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ABSTRACT Myofibroblasts, the culprit of organ fibrosis, can originate from mesenchymal
and epithelial precursors through fibroblast-myofibroblast and epithelial-myofibroblast tran-
sition (EMyT). Because certain ciliopathies are associated with fibrogenesis, we sought to
explore the fate and potential role of the primary cilium during myofibroblast formation.
Here we show that myofibroblast transition from either precursor results in the loss of the
primary cilium. During EMyT, initial cilium growth is followed by complete deciliation. Both
EMyT and cilium loss require two-hit conditions: disassembly/absence of intercellular contacts
and transforming growth factor-f1 (TGF) exposure. Loss of E-cadherin-dependent junctions
induces cilium elongation, whereas both stimuli are needed for deciliation. Accordingly, in a
scratch-wounded epithelium, TGF provokes cilium loss exclusively along the wound edge.
Increased contractility, a key myofibroblast feature, is necessary and sufficient for deciliation,
since constitutively active RhoA, Rac1, or myosin triggers, and down-regulation of myosin or
myocardin-related transcription factor prevents, this process. Sustained myosin phosphoryla-
tion and consequent deciliation are mediated by a Smad3-, Rac1-, and reactive oxygen spe-
cies-dependent process. Transitioned myofibroblasts exhibit impaired responsiveness to
platelet-derived growth factor-AA and sonic hedgehog, two cilium-associated stimuli. Al-
though the cilium is lost during EMyT, its initial presence contributes to the transition. Thus
myofibroblasts represent a unique cilium-less entity with profoundly reprogrammed cilium-
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related signaling.

INTRODUCTION

The myofibroblast, a highly contractile mesenchymal cell whose
hallmark is the expression of a-smooth muscle actin (SMA), plays a
pivotal role in wound contraction and healing but has also been
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identified as the culprit in the pathogenesis of fibrotic and fibrocon-
tractile diseases (Hinz et al., 2012). Organ fibrosis is a dysregulated
form of tissue repair triggered by chronic epithelial injury (Wynn and
Ramalingam, 2012). The epithelium is believed to play a dual role in
the generation and tissue accumulation of myofibroblasts. First, it is
the source of fibrogenic cytokines that can induce the transforma-
tion of myofibroblast precursors such as resident tissue fibroblasts
and pericytes (epithelial-mesenchymal cross-talk; Chapman, 2011;
Hutchison et al., 2013). Second, the epithelium itself can give rise to
myofibroblasts through epithelial-myofibroblast transition (EMyT),
an advanced form of epithelial-mesenchymal transition (EMT), char-
acterized by SMA expression (lwano et al., 2002; Zeisberg and Neil-
son, 2009; Liu, 2010). The relative contribution of the various sources
to myofibroblast generation likely varies in different disease condi-
tions and is the subject of intense debate (Zeisberg and Duffield,
2010; Quaggin and Kapus, 2011; LeBleu et al., 2013). However,
there is firm consensus that epithelial cells possess the potentiality
to mobilize a myogenic program and thereby transdifferentiate into
myofibroblasts (Ng et al., 1998; Masszi et al., 2003; Kim et al., 2009a;
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Humphreys et al., 2010). Thus, from a cell biological viewpoint, the
main question concerns the inputs and signaling pathways that can
unleash such a dramatic phenotypic reprogramming.

Transforming growth factor-B1 (TGFB) has long been known as
the main fibrogenic cytokine and prime inducer of EMT and EMyT.
However, previous studies by us (Masszi et al., 2004, 2010; Fan
et al., 2007) and others (Kim et al., 2009a; Zheng et al., 2009) estab-
lished that although TGF is capable of triggering fibroblast-myofi-
broblast transition, it is often not sufficient to provoke EMyT. The
other prerequisite is an injury (absence or uncoupling) of intercellu-
lar contacts. The state of cell contacts regulates EMyT by a variety of
mechanisms. Contact disruption activates Rho and Rac (Fan et al.,
2007; Samarin et al., 2007; Busche et al., 2008; Sebe et al., 2008),
which in turn enhance F-actin polymerization. The ensuing decrease
in monomeric actin induces nuclear translocation of myocardin-re-
lated transcription factor (MRTF; Fan et al., 2007; Busche et al.,
2008), which, in conjunction with serum response factor, drives a
multitude of cytoskeletal genes, including SMA (Olson and Nord-
heim, 2010). Our previous work also revealed that another contact
element, B-catenin, is also essential for SMA expression (Masszi
et al., 2004), as it maintains MRTF stability and activity (Charbonney
et al, 2011). Contact-dependent pathways then synergize with
TGFB signaling to induce EMyT. For example, TGFB prolongs nu-
clear accumulation of MRTF (Masszi et al., 2010), whereas contact
injury facilitates nuclear retention of Smad3, a major TGFp signal
transducer (Varelas et al., 2010). Smad3 plays a dual role in the tran-
sition: it is essential for the induction of many mesenchymal genes
(Moustakas and Heldin, 2012), but it is an inhibitor of MRTF (Masszi
et al., 2010). However, after initially enhanced Smad3 signaling,
Smad3 degrades in the contact-deprived epithelium (Masszi et al.,
2010). Thus Smad3 is a critical timer of EMyT, and the process can
be dissected into a Smad3-promoted mesenchymal and a Smad3-
inhibited myogenic phase. Together these studies revealed that cell
contacts are not only targets but also active mediators of EMyT and
established a two-hit paradigm in which contact injury and TGFp are
both necessary for the process. This suggests that the injured epi-
thelium is topically susceptible to the transforming effect of TGF.
Moreover, cytoskeleton reorganization proved to be major input for
the transcriptional reprogramming underlying EMyT.

During our studies on the role of the actin skeleton in EMyT, we
observed that the microtubule cytoskeleton also exhibits substantial
changes. We found that the primary cilium, a microtubule-based
organelle, which functions as a mechanosensory and chemosensory
antenna of all nucleated cells, undergoes major alterations during
EMyT. This observation is of interest for several reasons. The loss or
dysfunction of the cilium has been associated with fibrosis. For ex-
ample, polycystic kidney disease, the prototypic ciliopathy, culmi-
nates in tubulointerstitial fibrosis and involves myofibroblast accu-
mulation and, presumably, EMT (Okada et al., 2000; Togawa et al.,
2011). Further, genetic loss of the cilium was reported to predispose
the endothelium to shear stress-induced endothelial-mesenchymal
transition (Egorova et al., 2011). On the other hand, key compo-
nents of several signaling pathways with known roles in fibrogenesis,
such as the hedgehog, platelet-derived growth factor (PDGF), and
Wnt pathways (Seeger-Nukpezah and Golemis, 2012), localize to
the primary cilium. Thus the primary cilium might be affected during
EMyT, and/or, conversely, ciliary changes might affect fibrogenesis.
However, neither the fate of the cilium during EMyT nor its potential
role in EMyT has been elucidated.

The aim of the present work is to explore the effect of TGF-
promoted myofibroblast transition on the primary cilium and define
the underlying mechanism and ensuing consequences. We also
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asked how loss of the primary cilium before EMyT induction affects
the process. Our results show that myofibroblast transition is associ-
ated with initial growth, followed by complete loss of the primary cil-
ium. Ciliary loss is mediated by Smad3-, Rac-, and MRTF-dependent
myosin activation, which involves reactive oxygen species (ROS).

RESULTS

Biphasic changes in the primary cilium during EMyT

To characterize the fate of the primary cilium during EMyT, we used
our two-hit model, in which a confluent epithelial layer is treated
with low-calcium medium (LCM) to uncouple the intercellular con-
tacts and is exposed to TGFB. This powerful model allowed us to
induce synchronized transition and dissect the effects of the two
critical inputs (contact disruption and TGFp) and their synergy dur-
ing EMyT (Masszi et al., 2004, 2010). We followed the effect of the
individual and combined stimuli at early (12 h) and late (48 h) phases
of the process using acetyated tubulin (Ac-tub) as a cilium marker
(Figure 1). TGFp added to a confluent, serum-deprived monolayer
did not elicit any change in cilium length after 12 h of treatment,
whereas LCM induced a significant (on average twofold) increase in
this parameter, which was similar after the combined treatment
(LCM + TGFB) as well (Figure 1, A and B). Because uncoupling of the
contacts initiates E-cadherin internalization and degradation in tu-
bular cells (lvanov et al., 2004; Masszi et al., 2004), we asked whether
reduced E-cadherin expression might contribute to the observed
cilium growth. To test this, we transfected cells with a small interfer-
ing RNA (siRNA) against E-cadherin (Charbonney et al., 2011), which
effectively diminished the expression of this protein (Figure 1C), and
determined cilium length after 24 h of serum deprivation under nor-
mal calcium conditions. E-cadherin silencing caused significant
(twofold) ciliary elongation, with a large drop in the number of cells
with short (<4 pm) and an increase in cells with long (>12 pm) cilia
(Figure 1, D and E). Together these findings imply that the early
phase of EMyT is associated with cilium lengthening, and this effect
may be related to loss of adherens junctions.

A dramatically different scenario was seen upon long-term (48 h)
treatment, with the actual emergence of the myofibroblast pheno-
type. Qualitatively, TGFP or LCM alone caused no change in the
pattern of Ac-tub staining, whereas LCM plus TGFp provoked a dra-
matic loss of the primary cilium concomitant with a large increase in
cytosolic Ac-tub labeling (Figure 1F, top). Increased cytosolic tubulin
acetylation often accompanies cilium loss (Overgaard et al., 2009;
Pitaval et al., 2010), likely due to the cytosolic relocalization of the
ciliary acetyl transferase (Shida et al., 2010). To avoid any confound-
ing effect of higher intracellular Ac-tub staining, we used an alterna-
tive cilium marker, polycystin-2, as well as scanning electron micros-
copy and confirmed that the transformed cells do not possess a
cilium (Figure 1F, bottom). Of note, the microvilli are also lost due to
loss of epithelial polarity in the transformed cells, which, however, is
not directly associated with cilium loss since most nonpolarized (e.g.
mesenchymal) cells also possess a primary cilium (e.g., Figure 2, E
and F). Next we quantified these changes by comparing the per-
centage of ciliated cells under each condition after short- and long-
term treatment (Figure 1G). Neither TGFB nor LCM alone altered
ciliation within 12 h, whereas the combined treatment caused a
slight decrease. After 48 h, the percentage of control (untreated)
cells with cilium slightly increased (reaching ~80%), and this was not
altered by TGFB. Cells exposed to LCM failed to further ciliate be-
tween 12 and 48 h but kept their cilium. In contrast, TGFB acting on
contact-uncoupled cells caused a dramatic decrease in the number
of ciliated cells: only 5% of the cells preserved their cilium, corre-
sponding to an eightfold loss compared with the level obtained by
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The primary cilium undergoes a biphasic change during EMyT. (A) Confluent LLC-PK1

(Ac-tub). (B) Quantification of cilium length for the indicated conditions (mean = SEM, n= 3,
>350 cells/experiment). (C) LLC-PK1 cells were transfected with nonrelated (NR) or E-cadherin
(E-cad) siRNA at 40% confluence, serum starved for 24 h after reaching confluence, and then
stained for Ac-tub. E-cad knockdown was confirmed by Western blotting. (D) Quantification of
cilium length as in B. (E) Distribution of cilium length in control and E-cadherin—depleted cells
(n=3, >350 cells/experiment). (F) LLC-PK1 cells were treated as indicated for 48 h and
stained for Ac-tub or polycystin-2 (PC2) or processed for scanning electron microscopy.
(G) Quantification of ciliated cells by Ac-tub staining (n = 3, ~400 cells/experiment).

LCM treatment alone, indicating a net loss of the primary cilium dur-
ing myofibroblast transition.

Because cell cycle reentry is associated with deciliation (Kim and
Tsiokas, 2011), we tested whether the EMyT-related loss of the cil-
ium could be due to a change in cell proliferation. Immunostaining
for Ki67, a sensitive proliferation marker, revealed that nuclear Ki67
labeling was actually less in TGF plus LCM-treated cells than under
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any other condition, indicating that the loss
of the cilium was not due to cell proliferation
(Supplemental Figure S1). Taken together,
the results indicate that EMyT is associated
with a biphasic change in the primary cilium:
an initial lengthening is followed by dra-
matic loss, which is independent of the cell
cycle. Because the overall transition was ac-
companied by the loss of the cilium, we de-
cided to further characterize this phenome-
non and the underlying mechanisms.

Locus-specific, TGFB-induced
deciliation of epithelial cells at the
wound

An epithelial wound—that is, a discontinuity
in the monolayer—is a pathopysiologically
more relevant model of cell contact disrup-
tion than the application of LCM. Our previ-
ous work showed that the wound edge rep-
resents a special locus where cells are
topically susceptible to the transforming ef-
fect of TGFB (Speight et al., 2013). We
therefore checked whether wound-adjacent
cells might exhibit ciliary changes in the ab-
sence or presence of TGFB. After scratch
wounding of a confluent monolayer, quies-
cence was achieved by serum deprivation,
and then the cultures were left untreated or
exposed to TGF for 48 h. In the absence of
TGFB, cells were ciliated both in the intact
(inner) regions of the monolayer and the
wound-adjacent areas (Figure 2A). In con-
trast, TGFpB caused robust loss of the cilium
concomitant with increase in cytosolic Ac-
tub staining. However, this effect was fully
restricted to cells located in the wound re-
gion, whereas cells in the intact part of the
layer remained ciliated (Figure 2A). To quan-
tify this effect, we determined the percent-
age of ciliated cells as a function of location,
that is, directly at the wound edge and in
several rows behind it (Figure 2B). In the ab-
sence of TGFB, slightly fewer cells pos-
sessed a cilium in the first row than in the
next, with no further change inward. Thus,
wounding per se had only a marginal effect
on cilium homeostasis. The addition of
TGFB had no effect in rows four and higher
but caused a significant and progressive
loss of the cilium in cells located in the first
three rows, attaining approximately fourfold
decrease in the first row compared with un-
treated cells at the same locus. Thus TGFf
induced a site-specific (wound-restricted)

loss of the primary cilium. Of importance, this effect mirrors the lo-
cus-specific EMyT-provoking effect of TGFp (Fan et al., 2007).

Fibroblast-myofibroblast transition is also associated with
loss of the cilium
Myofibroblasts originate from mesenchymal cells such as fibroblasts
and pericytes, the latter of which were proposed to be their major
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FIGURE 2: Epithelial cells along a wound edge and nonepithelial progenitors lose their primary
cilium as they transition into myofibroblasts. (A) Confluent LLC-PK1 layers were wounded,
treated as indicated for 48 h, and stained for Ac-tub. (B) Percentage of cells with a primary
cilium was determined 24 h after the indicated treatment as a function of the cell row (1-5) from
the wound edge (n = 4, 25 cells/experiment for each row). (C) Human skin fibroblasts (HSFs; left)
and 10T1/2 cells (right) were serum starved or treated with TGFf (5 ng/ml) for 72 h, followed by
Western blotting for the indicated proteins. (D) The same two cell types were treated as

in C and then stained for Ac-tub. Nuclei were visualized with 4’,6-diamidino-2-phenylindole.

(E) 10T1/2 cells were treated as in C and then processed for scanning electron microscopy and
visualized using magnification 2500x (left) and 15,000 (right). Right, enlarged area indicated by
boxes on the left. Bars, 10 and 1 pm for upper and lower panels, respectively.

precursor in kidney fibrosis models (Humphreys et al., 2010). To as-
sess whether the loss of the primary cilium is specific for EMyT or is
a general feature of the myofibroblast phenotype, we treated hu-
man skin fibroblasts and 10T1/2 cells, a pericyte-like cell line, with
TGFB, which is sufficient to increase SMA expression in these cells
(Figure 2C). Under resting conditions both mesenchymal cell types
developed primary cilia (arrows) and contained little intracellular
Ac-tub. TGFp induced loss of the cilium concomitant with substan-
tial increase in cytosolic Ac-tub, recapitulating the effects observed
in transitioning epithelial cells (Figure 2D). Because 10T1/2 cells
have short cilia and an increase in cytosolic Ac-tub might confound
the visualization of the cilium, we verified these findings by scanning
electron microscopy (Figure 2E). Taken together, the results show
that formation of the myofibroblast phenotype was accompanied
by loss of the cilium, irrespective of whether the precursors were
epithelial or mesenchymal cells.

Smad3 signaling is necessary but not sufficient to induce
cilium loss in epithelial cells

TGFB mobilizes Smad-dependent and -independent pathways, and
Smad3 plays a dual role in EMyT. It is necessary for the mesenchy-
mal phase but delays the myogenic phase (Masszi et al., 2010). We
therefore asked whether Smad3 signaling is necessary for loss of the
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cilium in our epithelial two-hit model. We

used two approaches. First we expressed

various forms of the TGFB receptor |
& (TGFBRI), which show differential activity to-
ward the Smad3 pathway. Cells were trans-
fected with the Flag epitope-tagged wild-
type (WT) receptor, the K232R mutant (KR),
which is inactive toward Smads but activates
noncanonical TGFP pathways (e.g., p38), or
the T204D mutant (TD), which is constitu-
tively active and turns on both Smad and
non-Smad pathways (Sorrentino et al., 2008;
Kim et al., 2009b). Expression of receptors
was followed by Flag immunostaining, and
their expected activity toward Smad3 was
verified by a Smad3-specific luciferase re-
porter (Smad binding element 4 [SBE4]) as-
say. As expected, overexpression of WT or
KR did not induce the reporter, whereas TD
caused substantial stimulation (Supplemen-
tal Figure S2). Next we tested their effect on
the primary cilium. Under control conditions
neither construct induced any ciliary change,
as revealed by double staining for Flag and
Ac-tub (Figure 3A) and quantified as per-
centage of cells with a cilium (Figure 3B).
This result implies that TGFB signaling alone
is not sufficient to provoke loss of the cilium.
Next we exposed control and receptor-
transfected cells to LCM. Remarkably, under
these conditions only cells expressing TD
exhibited robust (fourfold) decrease in cilia-
tion (Figure 3, C and D). As a second ap-
proach, cells were transfected with siRNA
against Smad3 and then exposed to TGFB
plus LCM for 48 h. The siRNA efficiently
down-regulated Smad3 (Figure 3E, top) and
almost completely prevented loss of the cil-
ium compared with LCM-treated cells
(Figure 3, E, bottom, and F). Together these results suggest that
Smad3 activation is a critical albeit insufficient mediator of cilium
loss in the epithelium.

MW Serum Free

TGFB

A sustained increase in myosin light chain phosphorylation
is necessary and sufficient for loss of the primary cilium

Our previous studies showed that synergy between TGFf-induced
and contact-dependent signaling is necessary for the sustained cy-
toskeletal remodeling and transcriptional reprogramming (Masszi
et al., 2010). Because increased contractility is a major attribute of
myofibroblasts (Wipff et al., 2007) and a report proposed that high
cell contractility inhibits ciliogenesis (Pitaval et al., 2010), we asked
whether changes in myosin light chain (MLC) phosphorylation (a chief
marker of contractility) might underlie loss of the cilium and explain
the need for both contact disassembly and TGFp for this process in
epithelium. Consistent with previous findings (Fan et al., 2007), acute
contact uncoupling (induced by 30 min of LCM treatment) caused a
robust increase in MLC phosphorylation, which was restricted to the
cell periphery under the disassembled contacts (Figure 4, A and C).
TGFB failed to induce MLC phosphorylation and had no effect on the
localization or magnitude of MLC phosphorylation provoked by
short-term LCM treatment (Figure 4, A and C). Long-term (48 h)
LCM only marginally increased MLC phosphorylation, indicating
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Smad3 signaling is necessary for deciliation. (A-D) LLC-PK1 cells transfected with
kinase-dead (KR; A) or constitutively active (TD; C) TGFBR1 grown to confluence, serum starved
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condition). (E, F) Cells transfected with nonrelated or Smad3 siRNA, grown to confluence, and
then treated with LCM plus TGFp for 48 h, stained for Ac-tub (A), and quantified for ciliation
(F; n= 3, ~150 cells/condition).

that it has a transient effect. Long-term TGFp treatment caused a
slight increase in phospho-MLC (pMLC), which was detectable by
Western blotting but hardly visible by immunofluorescence. In con-
trast the combined application of LCM and TGFf resulted in a robust
increase in pMLC, which was apparent both at the cell periphery and
in stress fibers (Figure 4, B and D). Of importance, under these condi-
tions, not only the phosphorylated, but also the total MLC level was
substantially increased, suggesting that both MLC activation and
expression contribute to the overall effect (Figure 4D). Thus EMyT-
inducing conditions resulted in prolonged increase in MLC
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phosphorylation. We argued that if MLC
phosphorylation is causally linked to loss of
the cilium, then correlation should exist be-
tween wound-adjacent distribution of pMLC
signals and absence of the cilium. To test this
assumption, confluent monolayers were
scratch wounded and then left untreated or
exposed to TGFB, followed by dual staining
for pMLC and acetylated tubulin (Figure 4E).
Forty-eight hours after wounding in the ab-
sence of TGFB, only sporadic and weak
pPMLC labeling was seen, which was confined
to some cells located directly at the wound
edge. As mentioned before, cells at the
edge remain ciliated. In contrast, in the pres-
ence of TGFB, cells at the wound edge and
several rows behind exhibited substantially
increased pMLC staining, indicating a spa-
tially restricted increase in contractility. Of
importance, these pMLC-positive cells lost
their primary cilium and showed increased
cytosolic Ac-tub labeling (Figure 4E). Finally
we tested whether TGFp, which is sufficient
to elicit myofibroblast transition in pericyte-
like 10T1/2 cells (Figure 2D), could also in-
duce sustained MLC phosphorylation. In-
deed, 48-h TGFP exposure resulted in a
strong increase in pMLC content (Figure 4F).
Taken together, the results show that pro-
longed MLC phosphorylation coincided
with loss of the cilium in both models of
EMyT, as well as during pericyte—-myofibro-
blast transition.

Next we investigated whether this coin-
cidence reflects a cause—effect relationship
and whether MLC phosphorylation is suffi-
cient to provoke loss of the cilium. Cells
were transfected with a constitutively active,
diphosphomimetic (T18D, S19D, desig-
nated as DD) mutant of MLC, tagged with
the Myc epitope, and then doubly stained
for Myc and Ac-tub. The majority of
DD-MLC-expressing cells lost their primary
cilium and showed enhanced intracellular
Ac-tub staining (Figure 5A). There was a
fourfold reduction in percentage of ciliated
DD-MLC-expressing cells compared with
their untransfected neighbors (Figure 5B).
To assess whether myosin is needed for
EMyT-associated loss of the cilium, we
down-regulated nonmuscle myosin heavy
chain (isoform 1A, Myh9) using an effective

siRNA (Figure 5C, bottom). Myosin silencing caused near-complete
rescue of the cilium in TGFp plus LCM-treated cells (Figure 5, C and
D). Having seen that the two-hit condition elevated total MLC ex-
pression as well (Figure 4D), we asked whether MRTF is also critical
for loss of the cilium. This possibility was raised by our previous find-
ing that MRTF, which controls expression of various cytoskeletal pro-
teins including myosin, is translocated to the nucleus upon contact
disassembly, and its nuclear retention is augmented by TGFB (Fan
et al., 2007; Masszi et al., 2010). Silencing of MRTF caused a reduc-
tion in the level and stimulus-induced MLC expression and
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(A, B) LLC-PK1 cells were treated as indicated for 30 min (A) or 48 h (B) and stained for pMLC.
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indicated proteins. (E) Confluent monolayers were wounded, treated as indicated for 48 h, and
stained for pMLC and Ac-tub. (F) 10T1/2 cells were serum starved or treated with TGFf for 48 h,

followed by Western blotting for the indicated proteins.

accordingly substantially reduced the total pMLC content of the
stimulated cells (Figure 5E). Concomitantly, MRTF down-regulation
completely prevented EMyT-associated cilium loss and increase in
cytosolic Ac-tub (Figure 5, F and G). Collectively these data show
that high levels of myosin phosphorylation can induce and is neces-
sary for loss of the cilium during EMyT and that MRTF plays an
important (presumably permissive) role in this process.

Rac1 but not RhoA is critical for EMyT-associated loss of the
primary cilium

Contact disassembly activates both RhoA and Rac1 (Busche et al.,
2008; Sebe et al., 2008). Of these small GTPases, RhoA is the “clas-
sic” inducer of MLC phosphorylation. Moreover, in certain cell types
TGF prolongs RhoA activation in a Smad3-dependent manner by
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lation (through p21-activated kinase) in cer-
tain cell types (Chew et al., 1998), although
it also indirectly suppresses MLC phospho-
rylation by inhibiting MLC kinase (Raymond
et al., 2011). Cognizant of this scenario, we
initially assessed the effects of active RhoA
and Racl on the status of the cilium and
MLC phosphorylation in LLC-PK1 cells.
Overexpression of Myc-tagged active RhoA
(Qé63L; Figure 6, A and B) or Myc-tagged ac-
tive Rac1 (Q61L; Figure 6, C and D) caused
strong MLC phosphorylation and led to the
loss of the cilium. To discern whether RhoA
or/and Rac1 might play a role in the TGFB

pMLC

pMLC

= + plus LCM-induced deciliation, we sepa-
+ + rately down-regulated these small GTPases
- | Da by specific siRNAs, followed by 48-h expo-

sure to the combined stimuli. To our sur-
prise, elimination of RhoA only marginally
mitigated cilium loss. In contrast, Racl
down-regulation provided strong protection
against the deciliating effect of TGFB plus
LCM (Figure 6, E and F). We performed
Western blot analysis to follow the changes
in MLC and the small GTPases after the indi-
vidual and combined treatments (Figure 6G).
Of interest, RhoA was down-regulated by
the two-hit condition (48 h) itself, which ex-
plains how, although it could play a role in
the early phase, it is unlikely to contribute to
sustained responses. In contrast, Racl ex-
pression did not decrease. In fact, in some
(but not all) experiments it increased after
the combined treatment. Consistent with
these finding, siRNA-mediated down-regu-
lation of RhoA only slightly reduced pMLC
levels attained after LCM plus TGFp treat-
ment (Figure 6G), whereas silencing of Rac1
strongly suppressed the rise in pMLC and
somewhat mitigated the increase in total
MLC. (In addition, we observed that Rho si-
lencing also reduced Rac levels.) Taken to-
gether, the results show that two hit-induced
suppression of the primary cilium required
Rac1, and this small GTPase is critical to sustain MLC phosphoryla-
tion in the stimulated cells.

= 15 kDa

48 Hours

10T1/2 Cells

Increased MLC phosphorylation involves Smad3

and depends on ROS

Rac1 might modify long-term MLC phosphorylation by various
mechanisms. Besides its direct effects, Rac1 activation is associated
with ROS generation. Namely, Rac1 is a component of the NADPH
oxidase (Hordijk, 2006) and was also shown to promote mitochon-
drial ROS generation (Osborn-Heaford et al., 2012). ROS in turn can
increase MLC phosphorylation (Tsai and Jiang, 2010). Of impor-
tance, TGFB induces expression of the NADPH oxidase isoform
Nox4 in a Smad3-dependent manner, and this process is required
for both fibroblast-myofibroblast transition and EMyT (Cucoranu
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and this response was also significantly in-
hibited by Smad3 down-regulation (Figure 7,
G and H). Taken together, the results show
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Prolonged increase in myosin activity is sufficient and necessary for cilium loss.
(A) Confluent LLC-PK1 cells were transfected with the constitutively active Myc-tagged (DD)
MLC Il in serum-free medium and stained 24 h later for Myc and Ac-tub. (B) The presence of the
cilium was quantified in DD-MLC-expressing cells and their nontransfected neighbors on the
same coverslip (mean + SEM, n = 3, 25 cells/condition). (C) LLC-PK1 cells were transfected with
nonrelated (NR) or myosin heavy chain Il (MHC Il)-specific siRNA, grown to confluence, treated
as indicated for 48 h, and then stained for Ac-tub. MHC Il knockdown was verified by Western
blotting. (D) Ciliation percentage was quantified (mean + SEM, n = 3, ~150 cells/experiment).
(E) LLC-PK1 cells were transfected with siRNAs against MRTF A and MRTF B or NR siRNA. After
reaching confluence, cells were treated as shown for 48 h and then subjected to Western
blotting for the indicated proteins. (F) LLC-PK1 cells treated as in E were stained for Ac-Tub.

(G) Ciliation percentage for E was quantified (mean + SEM, n= 3, =150

et al., 2005; Hecker et al., 2009; Boudreau et al., 2012). Together
these findings raise the possibility of a unifying mechanism that may
involve both Rac1 and Smad3 and lead to increased MLC phospho-
rylation and consequent loss of the cilium in a ROS-dependent man-
ner. To assess this possibility, initially we tested whether myofibro-
blast transition induced by TGFB plus LCM treatment is indeed
associated with increased ROS production in LLC-PK1 cells. As
shown in Figure 7A and quantified in Figure 7B using the nitro blue
tetrazolium assay, transformed cells produced significantly higher
amounts of ROS. To test whether ROS contribute to MLC phospho-
rylation and the ciliary changes, we pretreated cells with apocynin, a
potent scavenger and inhibitor of the NADPH oxidase (Petronio
et al., 2013), and then subjected them to TGFB plus LCM stimula-
tion. Apocynin substantially reduced the ensuing MLC phosphoryla-
tion and caused a threefold increase in the number of cells that kept
their cilium (Figure 7, C-E). Next we tested whether down-regula-
tion of Smad3 before EMyT induction interferes with MLC phospho-
rylation (this timing should be distinguished from the gradual down-
regulation of Smad3 seen during EMyT). siRNA-mediated Smad3
knockdown before TGFB plus LCM treatment strongly suppressed
MLC phosphorylation (Figure 7F). Moreover, EMyT was associated
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whose receptor is nonciliary, using a com-
mon downstream response, the phosphory-
lation of the mitogen-activated protein ki-
nase Erk. Cells were left untreated or
transitioned to myofibroblasts by TGFp plus
LCM for 48 h and then exposed to EGF or
PDGF-AA for 5 min (Figure 8A). EGF pro-
voked strong Erk phosphorylation in both
nontransformed and transformed cells. In
contrast, PDGF-AA induced robust Erk
phosphorylation in nontransformed cells,
but this effect was completely lost in trans-
formed cells. The effect of Shh was tested in
10T1/2 cells, which were either left un-
treated or transformed to myofibroblasts by
TGFP alone. Cells were transfected with a luciferase reporter con-
struct responsive to Gli, a patched-induced transcription factor, and
then stimulated with Shh (Figure 8B). Whereas Shh caused a seven-
fold activation of the reporter in nontransformed cells, it had negli-
gible effect in transformed cells. Thus myofibroblast transition of
both an epithelial and a mesenchymal precursor, induced by differ-
ent means, was associated with the loss of responsiveness to differ-
ent ciliary signaling pathways.

NRsiRNA  MRTF
SiRNA

cells/experiment).

The primary cilium contributes to the initial phase of EMyT

So far our data show that full-blown EMyT is associated with the loss
of the cilium and some cilium-related signaling events. However, a
variety of cilium-associated pathways (e.g., PDGF, hedgehog [Hh],
Whnt) have EMT-promoting or fibrogenic effects (Seeger-Nukpezah
and Golemis, 2012) and may also synergize with TGF signaling.
Therefore we asked whether the cilium, at least initially, might be
involved in the mediation of EMyT or fibroblast-myofibroblast tran-
sition. To address this point, we interfered with the cilium before the
induction of the transition and then assessed whether this alters the
stimulus-induced expression of SMA, the chief myofibroblast marker.
First, we treated the cells with HPI-4, a compound that inhibits the
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and specific means to interfere with the cil-
ium by downregulating Kif3a, a kinesin criti-
cal for cilium integrity and function (Lin et al.,
2003). Knockdown of Kif3a in the epithelium
resulted in the truncation of the cilia, mani-
festing as bulky circular patches of Ac-tub
staining (Figure 9E). Kif3a silencing substan-
tially inhibited LCM plus TGFB-induced
SMA expression (Figure 9F). These data are
in complete agreement with a recent article
showing impaired TGFp signaling in Tg737
Oakridge polycystic kidney mouse fibro-
blasts, which possess stunted primary cilia
due to an Ift88 mutation (Clement et al,,
2013). Of interest, the same cilium defect
I was associated with increased shear stress—
induced endothelial-mesenchymal transi-
tion (Egorova et al., 2011). This scenario
raised the possibility that although the initial
presence of the cilium is necessary for effi-
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cient TGFB-induced EMyT, the ensuing loss
itself might facilitate the full-blown transi-
tion. We attempted to address this possibil-
ity by varying the time of Kif3a siRNA trans-
fection before stimulation. We surmised that
the cilium should be intact at the time of
TGFB plus LCM stimulation, but accelera-
tion of its disruption could result in greater
SMA expression. Because the TGFB plus
LCM treatment itself induces deciliation af-
ter ~24 h, we had a very narrow time frame
in which to interfere with the cilium (i.e., to
keep it at the time of the stimulus but then
facilitate its loss). We transfected the cells
with Kif3a siRNA at 6, 12, and 24 h before
TGFB plus LCM stimulation for 72 h. Intrigu-
ingly, compared with the corresponding
nonrelated siRNA control, Kif3a siRNA trans-

23 kDa
21 kDa

NR siRNA
48h LCM+TGFB

Rac1 is required for increased myosin activity and deciliation during EMyT.
(A-D) Confluent LLC-PK1 cells were transfected with constitutively active, Myc-tagged Q63L
RhoA (Myc CA-RhoA; A, B) or active, Myc-tagged Q61L Rac1 (Myc CA-Rac1; B, D) and 24 h later
doubly stained for the Myc epitope and either pMLC or Ac-tub. Quantification of percentages
of ciliated cells for A and C are shown in B and D, respectively. Myc-positive cells were
compared with their Myc-negative neighbors on the same coverslips (n = 3, 20 cells/
experiment). (E, F) LLC-PK1 cells were transfected at 60% confluence with siRNA against RhoA
or Rac1 or nonrelated (NR) siRNA and after reaching confluence treated with LCM plus TGFf
for 48 h, stained for Ac-tub (E), and quantified for ciliation (F; n= 3, ~150 cells/experiment).
(G) LLC-PK1 cells were transfected with Rac1, RhoA, or NR siRNA at 60% confluence and, when
confluent, treated as indicated for 48 h and subjected to Western blotting for the indicated

proteins.

hedgehog pathway by inducing loss of the cilium (Jung et al., 2011).
HPI-4 caused complete deciliation in the tubular cells, along with a
large increase in cytosolic Ac-tub staining (Figure 9A). Of interest,
HPI-4  abolished TGFB plus LCM-induced SMA expression
(Figure 9B). Similar morphological and functional observations were
made in fibroblasts, in which HPI-4 prevented the TGFB-induced
increase in SMA expression (Figure 9, C and D). Because the exact
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RhoA siRNA

fection consistently increased the ensuing
SMA expression when it was applied 6 h be-
fore the stimulation, whereas it markedly
suppressed SMA expression if it preceded
the stimulation by 24 h (Figure 9G) or more
(Figure 9F). The intermediate transfection
time (12 h) had only a slight inhibitory effect.
As verified in parallel experiments, Kif3a
siRNA did not yet cause a significant change
in Kif3a protein expression (Figure 9H) or
cilium structure (Supplemental Figure S3)
after 6 h of transfection, whereas it induced
marked Kif3a decrease and cilium disrup-
tion at 24 h. A plausible interpretation of
these results is that Kif3a siRNA applied 6 h
before stimulation did not interfere with the cilium at the time of
stimulation but accelerated its loss thereafter, which was accompa-
nied by heightened SMA expression. Taken together, the results
show that elimination or disruption of the cilium before TGFf addi-
tion mitigates the transition of various precursors into myofibroblast,
but once the critical signaling has been initiated, ciliary loss might
facilitate the transition.

Racl siRNA
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FIGURE 7: Reactive oxygen species are necessary for enhanced contractility and deciliation.
(A, B) LLC-PK1 cells were grown to confluence and treated with serum-free medium (control) or
LCM plus TGFp for 48 h. Cells were then exposed to NBT for 45 min and processed as
described in Materials and Methods. Reduced NBT (formazan) particles were first visualized by
light microscopy (A) and then extracted, solubilized, and quantified (B; n = 5). (C) LLC-PK1 cells
were treated as in A in the presence of dimethyl sulfoxide (DMSO) or 600 uM apocynin and
processed for Western blotting for the indicated proteins. (D) Confluent LLC-PK1 cells were
treated with LCM plus TGFp for 48 h in the presence of DMSO or 600 pM apocynin and stained
for Ac-tub. (E) Ciliation for B was quantified (n = 3, ~150 cells/experiment). (F, G) LLC-PK1 cells
were transfected at 60% confluence with nonrelated or Smad3 siRNA and, upon reaching
confluence, treated as indicated for 48 h and processed for Western blotting for the indicated
proteins. (H) Densitometric quantification of Nox4 expression in control and Smad3-depleted

cells upon LCM plus TGFf treatment, as shown in E (n= 6).

DISCUSSON

Changes in the primary cilium during myofibroblast
generation

This study characterizes changes in the primary cilium during myofi-
broblast generation and allows insight into the underlying mecha-
nisms. One of our key findings is that the emergence of the myofi-
broblast phenotype, irrespective of whether the precursors are
mesenchymal or epithelial cells, is associated with loss of the pri-
mary cilium. In epithelial cells, in which double-hit conditions (LCM
plus TGFB or wounding plus TGFB) are necessary for myofibroblast
transition, the same combined conditions are required for loss of the
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may maintain sufficient ciliary signaling, nec-
essary for optimal healing (Verghese et al.,
2009). In any case, cilium elongation is usu-
ally coincident with normal tissue repair.
However, our studies suggest that this re-
generative phase may signify a vulnerable,
“sensitized” state, and TGFB exposure in
this context can result in cilium loss, a condi-
tion associated with dysregulated regenera-
tion, fibrosis, or carcinogenesis (Seeley and
Nachury, 2010; Seeger-Nukpezah and
Golemis, 2012). Regulation of cilium length
is a complex and poorly understood process
(Miyoshi et al., 2011; Broekhuis et al., 2013).
Although the mechanism by which intercel-
lular junctions modulate cilium length was not the focus of this work,
it is worth mentioning a few possibilities. Considering only potential
direct links, E-cadherin has been reported to associate with polycys-
tin-1 at the cell junctions (Huan and van Adelsberg, 1999), and the
level of WT polycystin-1 was proposed to regulate cilium length in
a dose-dependent manner (Hopp et al., 2012). It remains to be
established whether E-cadherin depletion affects polycystin-1 sta-
bility or the levels available in the cilium and whether this has an ef-
fect on cilium length. E-cadherin was also found to associate with
TRPV4 (Sokabe and Tominaga, 2010), a mechanosensitive cation
(Ca?*) channel that forms a functional complex with polycystin-2
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was shown to induce RhoB (Vasilaki et al.,
2010), and various Rho isoforms have partly

overlapping function during EMT (Hutchi-
son et al., 2009). Whereas RhoA was dis-

I pensable, Rac1 was necessary for sustained
MLC phosphorylation and cilium loss. These

results are in good agreement with the

emerging role of Rac as a key mediator of

1 EMT (Radisky et al., 2005; Lee et al., 2012).

[ ] Moreover, this allowed us to integrate Rac1-
' and Smad3-dependent events into a unify-
ing mechanism, since both are necessary for

+ - +

48h Serum Free

FIGURE 8: Cilium-related signaling is altered in myofibroblasts. (A) Confluent LLC-PK1 cells
were serum starved or treated with LCM plus TGFp for 48 h. Subsequently, cells were incubated
for 5 min with EGF or PDGF-AA and subjected to Western blotting for the indicated proteins.
(B) 10T1/2 cells were transfected with the Gli-luciferase reporter construct at 60% confluence.
After reaching full confluence, cells were serum starved for 24 h and then left in serum-free
medium or treated with TGFp for 72 h. During the last 24 h of the treatment, Shh ligand was
added as indicated, and luciferase activity was measured. Bars, fold increase in firefly luciferase

activity normalized to Renilla activity (n = 3).

(Kottgen et al., 2008). An increase in intracellular Ca?* is a negative
regulator of cilium length (Miyoshi et al, 2011). Future studies
should test whether loss of E-cadherin affects basal Ca?* levels in a
TRPV4-dependent manner.

Critical signaling mechanisms leading to cilium loss during
myofibroblast transition: key role for myosin

Because after a transient elongation the cilium is lost during myofi-
broblast transition, we sought to understand the signaling events
leading to this end state. One of the main features of the myofibro-
blast phenotype is increased myosin-based contractility (Hinz, 2010),
and our data suggest that this is also the key determinant underly-
ing loss of the cilium. This conclusion is supported by our findings
that 1) inducing increased myosin activity by various means, includ-
ing the expression of active RhoA, Rac1, or diphosphomimetic MLC,
triggers deciliation; and 2) suppressing myosin expression or activa-
tion by various means, including down-regulation of the myosin
heavy chain, MRTF, Smad3, or Rac1, mitigates the loss of the cilium.
Moreover, we established that sustained MLC phosphorylation is
needed for the loss of the cilium—that is, transient increases in con-
tractility can occur without altered cilium status. The EMyT-associ-
ated changes in MLC phosphorylation and cilium loss can be inte-
grated into a coherent picture (Figure 10). TGFp activates Smad3,
which is necessary for the two-hit-induced cilium loss. Moreover, the
absence of contacts potentiates early Smad3 signaling, presumably
due to nuclear translocation of TAZ, a Smad3 retention factor
(Varelas et al., 2008, 2010). This is one reason why contact-deprived
cells are topically susceptible to TGFB. Contact disassembly also
leads to activation of small GTPases RhoA and Rac1, which in turn
induce actin polymerization, nuclear translocation of MRTF, and
MLC phosphorylation (Fan et al., 2007; Busche et al., 2008). How-
ever, two remarks must be made here. First, contact disruption alone
causes only transient changes in MRTF translocation and MLC phos-
phorylation, but these responses are prolonged by TGFp. Second,
although RhoA activation is involved in the early responses, RhoA
silencing did not affect sustained MLC expression/phosphorylation
or cilium loss. This is congruent with our finding that RhoA is down-
regulated during EMyT, consistent with its reported TGFB-induced,
Smurf1-mediated degradation in EMT (Ozdamar et al., 2005). How-
ever, the role of other Rho proteins cannot be excluded, as TGF
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48hTGFB  enhanced ROS production (Rac as NADPH

oxidase component and Smad3 as inducer
of Nox4), which is essential for myofibro-
blast transition and EMT (Hecker et al.,
2009; Bondi et al., 2010; Boudreau et al.,
2012). Accordingly, our double-hit condi-
tions induced a robust expression of Nox4
that was substantially mitigated by Smad3
knockdown, which also reduced MLC
phosphorylation. ROS can promote myosin
phosphorylation predominantly by inhibiting MLC phosphatase
(Jernigan et al., 2008; Tsai and Jiang, 2010). Taking the results
together, we propose that Racl- and Smad3-dependent, Nox4-
mediated ROS production is an important contributor to EMyT-
associated MLC phosphorylation and deciliation. In further support
of this mechanism, the NADPH oxidase inhibitor/ROS scavenger
apocynin inhibited both responses.

Potential mechanisms underlying myosin-dependent

cilium loss

What is the mechanism by which myofibroblast transition and the
associated myosin phosphorylation lead to cilium loss? In principle,
the cilium could be lost by shedding (autotomy; Overgaard et al.,
2009) or disassembly (resorption; Santos and Reiter, 2008). A study
indicated that enhanced contractility interferes with ciliogenesis
(Pitaval et al., 2010). In our system, fully developed cilia were elimi-
nated from the cells—that is, EMyT interfered with ciliary mainte-
nance rather than “ciliogenesis”—although the underlying mecha-
nisms might be overlapping. We cannot exclude that both autotomy
and resorption (disassembly) could contribute. Nonetheless we fa-
vor disassembly as a dominant process for the following reasons.
First, using sucrose gradient centrifugation of cellular supernatants
after EMyT, we were unable to detect increased cilium shedding,
although we could verify this process after acute chemical decilia-
tion (Supplemental Figure S4). Second, the remaining cilia seen in a
few percent of cells after EMyT were shorter after 48-h treatment
compared with 12 h, which is consistent with resorption (Supple-
mental Figure S5). Nonetheless, since deciliation seems to be a sto-
chastic process that occurs 12-48 h after EMyT induction, the detec-
tion of shedding will depend on the integrity of the shed cilium and
the stability of Ac-tub in this time frame. Long-term imaging with
live cilium markers may address this question in the future. With re-
gard to potential molecular mechanisms, myosin-ll-mediated mem-
brane scission has been described in the Golgi apparatus (Miserey-
Lenkei et al., 2010). A similar process might operate at the cilium, or
dysregulated Golgi fission might perturb the Golgi-to-cilium traffic,
a regulator of cilium maintenance (Deretic, 2013). However, myosin-
mediated Golgi fragmentation required Rabé (Miserey-Lenkei et al.,
2010), and our preliminary data show no obvious effect of domi-
nant-negative Rabé on EMyT-induced deciliation. Alternatively,
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Efficient induction of EMyT requires the primary cilium. (A) LLC-PK1 cells were
incubated for 24 h with DMSO or 30 uM HPI-4 and then stained for Ac-tub. (B) Confluent
LLC-PK1 were incubated with DMSO or 30 uM HPI-4 for 24 h in serum-free medium and then
left untreated or exposed to LCM plus TGFp supplemented with DMSO or HPI-4. Western
blotting was then performed for the indicated proteins. (C) Human skin fibroblasts were grown
to confluence, incubated as in A, and then fixed and stained for Ac-tub. (D) Confluent human
skin fibroblasts were incubated as in B and then either left in serum-free medium or treated with
TGFB for 72 h. Subsequently Western blotting was performed for the indicated proteins.

(E) LLC-PK1 cells were transfected with nonrelated (NR) or Kif3a siRNA at 40% confluence,
grown to confluence, serum starved for 24 h, and stained for Ac-tub. (F) LLC-PK1 cells were
transfected as in E, treated as indicated for 72 h, and subjected to Western blotting for the
indicated proteins. (G, H) The process of deciliation may facilitate SMA expression. (G) LLC-PK1
cells were transfected with NR or Kif3a siRNA at varying times (6, 12, and 24 h) before treatment
(labeled as -6, -12, and -24 h, respectively) with serum-free medium or LCM plus TGFp for an
additional 72 h. Subsequently, Western blotting was performed for SMA and GAPDH as loading
control. Note the reversal (early stimulation and late inhibition) of the SMA response. (H) To
check for Kif3a expression at the time of stimulation, cells were transfected as shown and after
the indicated time processed for Western blotting for Kif3A and GAPDH.

tion. Early and sporadic reports suggested
the presence of myosin Il at the base of mo-
tile cilia (Gordon et al., 1980; Sandoz et al.,
1982; Klotz et al., 1986). However, it remains
to be tested whether this is so in the primary
cilium and whether local or global contractil-
ity is involved in deciliation.

Our data showing that myosin Il as a
prime regulator of the cilium during myofi-
broblast transition extend the emerging
concept that the microfilament cytoskeleton
plays a key role in cilium homeostasis. A re-
cent siRNA screen identified a set of actin
skeleton components as positive or nega-
tive regulators of ciliogenesis. For example,
the actin polymerization inducers Arp3 (Kim
et al., 2010) and cortactin (Bershteyn et al.,
2010) were shown to inhibit ciliogenesis
and/or stimulate cilium disassembly. It is
noteworthy that cortactin was detected in
the basal body and can also bind to a cyto-
solic component of the NADPH oxidase
(Touyz et al., 2005) and myosin light chain
kinase (Dudek et al., 2002; Usatyuk et al.,
2012). Thus cortactin might be an adaptor
that interacts with or localizes key compo-
nents of the myosin-dependent deciliation
machinery.

Role of the primary cilium during EMyT
and myofibroblast generation

Finally we consider the pathophysiologic
role of the cilium in myofibroblast transition.
Initially, the cilium supports EMyT, since
deciliation before the process inhibits the
emergence of the myofibroblast phenotype.
This finding is fully consistent with the ciliary
localization of various signaling complexes—
for example, the Hh pathway—with well-es-
tablished roles in fibrogenesis. Further, while
the present work was being submitted, a
study from the Christensen lab was pub-
lished (Clement et al., 2013) showing that
TGFB signaling is impaired in the classic
mouse model of polycystic kidney disease.
The role of the cilium, however, seems to be
more complex, as a previous study revealed
that endothelial cells from the same mouse
model are predisposed to shear stress—in-
duced mesenchymal transition (Egorova
etal., 2011). It remains to be tested whether
the cilium has a differential effect on TGFp-
induced and mechanically provoked EMT. In
any case, our data are consistent with both
an early and critical role of the cilium in the
TGFB-triggered  myofibroblast  transition

myosin activity may regulate cilium maintenance by influencing the
ciliary barrier at the base of the organelle. Intriguingly, myosin was
found to directly bind to septin 2 (Joo et al., 2007), which is a critical
component of the ciliary diffusion barrier, necessary for cilium ho-
meostasis (Hu et al., 2010). It is thus conceivable that myosin might
interact with septins at the cilium, and this might alter septin func-
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and the possibility that the ensuing cilium loss may accelerate this
process. Nonetheless, the cilium is lost during the transition, and
this suggests that the myofibroblast is characterized by profoundly
reprogrammed ciliary signaling. Indeed, we found strongly sup-
pressed responsiveness to PDGF-AA or Shh. However, these
changes may represent dysregulated rather than overall inhibited
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FIGURE 10: The major processes and their mediators underlying
EMyT-associated loss of the cilium. For further explanation see the
Discussion.

fibrogenic signaling. Consistent with such interpretation, loss of the
cilium has also been associated with enhanced Wnt/B-catenin and
mTOR signaling, both involved in matrix deposition and fibrosis
(Bell et al., 2011; Lancaster et al., 2011). During early phases of ex-
perimental kidney fibrosis, Shh stimulates pericyte proliferation,
whereas PDGF-AA induces pericyte migration from the vessel wall
to the interstitium (Chen et al., 2011; Fabian et al., 2012). If the cil-
ium is then lost, the transforming pericytes may “remain put” in the
interstitium, laying down an excess of extracellular matrix. Such
"acquired ciliopathy” may also contribute to the disease. On the
other hand, activation of myofibroblasts is part of normal wound
healing as well. Thus cessation of certain ciliary pathways may serve
regeneration by limiting proliferative and migratory responses. The
role of acquired cilium loss in fibrotic or regenerative responses may
be context dependent. In summary, our study shows for the first
time that myofibroblast transition is associated with myosin-depen-
dent cilium loss, and this unique feature may have important physi-
ologic and pathological implications.

MATERIALS AND METHODS

Reagents

Hedgehog pathway inhibitor 4 (HPI-4), apocynin, and EGF were pur-
chased from Sigma Aldrich (St. Louis, MO). TGFB and recombinant
mouse Shh ligand were from R&D Systems (Minneapolis, MN), and
the PDGF-AA ligand was from BioVision (Farmingdale, NY). Com-
mercially available antibodies were obtained from the following
sources: Cell Signaling Technologies, Danvers, MA (Smad3, phos-
pho-myosin light chain Il [Thr-18/Ser-19], myosin light chain II,
Rac1/2/3, and RhoA); Abcam, Cambridge, MA (acetylated tubulin,
Kif3a, and Kié7); Sigma-Aldrich (tubulin, SMA [1A4] and nonmuscle
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myosin heavy chain ll); Santa Cruz Biotechnology, Santa Cruz, CA
(phospho-extracellular signal-regulated kinase 1/2 [ERK1/2; K23],
ERK1 [E4], glyceraldehyde-3-phosphate dehydrogenase [GAPDH;
0411]); BD Transduction Laboratories, Mississauga, ON, Canada
(E-cadherin); and Novus Biologicals, Littleton, CO (Nox4). Rabbit
polyclonal anti-MRTF (BSAC) was described previously (Sasazuki
et al., 2002). Rabbit polyclonal anti-polycystin-2 was a kind gift from
the Johns Hopkins Center for Polycystic Kidney Disease (Baltimore,
MD). All secondary antibodies were from Jackson ImmunoResearch
Laboratories (Westgrove, PA).

Cell culture

LLC-PK1 (Cl 4) cells, a porcine proximal tubular epithelial cell line (a
kind gift from R. C. Harris, Vanderbilt University School of Medicine,
Nashville, TN), and C3H-10T1/2 cells, a mouse embryonic mesen-
chymal cell line (American Type Culture Collection, Manassas, VA),
were cultured in low-glucose DMEM (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum and 1% streptomycin/peni-
cillin solution (Invitrogen). Primary human skin fibroblasts (a gift from
B. Hinz, University of Toronto, Toronto, Canada) were cultured in
high-glucose DMEM and seeded onto collagen |-coated plates
with similar supplements. To induce contact disruption, cells were
washed three times with phosphate-buffered saline (PBS; Invitro-
gen) and then cultured in nominally calcium-free DMEM (LCM; Invit-
rogen). Scratch wounding was induced by running a pipette tip over
a fully confluent monolayer. Where indicated, cells were treated with
4 ng/ml TGFB, 8 ng/ml Shh, 10 ng/ml EGF, or 100 ng/ml PDGF-AA.
For siRNA transfections, LLC-PK1 cells were cultured in antibiotic-
free medium.

Plasmids and transfection

The 9xGli1-luciferase construct (Genentech, South San Francisco, CA;
described by Barnes et al., 2005) harbors nine copies of the Gli1-bind-
ing site of mouse hepatocyte factor-3B enhancer upstream of herpes
simplex virus thymidine kinase promoter and the luciferase gene. The
Smad3-responsive reporter construct SBE4-Luc was provided by A. B.
Roberts (National Institutes of Health, Bethesda, MD). Thymidine ki-
nase promoter—driven Renilla plasmid (pRL-TK) was purchased from
Promega (Madison, WI). Expression plasmids for the WT (TBRI(WT)),
kinase-dead (TBRI(KR)), and constitutively active (TBRI(TD)) TGFBRI
have been described (Feng et al., 1995; Choy and Derynck, 1998).
Vectors encoding constitutively active RhoA (Q63L RhoA) and Rac1
(Q61L Rac1) have been described (Zhang et al., 1995; Masszi et al.,
2003). DD-MLC (described in Di Ciano-Oliveira et al., 2003) was gen-
erated by replacing Thr-18 and Ser-19 of WT-MLC with aspartic acid
residues. Cells were transfected with 0.5-1 pg of DNA/sample in 2 ml
of medium, using FUGENE 6 (Roche Applied Science, Branford, CA) at
2.5 pl/ug DNA (for the TGFp receptor constructs) or jetPRIME (Poly-
plus Transfection SA, New York, NY) at 2 pl/pg DNA (for the other
constructs), according to manufacturer's recommendation.

RNA interference

The following porcine-specific sequences were used to target the
indicated proteins by RNA interference: E-cadherin, 5-CUCUGCUG-
GUGUUUGAUUA-3’; Smad3, 5-AAGAGUUCACUCCACAUUCUC
-3 MYH9, 5-AAGAAGGCGAAGGCGAACAAG-3’; Rac1/2, 5’-AAA-
UACCUGGAGUGCUCGGCG-3’; MRTF A, 5-AACCAAGGAGCU-
GAAGCCAAA-3’; MRTF B, 5-AACGACAAACACCGTAGCAAA-3;
Kif3a, 5-AAGCAGAGAACUUGAGGAAAA-3’; and RhoA, 5’-AAAG-
CAGGTAGAGTTGGCTTT-3". Oligonucleotides were synthesized by
Applied Biosystems (Burlington ON, Canada) or Thermo Scientific
(Waltham, MA). The control (nonrelated) siRNA was purchased from
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Applied Biosystems (Silencer Negative Control siRNA #2). Transfec-
tions were performed using Lipofectamine RNAIMAX (Invitrogen),
applying a 2 or 3 pl/sample for 50 or 100 nM siRNA, respectively.

Luciferase reporter assays

Luciferase reporter assays were completed similar to our previous
studies (Masszi et al., 2010; Charbonney et al., 2011). Transfection
with the luciferase construct (0.25 pg/well) along with the pRL-TK
Renilla (0.025 pg/well) was performed using FUGENE6. At 24 h later
cells were serum starved for 2 h, followed by the indicated treat-
ment. Cells were lysed using 1x Passive Lysis Buffer (Promega), and
luciferase activity was measured using the Dual Luciferase Assay
System kit (Promega).

Western blotting

After the indicated treatments, cells were washed once with ice-cold
PBS and then lysed using Triton lysis buffer (30 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [HEPES], pH 7.4, 100 mM NaCl,
1 mM ethylene glycol tetraacetic acid, 20 mM sodium fluoride, and
1% Triton X-100), which was supplemented with 1 mM phenylmeth-
ylsulfonyl fluoride, T mM sodium vanadate, and Complete Mini
Protease Inhibitor (Roche). For experiments analyzing relative phos-
pho—myosin Il levels, RIPA buffer was used (50 mM Tris, 150 mM
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100,
pH 7.4) supplemented as before. SDS-PAGE and subsequent
Western blotting were performed on samples with equal protein
concentrations as determined using BCA Protein Assay reagents
(Thermo Scientific). Where indicated, densitometry was performed
using Quantity One software and a GS800 densitometer (Bio-Rad,
Hercules, CA).

Immunofluorescence microscopy

Cells to be imaged were plated onto glass coverslips (in the case of
human skin fibroblasts, glass coverslips were first coated with colla-
gen |) and then fixed using 4% paraformaldehyde (PFA; Canemco &
Marivac, Lakefield, QC, Canada) for 20 min after the indicated treat-
ments. PFA was quenched using 100 mM glycine in PBS for 10 min,
followed by cell permeabilization with PBS containing 0.1% Triton
X-100. Fixed samples were blocked using 3% bovine serum albumin
in PBS (1 h to overnight), followed by primary antibody incubation
for 1 h. Cells were then washed with PBS and incubated with fluores-
cently labeled secondary antibodies for 1 h with the addition of
4 ,6-diamidino-2-phenylindole (Lonza, Basel, Switzerland) for nu-
clear labeling. For imaging of acetylated tubulin or E-cadherin, cells
were fixed using ice-cold methanol for 6 min, followed by blocking.
Coverslips were mounted using Dako (Glostrup, Denmark) fluores-
cence mounting medium (Glostrup). Fixed samples were analyzed
using an LSM 700 confocal microscope (Zeiss, Oberkochen,
Germany), Plan-Apochromat 63x/numerical aperture 1.4 oil objec-
tive (Zeiss), and Zen 2010 software (Zeiss). All acetylated tubulin
images were generated by collecting Z-sections (0.2-pym step size)
and then collapsing into a maximum-intensity projection. Modifica-
tions were restricted to contrast and brightness for all images.
Unless otherwise indicated, when quantification was performed to
assess the percentage of cells having a primary cilium or the length
of the cilium, 10-12 frames of ~30 cells were counted per individual
experiment. Cilium length measurements were conducted using
MetaMorph software (Molecular Devices, Sunnyvale, CA).

Scanning electron microscopy

Fixation and imaging of samples were performed as described
(Prashar et al., 2012).
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ROS measurement

ROS production was determined by a quantitative nitro blue tetra-
zolium (NBT) assay as described previously (Serrander et al., 2007),
with minor modifications. Briefly, cells grown in six-well plates were
exposed to serum-free medium or LCM plus TGFp treatment for 48
h and, after washing, incubated for 45 min in the corresponding
medium supplemented with 1.67 mg/ml NBT. Cells were then fixed
with ice-cold methanol and photographed with a Nikon Coolpix
camera attached to Nikon eclipse TS100 microscope (40x objec-
tive), using the Nikon digital sight system and SPOT software. NBT
was then extracted and solubilized using a mix of 560 pl of 2 M KOH
and 480 pl of dimethyl sulfoxide. Absorbance of reduced NBT was
measured at 630 nm. Data were normalized to protein levels deter-
mined in parallel samples.

Screening of cellular growth medium for primary cilia
shedding

To detect the presence of shed primary cilia, the growth medium
was collected after the indicated treatments. As a positive control,
cells were cultured for 48 h in serum-free medium, followed by re-
placement of growth medium with high-Ca?* deciliation solution
(112 mM NaCl, 3.4 mM KCI, 10 mM CaCl,, 2.4 mM NaHCO3, 20 mM
HEPES, pH 7.0) (Raychowdhury et al., 2005). Cells were then shaken
for 4 min (360 rpm at 37°C; Mitchell et al., 2004), and the deciliation
solution containing the primary cilium was collected. The cellular
debris was sedimented by centrifugation at 1000 x g for 5 min at
4°C. The primary cilia in the resulting supernatant were enriched on
a 60% (wt/vol) sucrose cushion by two rounds of centrifugation at
6000 x g for 10 min at 4°C. The enriched cilia supernatant was over-
laid on 8 ml of a 20-60% discontinuous sucrose gradient in a 13-ml
ultracentrifuge tube and subjected to equilibrium sedimentation at
150,000 x g for 5 h at 4°C (L8-80M ultracentrifuge; Beckman, Brea,
CA). After centrifugation, 450-pl fractions were collected from the
top of the tube. The resulting fractions were analyzed by Western
blot for the presence of acetylated tubulin. The primary cilium frac-
tion was found close to the 20%-60% sucrose interphase.

Statistical analysis

Data are presented as representative blots or images from at least
three similar experiments or as means + SEM for the number of ex-
periments indicated. Statistical significance was determined by two-
tailed Student'’s t test or one-way analysis of variance (ANOVA,; Tukey
or Dunn post hoc testing for parametric and nonparametric ANOVA,
as appropriate), using Prism and Instat software. p < 0.05 was ac-
cepted as significant. *p < 0.05, **p < 0.001, ***p < 0.0001.
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