.

. Expression of Cilpl is elevated in diseased human heart and in mouse hearts
undergoing pathological cardiac remodeling induced by myocardial infarction
(M), transverse aortic constriction and angiotensin Il treatment.

. Cilp1 binds transforming growth factor-p (TGF-B) and inhibits TGF-f-
induced expression of collagens and a-Smooth Muscle Actin (aSMA) in
vitro.

What New Information Does This Article Provide?

. Cilp1 was expressed predominantly in cardiac fibroblasts and upregulated in
the blood of human heart failure patients.

. Deletion of Cilp1 in mice attenuated adverse cardiac remodeling whereas
overexpression of N-terminal half of the Cilp1 protein (NCilpl) in cardiac
fibroblasts resulted in exacerbated post-MI remodeling.

. The mTORC1 signaling pathway was upregulated in proliferating
myofibroblasts of infarcted hearts in response to MI, which was attenuated
in infarcted CilpZ KO- compared to WT hearts.

. Recombinant CILP1 protein or conditional medium containing secreted
NCilpl promoted proliferation of cardiac fibroblasts /n vitro via the mMTORC1
signaling pathway.

Prior studies indicated that Cilp1 was upregulated in diseased human and mouse
hearts. However, whether Cilp1 can be used as a biomarker, and whether it plays

a role in pathological cardiac remodeling, remains elusive. Cilpl binds transforming
growth factor-p (TGF-p) and inhibits its biological function. Upregulation of Cilpl in
response to cardiac injury was thought to protect mice against stress-induced pathological
remodeling and myocardial fibrosis due to the pro-fibrotic function of TGF-B. Based
on gain- and loss-functional studies with Cilp1, we demonstrated that Cilp1 promoted
post-MlI cardiac remodeling and myocardial fibrosis. Mechanistically, we identified a
novel function of Cilpl, which promotes post-MI myofibroblast proliferation via the
mTORC1 signaling pathway. Our studies also showed that Cilp1 is upregulated in the
blood of patients with dilated cardiomyopathy and may serve as a potential biomarker
for adverse remodeling and heart failure. Matricellular proteins are clinically attractive
targets owing to their accessibility to systemically delivered therapeutic reagents. Our
mechanistic studies established Cilpl as a target for pathological cardiac remodeling
and myocardial fibrosis, and inhibition of the cellular function of Cilpl may provide a
therapeutic strategy to block progression of heart failure.
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Figure 1. Comparative proteomics of mouse heart, liver and lung revealed that Cilpl is

upregulated in post-MI heart.

C57BL/6J mice were subjected to MI or CCly-treatment for 7 days, or Bleomycin for 14
days. Myocardial and liver fibrosis were confirmed by Trichrome blue staining. No lung
fibrosis and only inflammation was observed under our current treatment protocol. Six tissue
samples pooled from three individual mice were labeled with TMTsixplex and subjected to
LC-MS/MS spectrometry. (A) Heat map showing fold change of MI or drug-treated tissue
over sham or vehicle-treated tissue. (B) GO analysis of proteins with >=2-fold changes

in the infarcted hearts. (C) Relative protein levels measured as S/N (signal/noise ratio) by
mass-spectrometry of representative genes from tissues of sham/vehicle and Ml/drug-treated

animals.

Circ Res. Author manuscript; available in PMC 2022 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhang et al. Page 19
(6 L
A 300- " B 12- . 100 .
< 200 - < 101 ° < 80+ *
Z
& 100 A * Z 4 °
c L 14 8- € 60
3 40 % = =
o . ~ o
O 204 _* 2 4 & 40+
2 | ——, G 6 o *
T 4. 2 4 f 5 201
12 5 ° |
24! F§1 g L X 47 |
e 2 ﬁ
E < < < < 154
o é é S T ST CM nonCM CM nonCM
2 a‘” days ~ day? Veh BAPN sh TAC
post-MI e am
D E F 20 p<0.0001
4.0 161 ] .
5 Ect Py =] ct HCM = 18
% 2@ Tgfp1 2 DJng1 kDa % 13-
X 301 » = £12 * CILP1 S 55y ot s 40 130 S -
= 2.5 ot <§(1o - = ]
5 2.0- 2 8 * ANF _———16 3 12'
£ 151 © 6 E 6:
T 1.0- Tl =4 GAPDH # e o s #8888, 36 &
4 [} y
[h'd 0.5- ‘ ’ @ 2 ° 2] = |
| | B ot :
cFbs: NRV adult NRV adult ctt DCM

Figure 2. Cilpl is upregulated in pathological remodeling hearts and serum of heart failure
patients.

(A) Relative Cilpl mRNA in sham and post-MI mouse hearts. (B) Relative Cilpl mRNA

in sham (S) and TAC (T) mouse hearts treated with vehicle (veh) and BAPN. (C) Relative
Cilpl mRNA in cardiomyocyte (CM) and non-cardiomyocyte (nonCM) of mouse hearts
after 3 weeks of Sham and TAC surgery. (D) Relative Cilpl and a SMA mRNA in NRV

and adult cFbs stimulated without or with Tgfp1. (E) Western blot of CILP1 and ANF
proteins in normal control and hypertrophic cardiomyopathy (HCM) patient hearts. GAPDH
was used as loading control. (F) Serum CILP1 levels in normal (ctl, n=37) vs DCM (n=51)
human patients. Error bars are SEM. (A-D). * p<0.05 by student t test. F, p<0.0001 by
Mann-Whitney test.
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Figure 3. Cilpl-inactivation protects mice against pathological cardiac remodeling.
(A-E) Cilp1 KO and WT mice were subjected to MI. (A) fractional shortening (FS%), (B)

LVESD, and (C) LVEDD of mice at Sham and post-MI day 3, 7, & 14 (n=5-10). (D)
Representative images of Masson’s Trichrome-stained transverse cross sections of post-Ml
day 14 hearts at the levels indicated. (E) Infarct size was quantified from sections shown in
D and normalized to cross-section area. (F-M) CilpZ KO and WT littermates were subjected
to Sham (S) or TAC (T) surgery. Hearts were harvested 6 weeks later. (F) FS%, (G) LVESD,
(H) LVEDD, (I) HW/BW, (J) cardiomyocyte (CM) area, (K-M) relative mRNA of fetal
genes (K) and Periostin (Postn) (L) of sham and TAC WT and CijpZ KO mouse hearts. (M)
Fibrotic area (%) of WT and Cilp1 KO hearts after 6 weeks of sham and TAC. Error bars are
SEM, * p<0.05 by student t test.
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Figure 4. Cilpl-deletion results in reduced immune cells and myofibroblasts and enhanced

microvascular survival.

(A-D, left panels) Representative micrograph of immunofluorescence staining of (A) Ly6G
and (B) CD68 at post-MI day 3, (C) aSMA and (D) CD31 at post-MI day 7 of WT

and CilpI KO hearts. aSMA stains smooth muscle cells around vessels (arrow heads)

and myofibroblasts (arrow) (C). Quantifications of relative staining of Ly6G and CD68 at
post-MI day 1 and day 3, aSMA and CD31 at post-MI day 3 and day 7 are shown next to
the graph. au, arbitrary unit. Error bars are SEM. * p<0.05 by student t test.
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Figure 5. Cilp1 promotes post-MI inflammation and myofibroblast proliferation.
(A) Heat map of differentially expressed genes between infarcted WT and CijpZ KO

hearts at post-MI day 3. (B) GO terms of molecular processes and signaling pathways

of differentially expressed genes. (C) Relative fold change of cytokines and (D) cell cycle
genes in infarcted WT and CilpZ KO hearts. *, KO 1A vs WT 1A, p<0.05 by student t test.
(E-G) WT and Cilp1 KO mice were pulse-labeled with BrdU (ip, 60mg/kg) for 4 hours at
post-MI day 3 and day 7. Representative immunofluorescence (IF) images co-stained with
antibodies against BrdU and aSMA of heart sections in the 1A. Magnified inserts were
shown on the right. Myofibroblasts stained with aSSMA and BrdU are indicated by arrows
and non-BrdU-labeled myofibroblasts is indicated by an arrowhead. Quantification of % of
BrdU labeled aSMA* cells (F) and a SMA IF staining normalized to infarct area (G) at
post-MI day 3 and day 7. Error bars are SEM. * p<0.05 by student t test.
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Figure 6. Cilp1 promotes myofibroblast proliferation.
(A) Representative western blot of indicted proteins from sham and IA of WT and Cilp1

KO hearts at post-MI day 3. Quantifications were shown on the right panel (n=4). (B)
Representative immunofluorescent micrographs of WT and CiljpZ KO heart in the 1A at
post-MI day 3 co-stained with pS6 and aSMA.. (C-E) NRV cFbs were cultured in the
presence of recombinant CILP1 protein, or with condition medium from control vector,
NCilpl, and NCilp1/ASS transfected cells, and treated with or without mTOR inhibitor
rapamycin or MAPK inhibitor PD98059. (C) Western blot of cell lysates with antibodies
against markers of the mTORC1 pathway (pS6), Akt pathway (pAkt), MAPK pathway
(pErk), and respective loading controls. (D) NRV cFbs under indicated culture conditions
were pulsed labeled with puromycin (1nM) for 15 min. Cell lysates were western blotted
with antibody against puromycin (left panel) and quantified with densitometry (right panel).
(E) NRV cFbs under indicated culture conditions were pulse-labeled with BrdU (10 uM)
for 30min. Representative immunofluorescent images of cells co-stained with BrdU (red)
and DAPI (blue). Quantification of % BrdU labeled cells are shown on the right panel.
BrdU*-cells are normalized to the total DAPI-stained nucleus in the field. (F-G) Relative
fold change of MRNA (F) and % BrdU labeled nuclei (G) of NRV cFbs transfected with
control or Cilpl siRNA. Longer BrdU labeling time (50 min) were used in (G). (H) %
BrdU-labeled cells in adult cFbs treated with vehicle or recombinant CILP1 protein. (1)
Relative mRNA of adult cFbs transfected with control or Cilpl siRNA. Error bars are SEM.
(A, E, F-1) * p< 0.05 by student t test. D, Mann-Whitney test. ns: not significant.
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Figure 7. Cilpl regulates collagen remodeling.
(A) Relative fold change of collagen genes and fibrosis-related genes in sham and post-MI

day 7 WT and Ci/pI KO hearts. (B) Biaxial mechanical testing of sham and post-MI day
7WT and Cilp1 KO hearts (n=4-6). (C) Representative PSR staining (left panel) and
birefringent image (middle and right panels) of WT and Ci/jpZ KO heart at post-MI day 7.
*# p<0.05 by student t test.
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Figure 8. Overexpression of Cilpl in myofibroblasts exacerbates post-MI cardiac remodeling and

myofibroblast proliferation.

(A) Schematic of NCilpl transgene (upper panel) and western blot of endogenous Cilpl
and NCilp1-GFP in infarcted WT and Tg hearts. (B-C) fractional shortening (FS %) (B),
LVESD and LVEDD (C) of post-MI WT and Tg mouse hearts. (D-E) HW/BW and LW/BW
of infarcted WT and Tg hearts at post-MI day 7. (F) Representative Trichrome-stained
histological section of infarcted WT and Tg hearts at post-MI day 7. (G) Quantification

of infarct size from heart sections in (F). (H-J) Relative mRNA from IA and RA of WT

and Tg hearts at post-MI day 7. (K) Representative aSMA-stained immunofluorescence
micrograph of WT and Tg hearts at post-MI day 7 in the IA. Immunofluorescence were
quantified and normalized to the IA (right panel). WT and Tg mice were pulse-labeled with
BrdU (ip, 60 mg/kg) for 4 hrs at post-MI day 3 and 7. Heart sections were co-stained with
antibodies against BrdU and vimentin. % BrdU labeled vimentin* cells (L) and vimentin
immunofluorescence normalized to the 1A (M) were quantified. Error bars are SEM, *, p<
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0.05. (K) Representative western blot of indicated proteins from sham and 1A of WT and

Tg hearts at post-MI day 3. Quantifications of the band intensity from the western blot were
shown on the right. n=3. Error bars are SEM. (B-D, G, J-L, N) * p<0.05 by student t test. (H,
I, M) * p<0.05 by Mann-Whitney test. ns: not significant.
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