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Abstract

BACKGROUND: The primary cilium is a singular cellular structure that extends from the surface
of many cell types and plays crucial roles in vertebrate development, including that of the heart.
Whereas ciliated cells have been described in developing heart, a role for primary cilia in adult
heart has not been reported. This, coupled with the fact that mutations in genes coding for multiple
ciliary proteins underlie polycystic kidney disease, a disorder with numerous cardiovascular
manifestations, prompted us to identify cells in adult heart harboring a primary cilium and to
determine whether primary cilia play a role in disease-related remodeling.
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METHODS: Histological analysis of cardiac tissues from C57BL/6 mouse embryos, neonatal,
and adult mice was performed to evaluate for primary cilia. Three injury models (apical resection,
ischemia/reperfusion and myocardial infarction) were employed to identify the location and cell
type of ciliated cells using antibodies specific for cilia (acetylated tubulin, y-tubulin, PC1, PC2,
and KIF3A), fibroblasts (vimentin, a-smooth muscle actin, and fibroblast-specific protein-1) and
cardiomyocytes (a-actinin and troponin I). A similar approach was used to assess for primary cilia
in infarcted human myocardial tissue. We studied mice silenced exclusively in myofibroblasts for
PC1 and evaluated the role of PC1 in fibrogenesis in adult rat fibroblasts and myofibroblasts.

RESULTS: We identified primary cilia in mouse, rat, and human heart, specifically and
exclusively in cardiac fibroblasts. Ciliated fibroblasts are enriched in areas of myocardial injury.
Transforming growth factor beta-1 (TGF-B1) signaling and SMAD3 activation were impaired in
fibroblasts depleted of the primary cilium. Extracellular matrix protein levels and contractile
function were also impaired. /n vivo, depletion of PC1 in activated fibroblasts after myocardial
infarction impaired the remodeling response.

CONCLUSIONS: Cardiac fibroblasts in the neonatal and adult heart harbor a primary cilium.
This organelle and its requisite signaling protein, PC1, are required for critical elements of
fibrogenesis, including TGF-B1-SMAD3 activation, production of extracellular matrix proteins,
and cell contractility. Together, these findings point to a pivotal role of this organelle, and PC1, in
disease-related pathological cardiac remodeling, and suggest that some of the cardiovascular
manifestations of autosomal dominant polycystic kidney disease derive directly from myocardium-
autonomous abnormalities.
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INTRODUCTION

The primary cilium is a cellular organelle formed by a protrusion of the plasma membrane
that functions as a signaling platform in eukaryotic cells.! The organelle is found in many
quiescent cells, including neurons, preadipocytes, and kidney tubule cells,2# where it has
been reported to be involved in a variety of cellular functions such as proliferation,
differentiation, and cell cycle regulation.>: ® These functions also include mechanochemical
sensing of diverse stimuli, including growth factors’, leptin®, glucocorticoids®, amino
acids19 and mechanical stress.11 The structure comprises microtubular projections at the
cilia axoneme that are stabilized by acetylation of structural tubulin molecules.

The importance of cilia is highlighted by their role in several diseases known as ciliopathies,
such as Bardet—Biedl syndrome and polycystic kidney disease.12 Within these disorders, the
most relevant genetic mutants occur in PkdZ (coding for polycystin-1, PC1), Pkd2 (coding

for polycystin-2, PC2), Kif3A (coding for kinesin family member 3A) and //t88 (coding for
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intraflagellar transport 88) genes.l: 13 14 These mutations culminate in alterations in cilia
assembly (Kif3A, It88) or function (Pkd1, Pkd2).1> Downregulation of the primary cilium
and PC1 are associated with alterations in extracellular matrix (ECM) proteins3 and in
aortic valve development.16 Furthermore, increased numbers of ciliated cells are seen in
lung tissue from patients with idiopathic pulmonary fibrosis.’

In the heart, the presence of primary cilia and associated function are poorly characterized.
Using electron microscopy in 1969, Rash et a/. first reported the presence of primary cilia in
embryonic and adult heart in several species.18 In analyses of chick heart development, cilia
were observed in differentiating myoblasts, myocytes, fibroblasts and fibrocytes.18
Subsequent studies described cardiac primary cilia in embryonic and adult human heart14. 19
and in aortic endothelial cells.29 However, it remains unclear which cardiac cell types
express cilia and whether this organelle participates in cardiovascular physiology or disease.

METHODS

All supporting data are available within the article. Detailed materials and methods are
described in the Online Data Supplement.

Human Samples

Samples were obtained from Pontificia Universidad Catolica de Chile Biobank (Santiago).
The donors gave written informed consent. The study was approved by the institutional
review board and for the Institutional Ethics Committee of the Pontificia Universidad
Catolica de Chile. Details regarding the patients are provided (Online Data Supplement
Table 1).

Animal studies

Mouse and rat protocols and procedures were approved by the Institutional Animal Care and
Use Committee of the University of Texas Southwestern Medical Center IACUC and the
University of Chile.

Quantitative RT-PCR Assay

Primer sequences used for Quantitative RT-PCR Assay are provided (Online Data
Supplement Table 2). All primers were previously calibrated and used at efficiencies
between 90-110%.

Statistical Analysis

Data are presented as mean = SEM of multiple independent experiments/animals. Data were
analyzed either by the Student unpaired #test to compare means when there were two
experimental groups, by one-way ANOVA followed by Dunnett’s post-hoc test to compare
means among = 3 groups, or by two-way ANOVA to compare means when there were two
or more independent variables. Data were analyzed statistically with GraphPad Prism 7.04
(for Windows). Differences were considered significant at p < 0.05.
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RESULTS

Primary cilia are present in mouse heart

To test for the presence of ciliated cells in neonatal and adult mouse heart, we examined
tissue sections from 1- and 10-week-old male C57BL/6 mice. We identified cilia in both
neonatal and adult mouse hearts (Figures 1A, 1B), as evidenced by staining for acetylated
tubulin, a protein enriched along the primary cilium.2}: 22 Cilia have been implicated in a
wide range of functions during development in mice.# 23 In this regard, we evaluated
whether cilia can be detected at different stages of heart development (E9.5, E10.5, E11.5,
E12.5 and E15.5) (Figure 1C). We identified cilia in hearts at embryonic stages E10.5,
E11.5, E15.5 (Figure 1D, Online Data Supplement Figure SIA-S1B). Furthermore, we
uncovered that these ciliated cells do not correspond to cardiomyocytes, as they did not stain
for the cardiomyocyte-specific protein troponin | (Figures 1C, 1D, Online Data Supplement
Figure SIA-S1B).

To confirm the absence of primary cilia in adult cardiomyocytes, we depleted cells of
KIF3A, a protein required for primary cilium morphogenesis.24 25 We studied heart tissues
isolated from wild-type, Kif32F, and cardiomyocyte-specific KIF3A KO mice (aMhc-
cre;Kif3a"F). Interestingly, these efforts revealed the presence of ciliated cells in Kif3a™*
and aMhc-cre;Kif3a"F mice (Online Data Supplement Figure S1C-S1D). Given that
KIF3A is a protein fundamental to cilia assembly?4 26, our results confirm that ciliated cells
in embryonic heart do not correspond to cardiomyocytes.

Next, we isolated neonatal and adult rat cardiomyocytes. Cultures were co-stained for a-
actinin (cardiomyocyte marker) and acetylated tubulin (primary cilium marker).
Cardiomyocytes stained positive for a-actinin, and yet no cilia were identified (Online Data
Supplement Figures SIE-S1F). Conversely, cilia were readily detected in the pre-adipocyte
cell line 3T3-L1, which served as a positive control (Online Data Supplement Figure S1G).
We next evaluated levels of acetylated tubulin in cardiomyocytes and cardiac fibroblasts
from neonatal and adult rats, observing no significant differences in the protein levels from
these two cell types (data not shown). In aggregate, our results confirm the presence of
primary cilia in mouse and rat hearts and that cells harboring this organelle are not
cardiomyocytes.

Ciliated cells accumulate in heart following injury

After establishing the presence of cells harboring primary cilia in neonatal and adult mouse
hearts, we next assessed whether the abundance of ciliated cells is modified following
myocardial injury. Adult male C57BL/6 mice were subjected to ischemia for 45 min
followed by reperfusion for 4, 7, or 14 days (ischemia/reperfusion, I/R) surgery. Sham
surgery was performed as a control (Figure 2A). We observed significant enrichment of
ciliated cells in the infarcted zone in adult cardiac tissue. Ciliated cells stained positive for
vimentin, suggesting that they are fibroblasts (Figure 2B).

Next, 7 day-old C57BL/6 mice were subjected to apical resection, a model characterized by
development of fibrosis in the injured zone.2” Seven days post-surgery, hearts were collected
and processed to evaluate for cilia (Figure 2C). Interestingly, we found that the abundance of
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ciliated cells increased in the zone of pathological injury. As before, the ciliated cells were
not cardiomyocytes, as they did not stain positive for troponin I (Figure 2C).

To test for the presence of cilia in other cell types, we probed for acetylated tubulin in hearts
of adult male C56BL/6 mice 7 days following myocardial infarction (MI) surgery. We co-
stained cardiac tissue with markers specific for myofibroblasts (a-smooth muscle actin, a-
SMA), macrophages (cluster of differentiation 68, CD68) and endothelial cells (platelet/
endothelial cell adhesion molecule-1, PECAM1 or CD31). These experiments revealed that
the ciliated cells largely co-stain for a-SMA (Figure 2D-2G). To confirm these results, we
tested /n vitro for the presence of cilia in cultures of adult rat ventricular myocytes (ARVM),
neonatal rat ventricular myocytes (NRVM), adult rat cardiac fibroblasts (ARCF), a murine
macrophage cell line (RAW 264.7), human umbilical vein endothelial cells (HUVEC), and
human aortic endothelial cells (HAEC). Interestingly, the characteristic antenna-like shape
of primary cilia was observed exclusively in cardiac fibroblasts (Online Data Supplement
Figure SIE-S1F and Figure S2). Altogether, we identified primary cilia localized
exclusively to fibroblasts and accumulated in areas of myocardial injury.

Thus, our results confirmed the presence of primary cilia in mouse heart. However, their
presence in human cardiac tissue remains unclear. Therefore, we set out to evaluate the
presence of primary cilia in human myocardial tissue obtained from 6 patients at the time of
cardiac transplantation surgery. Masson’s trichrome staining revealed strong collagen
deposition, indicative of myocardial fibrosis and scar tissue (Figure 2H).
Immunofluorescence analysis, positive for vimentin and fibroblast specific protein 1
(FSP-1), pointed to these cells being fibroblasts (Figure 21 and Online Data Supplement
Figure S3A). Thus, our findings revealed — again — that cardiac fibroblasts, in this case
human, harbor primary cilia.

Primary cilia are present in rat cardiac fibroblasts

Given our findings that cardiac fibroblasts in mouse and human heart harbor a primary
cilium, we tested for their presence in rat cardiac fibroblasts. To do this, we prepared
primary cultures of neonatal and adult rat cardiac fibroblasts (NRCF and ARCF,
respectively) and tested for the presence of primary cilia. To accomplish this, we
immunostained for acetylated tubulin, a marker of the ciliary tail?! and -y-tubulin, a marker
of the cilia base.22 Probing for vimentin was used to confirm that the identified cells were
fibroblasts. Under basal conditions, 49.9% (+ 24.4, n=10) of the ARCF harbored a primary
cilium, and this number increased to 72.5% (+ 11.0, n=8, p<0.05) after TGF-B1
(transforming growth factor beta-1) treatment (data not shown). These studies revealed that
both NRCF and ARCF harbor primary cilia (Figures 3A, 3B), consistent with our findings in
myocardial tissue (Figure 2).

To begin to test for a functional role of these organelles, we investigated whether PC1 and
PC2 proteins, implicated in cilia-dependent signaling events, are localized to the primary

cilium in cardiac fibroblasts. We found that not only PC1 and PC2, but also KIF3A, a key
protein required for cilia biogenesis and function® 11 are present in the primary cilium of

NRCF (Figure 3C).
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Cilia and PC1 are required for TGF-B1l-induced fibrosis

Previously, TGF-B1 receptors were identified in the pocket region of primary cilia from
human foreskin fibroblasts, and they were reported to participate in TGF-p1-mediated
SMAD2/3 phosphorylation.28 Given our detection of primary cilia in cardiac fibroblasts, we
set out to determine whether these organelles participate in fibrogenesis, a major function of
these cells. Recognizing that TGF-B1, through both autocrine and paracrine mechanisms,
triggers a fibrogenic response in cultured cardiac fibroblasts, acting via the SMAD2/3/4
axis??, we silenced fibroblasts of key functional and structural ciliary proteins. Specific
siRNA-mediated silencing of PC1, PC2, or KIF3A was performed in NRCF (Online Data
Supplement Figure S4A-S4C and Figure 4A), and cells were subsequently treated with
TGF-B1 (48 h). Our data reveal that the structural ciliary proteins KIF3A and PC1 are
required for TGF-p1-induced collagen type | biosynthesis (Figures 4A, 4B). Interestingly,
knockdown of PC2 did not alter this signaling response.

Next, we performed quantitative PCR assays for fibronectin, collagen type I, and collagen
type 111 in the presence/absence of TGF-B1 in cells depleted of KIF3A or PC1 by specific
SiRNA. These experiments confirmed our prior findings, demonstrating that KIF3A and PC1
are required for the up-regulation of these ECM proteins (Figure 4E-4G).

We then turned to ARCF to evaluate the role of another ciliary structural protein in the TGF-
B1-induced fibrotic response. IFT88 is a protein required for ciliogenesis and cilia function.?
ARCEF were depleted of IFT88 using siRNA (Figure 4H), and, consistent with our findings
in NRCF, IFT88 knockdown blunted TGF-p1-induced collagen type | and a-smooth muscle
actin (a-SMA) biosynthesis (Figures 4H, 41). These findings highlight, once again, the
relevance of primary cilia in the myocardial fibrogenic response.

A cardinal feature of myofibroblasts is a-SMA expression and consequent contractile
activity essential to wound healing.30: 31 To test for a functional role of primary cilia in
fibroblast differentiation into myofibroblasts, we exposed NRCF to TGF-B1 (10 ng/mL, 48
h) and evaluated a.-SMA gene expression (Figure 4L) and contractile function (Figures 4J,
4K). Cells that were selectively depleted of PC1 showed no increase in a-SMA transcript
levels, and TGF-B1-driven contraction was blunted significantly (Figures 4J, 4L).

Next, we evaluated the relevance of PC1 and primary cilia in other characteristic fibroblast
processes, viz. cell migration, matrix invasion, and substrate adhesion. A role for PC1 in cell
migration and focal adhesion kinase (FAK) phosphorylation at Tyr 397 has been reported in
other cell types.32: 33 To evaluate the influence of PC1 and primary cilia on these processes,
we studied ARCF cultures depleted of PC1 and KIF3A using specific sSiRNAs. After
knockdown, we detached the cells from the culture plate with trypsin and allowed them to
reattach (overnight) to evaluate the activation of FAK. These experiments were performed in
the presence or absence of TGF-B1. Interestingly, we detected no significant difference in
TGF-pl-elicited pFAK (Tyr397) after depletion of either PC1 or KIF3A (Online Data
Supplement Figure S5A-S5B). Furthermore, we evaluated vinculin distribution and
localization by immunofluorescence. Vinculin is an accessory protein present in focal
adhesions.34 We uncovered a perinuclear vinculin distribution in cells depleted of PC1 as
compared with control cells (UNR). (Online Data Supplement Figure S5C). Additionally,
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we performed migration (2D) and invasion (3D) assays with ARCF following PC1 and
KIF3A depletion. We did not observe significant alterations in migration or matrix invasion
in cells in which PC1 or KIF3A was depleted (Online Data Supplement Figure S5D-S5G).

Overall, our results demonstrate that cardiac fibroblast primary cilia are functional and
participate in TGF-p1-elicited fibrogenesis and myofibroblast differentiation. Moreover,
PC1 is involved in the synthesis of ECM proteins and in fibroblast contractile function and
yet not involved in fibroblast migration, matrix invasion or focal adhesion activation.

Primary cilia and PC1 are required for TGF-B1-mediated SMAD3 signaling

Given that SMAD proteins are required for TGF-B1-induced fibrosis3®: 36 and that the
primary cilium can function as a localized platform for critical signaling

pathways*-6: 8 12,37 \we evaluated whether structural ciliary proteins regulate TGF-B1-
mediated SMAD3 phosphorylation. As expected, TGF-B1 increased the phosphorylation of
SMAD3 in both NRCF (Online Data Supplement Figures S4D, S4E) and ARCF (Online
Data Supplement Figures S4F-S4G). Importantly, depletion of either KIF3A or PC1 in
NRCEF significantly attenuated TGF-p1-dependent SMAD3 phosphorylation (Figures 5A,
5B). Evaluation of the subcellular localization of phospho-SMAD3 (p-SMAD3) in ARCF by
immunofluorescence revealed increased nuclear staining of p-SMAD3 after exposure to
TGF-p1 (30 min) (Figure 5C) and decreased intensity in cells in which KIF3A and PC1 was
depleted (Figure 5D).

Altogether, these results lend additional support to a model in which primary cilia and PC1
participate in cardiac fibrogenesis and point to a critical role of this signaling platform in
TGF-p1-dependent activation of SMAD3 during fibrosis.

Silencing of PC1 in activated fibroblasts promotes adverse cardiac remodeling following
myocardial infarction

Next, we set out to test the contribution of PC1 in cardiac fibrogenesis /n vivo. To
accomplish this, we engineered fibroblast-specific PkdZ knockout mice (Postn-Cre;:Pkd1™F),
driving Cre recombinase expression with the periostin promoter, which is activated after
cardiac injury.3® As expected, Pkd knockout animals did not manifest a phenotype under
basal conditions assessed by morphometric or functional parameters (Online Data
Supplement Figure S6 and Online Data Supplement Table 3). Then, to activate Cre
expression, MI surgery was performed in control (Pkd27/F) and knockout (Postn-Cre;
Pkd1/F) mice, and hearts were harvested 7 days post-surgery (Figure 6A). Efficient gene
recombination (Online Data Supplement Figure S7A) was confirmed. Next,
immunofluorescence analysis of a marker specific for activated fibroblasts (a.-SMA) and for
the C-terminus of PC1 (PC1-CT) (Figure 6B) demonstrated strong reduction of PC1-CT
staining in a-SMA positive cells, suggesting that PC1 was successfully depleted in activated
cardiac fibroblasts.

We employed another strategy to validate our model and confirm PC1 depletion in activated
fibroblasts. For this purpose, we bred Postn-Cre; Pkd1F mice with mice expressing
Rosa26-TdTomato to generate Postn-Cre,; Pkd1"*; Rosa26-TdTomato mice. Owing to the
presence of a reporter gene, we were able to track gene recombination after Ml by the
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presence of TdTomato-positive cells. As expected, we detected robust TdTomato
fluorescence post-MI due to Cre-mediated recombination with localization occurring largely
in the scar area and within cells that are a-SMA positive (activated fibroblasts) (Online Data
Supplement Figure S71).

Interestingly, fibroblast-specific Pkd knockout mice developed an enhanced hypertrophic
response post-MI, manifested as heart weight/tibia length (HW/TL) and by cardiomyocyte
cross-sectional area (CSA) (Figure 6E, 6H, 61). Furthermore, Ml scar size was decreased
significantly in Pkd knockout mice as compared with control mice (26 + 8% versus 20

+ 6%, respectively, p<0.05) (Figure 6C, 6D). Together, these results point to PC1 as playing
a novel role in post-MI myocardial remodeling.

Interestingly, survival and echocardiographic parameters did not manifest significant
differences between groups (Online Data Supplement Figure S7C, Figure 6G and Online
Data Supplement Table 4). Quantification of the fibrosis response, assayed in distinct zones
of tissue (remote, border, scar) by Masson’s trichrome staining, picrosirius red staining, and
under polarized light, did not uncover significant differences between PkdZ knockout and
control mice (Figure 7A-7D & Online Data Supplement Figure S7E).

After MI, a robust population of activated fibroblasts was detected at the site of the Ml scar
(Figure 6B, Online Data Supplement Figure S7D & S71). In light of this, we evaluated
MRNA and protein levels of classic fibrosis markers, including fibronectin, collagen I, and
a-SMA. Surprisingly, mRNA and protein levels of these markers remained similar across
the groups (Online Data Supplement Figure 7F and Figure 7E-7H). However, when we
measured levels of soluble collagen from M1 scar, we detected significant reductions in Pkd1
knockout mice (Figure 71). Overall, these results reveal that PC1 plays a major role in post-
MI cardiac remodeling, such that depletion of PC1 in activated cardiac fibroblasts promotes
myocardial hypertrophy and triggers alterations in scar architecture.

PCL1 is required for myofibroblast contractile activity

Having uncovered a novel role of activated fibroblast PC1 in post-MI cardiac remodeling,
we set out to test the relevance of PC1 in myofibroblast function (Figure 8). First, we
isolated and differentiated ARCF into myofibroblasts (TGF-1, 96 h) (Figure 8A). Then, we
evaluated mRNA and protein levels of collagen I, fibronectin, and a-SMA in cells treated
with siRNA specific for PC1. Efficiency of PC1 knockdown in activated fibroblasts was first
confirmed; protein levels diminished to 17.4% + 0.06 (Figure 8B, 8C). Consistent with our
in vivo data, we observed no significant differences in transcript and protein levels between
the cells depleted of PC1 versus controls (UNR) (Figure 8D-8H).

Next, we tested for functional relevance by evaluating myofibroblast contractile activity,
employing a contraction assay performed in floating collagen matrix. Unexpectedly, we
detected larger areas of collagen matrix in cells depleted of PC1 levels. Together, these
results confirm that PC1 is required for ECM contractile function even though it is not
required for the up-regulation of fibrosis markers after myofibroblast commitment (Figure
8l, 8J).
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DISCUSSION

In the last decade, several studies have identified the primary cilium as a critical signhaling
organelle.10:12. 25 Although a pioneering study in the 1970’s reported that human cardiac
samples harbored ciliary structures, specific cell location and function of cilia in the heart
has never been clarified.1* Indeed, a potential role for this organelle in adult heart has never
been elucidated. Here, we report that cells harboring a primary cilium exist in developing
and adult mouse heart, as well as in adult human myocardium. These cells, however, are not
cardiomyocytes but rather cardiac fibroblasts. We go on to demonstrate that these ciliated
fibroblasts accumulate at the site of myocardial injury. Moreover, this organelle and PC1
participate in critical signaling functions, including TGF-p1 responsiveness, SMAD
activation, extracellular matrix biogenesis, and fibrogenesis. That said, PC1 and primary
cilia are not required for fibroblast migration, matrix invasion or focal adhesion activation.
Together, these findings point to a novel role of the primary cilium and PC1 in cardiac
physiology and disease pathogenesis (Figure 8K).

Primary cilia
The primary cilium, in contrast with motile cilia, is singular and immotile and serves to
sense chemical and mechanical stimuli in a wide range of cell types.? 1125 Discovered in
189839, this organelle was largely ignored for decades, attracting interest only recently. Fluid
flow, pressure, hormones, metabolites and growth factors can be sensed by primary cilia, and
these extracellular cues are transduced to activate a wide range of signaling pathways.11: 37
Indeed, primary cilia have been documented in different tissues and found to regulate several
physiological and pathological processes.12: 24 37 Furthermore, dysfunction or structural
alterations in primary cilia underlie ciliopathies with associated myocardial phenotypic
defects.#0: 41 For example, heart defects are observed in several ciliopathy syndromes*°, and
a genetic screen in fetal mice showed that primary cilia and cilia-transduced signaling cues
have important roles in the pathogenesis of congenital heart disease.*! However, elucidation
of molecular mechanisms that control these diseases remained to be accomplished.

Primary cilia participate in myocardial fibrogenesis

Cardiac fibrosis has both adaptive and maladaptive functions depending on the context and
extent of fibrosis. On one hand, myocardial fibrosis is a cardinal feature of virtually all
forms of heart disease, including hypertension, myocardial infarction, and heart failure.
31,35,42 |n this context, long-term fibrosis perturbs cardiac contractility, lusitropy, electrical
activation and electrical repolarization, contributing importantly to disease.3 43 Yet, short-
term fibrosis, for example post-Ml, is considered an adaptive response.

The heart continuously adapts to physiological and disease-related stressors, leading to
complex and highly orchestrated events that culminate in both short and long-term adaptive
responses.4 4 In this regard, cardiac fibrosis is a pervasive adaptive response that arises
following tissue damage.31 35 Consistent with this, we observed that after ventricular apical
resection, I/R, or Ml injury, extensively injured areas are repopulated by cardiac fibroblasts
harboring a primary cilium. We observed similar abundance of ciliated fibroblasts localized
adjacent to the zone of injury in samples from human hearts with ischemic cardiomyopathy.
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Fibroblasts are one of the most abundant cell types in the heart, playing a fundamental role
in ECM homeostasis and wound healing.#® In the setting of disease-related stress, cardiac
fibroblasts differentiate into myofibroblasts triggered by TGF-B1. These cells are specialized
in ECM protein secretion and contribute to fibrogenesis.3> 46 This process is characterized
by the synthesis, secretion and degradation of the ECM network, including fibronectin,
collagen types | and 111, as well as increased matrix metalloproteinase activity.*’ Both the
paracrine action of TGF-B1 in the heart and treatment of primary cultures of cardiac
fibroblasts with exogenous TGF-B1 elicited increases in phosphorylation of SMAD3 and
transcription of fibronectin and collagen type | and 111 genes. Down-regulation of SMAD2/3
signaling with specific chemical inhibitors or siRNA blunts the fibrotic response induced by
TGF-B1 in fibroblast cultures.38 Findings reported here reveal that the cardiac fibroblast
primary cilium is a critical element in TGF-pB1 responsiveness, SMAD3 activation, ECM
biogenesis, and fibrosis.

Primary ciliary structural elements and signal transduction

PC1 is a protein localized to the endoplasmic reticulum and within primary cilia.#8 In the
primary cilium cell membrane, PC1 interacts with several proteins through its carboxy-
terminal coiled-coil domains to activate diverse signaling pathways.*9 In addition, PC1
harbors a large amino-terminal extracellular domain comprising several peptide motifs that
facilitate interaction with the extracellular matrix to promote cell-cell interactions.59 We
have reported previously that PC1 governs L-type Ca2* channel protein stability in
cardiomyocytes.>!

The axoneme of the primary cilium typically has a ring of nine outer microtubule triplets
(“9+0”) that lacks dynein arms and radial spokes.14 40 Intraflagellar transport (IFT) along
the cilium is crucial for their formation, maintenance, and function.® A number of IFT
proteins, such as IFT88, and KIF3A, an essential subunit of the kinesin Il motor protein, are
required for cilium formation.28 Indeed, downregulation of IFT proteins or KIF3A are
sufficient to disrupt cilia structure.25

Earlier work has suggested a role for cilia in TGF-B1 signaling in the developing heart.°
Given that cardiac fibroblasts are the cells involved in the deposition of ECM, we
hypothesized that cilia and PC1 may have a crucial role in the development of cardiac
fibrosis. During fibrosis, the autocrine and paracrine action of TGF-B1, via SMAD2, 3 and
4, elicit the expression and synthesis of proteins required for fibrosis, such as collagens type
I and 11, fibronectin and matrix metalloproteinases.3 42 We report here that structural
ciliary proteins and PC1 are required for the expression of fibrotic markers mediated by
TGF-B1 in cardiac fibroblasts. Similar findings were observed with collagen contractile
function in cardiac fibroblasts and myofibroblasts. Our findings go on to show that depletion
of ciliary structural proteins, as well as down-regulation of PC1, inhibited TGF-p1-induced
SMAD3 phosphorylation.

PC1 regulates cardiac remodeling and scar architecture

Here, we unveil for first time the relevance of PC1 in cardiac fibrogenesis. Using a line of
fibroblast-specific PkdZ knockout mice, we report that PC1 in activated fibroblasts
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participates importantly in the post-MI remodeling process, including the hypertrophic
growth response, scar area, and elicitation of soluble collagen. Interestingly, we did not
detect differences in interstitial fibrosis or ECM protein levels in PkdZ knockouts post-Ml.
We interpret this to derive from the fact that the periostin promoter that drives Cre
recombinase is activated after the M138; as such, our model highlights events occurring after
a period of time delay following the initial M1 injury. Further work, including use of
periostin-Cre mice as a control, will allow for corroboration of our findings. Nevertheless,
this animal model has been studied previously, and it was reported that the postn-Cre allele
does not compromise periostin expression®2 or elicit alterations in fibrotic responsiveness
after M1.38

Consistent with our /n vivoresults, we found that PC1 is not required for the up-regulation
of ECM proteins in cardiac myofibroblasts maintained in culture. However, silencing of PC1
in myofibroblasts altered the characteristic contractile phenotype of these cells. A potential
explanation for these results includes alterations in focal adhesion proteins; it has been
shown that FAK phosphorylation at tyrosine 397 is diminished in PkdZ™~ mutants.33
Moreover, PC1 silencing in MDCKJ/E cells triggers increased expression of the integrin
a2p1.53 The contribution of PC1 to focal adhesion formation and dynamics in cardiac
myofibroblasts warrants future investigation.

A gene expressed exclusively in cardiac fibroblasts has not been described. As such, we
employed the promoter of the gene coding for periostin to drive Cre recombinase. As noted
earlier, the periostin gene is activated by myocardial stress; as such, Pkd recombination
occurred in myofibroblasts rather than in quiescent fibroblasts. Therefore, our findings
highlight events occurring with some delay in the post-MI response. Future work will
benefit from a model of cardiac-specific knockout of PC1 or silencing of PC1 within the
primary cilium in quiescent cardiac fibroblasts.

Conclusions

Findings reported here reveal for the first time that the primary cilium is present in mouse,
rat, and human hearts, specifically in cardiac fibroblasts but not in cardiomyocytes. In
cardiac fibroblasts, structural ciliary proteins and PC1 participate critically in the response to
myocardial injury and specifically, fibrogenesis. These organelles participate in TGF-p1-
dependent signaling and elicitation of extracellular matrix elements. In so doing, our
findings uncover novel fibrosis regulators and raise the prospect that this pathway may
emerge as a target with therapeutic relevance.
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CLINICAL PERSPECTIVE

WHAT IS NEW?

We report increased abundance of cells harboring a primary cilium in areas of

myocardium injured by disease-related stress.
We go on to provide evidence that these cells are fibroblasts.

Activation of TGF-B1/SMAD3 axis is regulated by the primary cilium
(KIF3A) and PC1 in adult and neonatal cardiac fibroblasts.

We have positioned PC1 as a protein key to cardiac fibrogenesis.

Genetic inactivation of PC1 blunted TGF-B1-triggered fibrogenesis in
fibroblasts prior to their differentiation into myofibroblasts.

WHAT ARE THE CLINICAL IMPLICATIONS?

As myocardial fibrosis is a significant problem in a wide array of
cardiovascular diseases, our identification of new regulators of cardiac
fibrosis — PC1 and the primary cilium — points to previously unrecognized

mechanisms that may emerge as therapeutic targets with clinical relevance.

Given that these proteins are expressed in heart, our findings point to
cardiomyocyte-autonomous mechanisms of fibrosis in patients with
autosomal dominant polycystic kidney disease (ADPKD).
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Figure 1. Primary cilia are present in the heart.
(A) Hearts were harvested from 1- and 10-week-old male, C57BL/6 mice. Hearts were

embedded in paraffin, and tissue sections were evaluated by immunofluorescence staining
for acetylated tubulin (red) and a-MHC (green), (scale bar: 20 um). (B) 3D reconstruction
images from (A). (C and D) Mouse embryos were harvested at embryonic day (E): E9.5,
E10.5, E11.5, E12.5 and E15.5. Then, embryos were embedded in paraffin and whole-body
slices analyzed by immunofluorescence staining for acetylated tubulin (red) and troponin |
(green, marker for cardiomyocytes). Nuclei were stained with DAPI (blue) (100 pg/mL), and
representative images were collected using a confocal microscope (n=3). White arrowheads
highlight the presence of ciliated cells. Right (RA), left atrium (LA), and left (LV) and right
ventricles (RV) are indicated (scale bars: 50 and 20 um).
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Figure 2. Ciliated cells accumulate in zones of injured myocardium.
(A and B) 10-12 week-old male, C57BL/6 mice were subjected to ischemia (45 min) (1).

Hearts were harvested 4, 7, or 14 days later (reperfusion, R). Sham surgery was used as
control. (A) Masson trichrome staining was performed in two-chamber sections to evaluate
for changes in collagen deposition (scale bar: 1 mm). (B) Ciliated cells from heart samples
from (A) were evaluated by acetylated tubulin immunostaining; vimentin was used as
fibroblast marker. White arrowheads indicate the presence of cilia (scale bars: 20 and 5 um).
(C) 7 day-old C57BL/6 mice underwent apical resection surgery. Hearts were harvested 7
days post-resection, and the presence of ciliated cells was assessed by immunofluorescence
for acetylated tubulin; troponin | was used as cardiomyocyte marker. (D-F) Myocardial
infarction (MI) surgery was performed in 10-12 week-old male, C57BL/6 mice. (D) a-SMA
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was used as a myofibroblast marker. (E) CD68 staining served as a macrophage marker, and
(F) CD31 served as endothelial cell marker (scale bar: 20 pm). Hearts were harvested 7 days
post-MI. The presence of cilia was evaluated in the scar area by immunofluorescence
staining for acetylated tubulin. (G) Quantification of ciliated cells positive for a-SMA,
CD68, and CD31 depicted in (D-F). Data are presented as mean percentage + S.E.M., one-
way ANOVA with Dunnet post-hoctest, ***p < 0.001 vs a-SMA (n=3-4). (H and 1) Human
heart tissue samples from 6 patients with stage 1V heart failure were obtained at the time of
cardiac transplantation and then subjected to (H) Masson trichrome staining to evaluate
fibrosis (scale bar: 800 um) and (1) immunofluorescence to evaluate ciliated cells (acetylated
tubulin); vimentin served as a fibroblast marker (scale bar: 20 um). For all images, nuclei
were stained with either DAPI or Hoechst (100 ug/mL and 1 pug/mL, respectively), and
images representative of 3—4 different animals are depicted. Images were obtained using a
confocal microscope. White arrowheads highlight the presence of ciliated cells.
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Figure 3. Primary cilia, PC1, PC2, and KIF3A are present in cardiac fibroblasts.
Primary cultures of (A) neonatal and (B) adult rat cardiac fibroblasts (NRCF and ARCF,

respectively) were prepared, and immunofluorescence assays were performed to evaluate
(A-C) vimentin, acetylated tubulin, y-tubulin, PC1, PC2, and KIF3A. Nuclei were stained
with DAPI (100 pg/mL). Representative images from 3 different cultures were obtained
using a confocal microscope (scale bars: 20 and 5 um). White arrowheads highlight the base
of the cilium where y-tubulin immunofluorescence was detected.

PC1

DAPI
Acetylated Tubulin
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Figure 4. Cilia and PC1 are required for TGF-Bl-induced cardiac fibrosis.
(A and B) Cultures of NRCF were prepared, and depletion of PC1, PC2 and KIF3A was

accomplished using specific sSiRNAs versus control (unrelated siRNA, UNR). Cells were
then treated with 10 ng/mL TGF-p1 for 48 h and total protein extracts or RNA were isolated.
(A) Collagen type I, KIF3A, and PC2 were evaluated by Western blotting. GAPDH was
used as loading control. Gels representative of three independent experiments are depicted.
Gels shown in (A) were quantified (B). Data are represented as mean + S.E.M. Two-way
ANOVA, followed by Tukey’s post-hoc test. *p < 0.05, n=3 independent cell cultures. (C
and D) Knockdown of PC1 in ARCF. (C) PC1 protein levels after knockdown with siRNA
(36 h) were evaluated by Western blotting: FL: full length PC1; NTF: N-terminal PC1. (D)
Average densitometry from 3 independent cultures. Data are shown as mean = S.E.M.
Unpaired Student’s #test, *p < 0.05 vs UNR. (E-G) Transcript levels of (E) fibronectin, (F)
collagen land (G) collagen 11 were analyzed by quantitative RT-PCR, and Pabpn was used
as housekeeping gene. Results are normalized to 1, and data are depicted as mean + S.E.M.
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Two-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05 (n=5-7). (H and I) Cultures
of ARCF were prepared, and depletion of IFT88 with two sequence-independent sSiRNAs
was performed. Cells were then treated with 10 ng/mL TGF-B1 for 48 h and total protein
extracts were isolated. (H) Collagen type I, a-SMA and IFT88 levels were evaluated by
Western blotting. (I) GAPDH was used as loading control for quantifications. Data are
presented as mean + S.E.M., Two-way ANOVA, followed by Tukey’s post-hoc test, *p <
0.05; **p < 0.01 (n=3 independent cultures). Representative images (J) and quantification
(K) of contraction of collagen matrices seeded with NRCF under control conditions (UNR)
or following PC1 knockdown with or without TGF-pB1 (48 h). Collagen area represents mean
+ S.E.M. Two-way ANOVA, followed by Tukey’s post-hoc test, *p < 0.05, n=3 independent
cultures (Scale bar 2 mm). (L) Transcript levels of a-SMA were analyzed by quantitative
RT-PCR, and Z8swas used as housekeeping gene. Results are normalized to 1, and data are
depicted as mean £+ S.E.M. Two-way ANOVA followed by Tukey’s post-hoc test. *p < 0.05
(n=5-7)
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Figure 5. Cilia and PC1 are required for TGF-B1-triggered SMADS3 signaling.
Cultures of NRCF (A and B) and ARCF (C and D) were prepared and treated with 10

ng/mL TGF-p1 for 30 min in cells previously subjected to siRNA-mediated downregulation
of PC1 or KIF3A. (A and B) Protein extracts were isolated, and p-SMAD3 and SMAD3
were evaluated by Western blotting. GAPDH was used as loading control. Gels were
quantified, and values are depicted in (B). Data are mean + S.E.M., two-way ANOVA,
followed by Tukey’s post-hoc test. *p < 0.05 (h=4 independent cultures).
Immunofluorescence for acetylated tubulin (green) and p-SMAD3 (red) in (C) cultures of
ARCEF treated with or without TGF-B1 for 30 min and (D) cultures of ARCF depleted of
PC1 or KIF3A using specific SIRNAs. Cells were then treated with 10 ng/mL TGF-p1 for 30
min (n=3-4 independent cultures). Nuclei were stained with DAPI (100 ug/mL).
Representative images were obtained using a confocal microscope (scale bar: 5 pm).
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Figure 6. Fibroblast-specific PC1 inactivation enhances pathological cardiac remodeling
following myocardial infarction (Ml).

(A) Ml surgery was performed in 8-12 week-old male mice of the following genotypes:
Pkd1"F and Postn-Cre, Pkd1/. Hearts were harvested 1 week post-surgery. (B)
Immunofluorescence from the scar zone to evaluate PC1 down-regulation in activated
fibroblasts with PC1 C-terminal antibody (PC1-CT) and a-SMA as a marker of activated
fibroblasts (scale bar: 20 pm). Nuclei were stained with DAPI (100 pg/mL), and images
representative of 4 animals per group are depicted. Images were obtained using a confocal
microscope. (C) Masson trichrome staining was performed to evaluate fibrosis and scar size.
Representative images (n=12 animals per group) were obtained using a slide scanner (scale
bar: 1 mm). (D) Scar size quantification. Data are shown as mean + S.E.M., unpaired
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Student’s f+test with Welch’s correction, n=12 animals per group. *p < 0.05. Morphometric
analyses were performed after MI. (E) Heart weight/tibia length (HW/TL) and (F) wet/dry
lung weight. Data are shown as mean + S.E.M., unpaired Student’s #test with Welch’s
correction, n=19-21 animals per group. ***p < 0.001. (G) Ventricular contractile function
was evaluated by transthoracic echocardiography. Fractional shortening (FS). Data are
shown as mean + S.E.M., unpaired Student’s #test with Welch’s correction, n=19-22
animals per group. *p < 0.05. (H and 1) Evaluation of cardiomyocyte cross-sectional area
(CSA) after MI by wheat germ agglutinin (WGA\) staining. (H) Representative images of
WGA staining. Images were obtained with a confocal microscope (scale bar 20 um). (1)
Quantification of data depicted in (H). Data are shown as mean + S.E.M., unpaired
Student’s t-test with Welch’s correction, n=10-11 animals per group. *p < 0.05.
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Figure 7. Alterations in scar composition in fibroblast-specific PC1 knockouts post-Ml.
(A-H) Ml surgery was performed in 8-12 week-old male mice of the following genotypes:

Pkd1"F and Postn-Cre,; Pkd1F. Hearts were harvested 7 days post-surgery. (A) Picrosirius
red staining was performed to evaluate collagen deposition in the remote, border and scar
zones (scale bar: 20 um). (B-D) Quantification of fibrosis area depicted in (A). (E-H)
Protein extracts were isolated from the scar, and protein levels of fibronectin, collagen I, and
a-SMA were evaluated by Western blotting. Total protein was used as loading control. Gels
were quantified, and values are depicted in (F-H), respectively. (1) Sircol assay was
performed from scar tissue to measure soluble collagen levels. Data are shown as mean +
S.E.M., unpaired Student’s t-test with Welch’s correction, n= 8-10 animals per group. * p<
0.05.
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Figure 8. PCL1 is required for myofibroblast contractile function.
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(A-J) ARCF were isolated and differentiated with TGF-B1 (10 ng/mL, 96 h). After that,
depletion of PC1 versus control (unrelated, UNR) was performed using specific SIRNAs.
Total protein extracts were isolated. (B and C) PC1 knockdown was evaluated by Western
blotting. GAPDH was used as loading control. Gels depicted are representative of 3—4

different cultures. Gels shown in (B) were quantified (C). (D-G) Total protein extracts were

p=0.2592

isolated, and protein levels of fibronectin, collagen I, and a-SMA were evaluated by Western
blotting. GAPDH was used as loading control. Gels depicted are representative of 4

independent cultures. Gels shown in (F) were quantified, and values are depicted in (E-G),

respectively. (H) RNA isolation from total extracts was performed to evaluate gene
expression of collagen I, fibronectin, collagen 11/, and a-SMA using quantitative RT-PCR.
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Pabpn, RPL13and GAPDH were used as housekeeping genes. Data are shown as mean *
S.E.M., unpaired Student’s #test, n = 7 independent cultures. *p < 0.05. (I and J)
Contraction of collagen matrices seeded with differentiated ARCF under control conditions
(UNR) or following PC1 knockdown. (1) Representative images and collagen area
quantification in (J). Data are shown as mean = S.E.M., unpaired Student’s #test, n = 6,
from 2 independent cultures. *** p< 0.001 (K) Graphical summary of our principal
findings.
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