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ABSTRACT Transforming growth factor-f (TGF-) plays critical roles in numerous physiologi-
cal and pathological responses. Cholesterol, a major plasma membrane component, can have
pronounced effects on signaling responses. Cells continually monitor cholesterol content and
activate multilayered transcriptional and translational signaling programs, following pertur-
bations to cholesterol homeostasis (e.g., statins, the commonly used cholesterol-reducing
drugs). However, the cross-talk of such programs with ligand-induced signaling responses
(e.g., TGF-B signaling) remained unknown. Here, we studied the effects of a mild reduction in
free (membrane-associated) cholesterol on distinct components of TGF-B-signaling path-
ways. Our findings reveal a new regulatory mechanism that enhances TGF-B-signaling
responses by acting downstream from receptor activation. Reduced cholesterol results in
PKR-dependent elF20. phosphorylation, which enhances c-Jun translation, leading in turn to
higher levels of JNK-mediated c-Jun phosphorylation. Activated c-Jun enhances transcription
and expression of Smad2/3. This leads to enhanced sensitivity to TGF-p stimulation, due to
increased Smad2/3 expression and phosphorylation. The phospho/total Smad2/3 ratio
remains unchanged, indicating that the effect is not due to altered receptor activity. We pro-
pose that cholesterol depletion induces overactivation of PKR, JNK, and TGF-B signaling,
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which together may contribute to the side effects of statins in diverse disease settings.

INTRODUCTION

Transforming growth factor-f (TGF-B) ligands mediate muiltiple
physiological and pathological responses, including metabolic reg-
ulation, inflammation, and cancer (Markowitz et al., 1995; Roberts
and Wakefield, 2003; Sanjabi et al., 2009; Gatza et al., 2010; Heldin
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et al., 2012; Massague, 2012; Tan et al., 2012; Meng et al., 2016).
TGF-B signals via two dual-specificity (Ser/Thr and Tyr) kinase recep-
tors, type | (TBRI) and type Il (TBRII; Shi and Massague, 2003; Gordon
and Blobe, 2008; Heldin and Moustakas, 2016). It binds to TBRII,
which then recruits and phosphorylates TBRI. In turn, TPRI phos-
phorylates Smad2/3 proteins, mediating their translocation together
with Smad4 to the nucleus, where they regulate transcription of
target genes (Shi and Massague, 2003; Moustakas and Heldin,
2009; Budi et al., 2017). TGF-B can also signal via non-Smad path-
ways, including c-Jun N-terminal kinase (JNK; Hanafusa et al., 1999;
Hocevar et al., 1999; Bakin et al., 2000; Galliher and Schiemann,
2007; Sorrentino et al., 2008; Yamashita et al., 2008). TGF-§ signal-
ing is regulated at multiple levels. At the receptor level, regulation
may take place by interactions between the signaling receptors
(reviewed in Ehrlich et al., 2012), through their domain distribution
at the plasma membrane (Shapira et al., 2014; Budi et al., 2015),
endocytosis/recycling (Lu et al., 2002; Penheiter et al., 2002; Di
Guglielmo et al., 2003; Chen et al., 2009; Shapira et al., 2012), and
their synthesis or degradation (Massague and Wotton, 2000; Shi and
Massague, 2003; Amsalem et al., 2016). At the level of downstream
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signaling by Smads, signaling is tuned by a number of posttransla-
tional modifications, which affect the composition of Smad com-
plexes, their activation, intracellular localization, and degradation
(Wrighton and Feng, 2008; Hill, 2009; Xu et al., 2012).

Al these processes may be modulated by cholesterol, a plasma
membrane organizer whose levels determine the formation of cho-
lesterol/sphingolipid-enriched domains termed lipid rafts (Simons
and Toomre, 2000; Hancock, 2006; Jacobson et al., 2007; Eisenberg
et al., 2011; Parton and del Pozo, 2013). Cholesterol homeostasis is
tightly regulated by mechanisms controlling sterol synthesis, up-
take, and turnover (Goedeke and Fernandez-Hernando, 2012; Luu
et al., 2013). These processes respond to alterations in cellular
context (e.g., cell stress [Werstuck et al., 2001]) and to signaling
pathways such as mitogen-activated protein kinase, phosphati-
dylinositol-3-kinase (PI3K), AMP-activated protein kinase, and more
(Motoshima et al., 2006; Gorin et al., 2012). Conversely, changes in
the cellular cholesterol level (e.g., due to statin-mediated inhibition
of HMG-CoA reductase) evoke multilayered cellular responses
aimed at restoring cholesterol homeostasis (Gabitova et al., 2014).

The effects of cholesterol depletion on TGF-B signaling are still
under debate (Razani et al., 2001; Di Guglielmo et al., 2003; Zuo
and Chen, 2009; Shapira et al., 2014; Muthusamy et al., 2015), and
the potential effects of cholesterol on downstream TGF-B signaling
components (as opposed to effects at the level of the receptors)
have not been thoroughly investigated. The potential regulation of
TGF-B signaling downstream components by cholesterol has impor-
tant implications in view of the use of statins, which are metabolic
inhibitors of cholesterol production, in a broad spectrum of therapy
settings, conditions that can alter TGF-f signaling and its physiolog-
ical outcomes. In the current work, we investigated the effects of
mild cholesterol depletion (30% reduction in free cholesterol) on
TGF-B signaling. We employed Mv1Lu mink lung epithelial cells,
which are highly responsive to TGF-§ and were broadly employed in
studies on TGF-f signaling, as well as MLE 12 mouse lung epithelial
cells. Our results reveal a new mechanism by which reduced choles-
terol enhances TGF-B signaling downstream from the receptors.
Such a reduction induces overactivation of double-stranded RNA-
dependent protein kinase (PKR) and JNK, resulting in enhanced
translation and activation of c-Jun. In turn, this elevates Smad2/3
transcription and expression, resulting in augmented TGF-f-
induced Smad3-mediated responses.

RESULTS

Statin-mediated cholesterol depletion enhances Smad2/3
and JNK/c-Jun TGF-f signaling pathways

In spite of the potential involvement of cholesterol-dependent lipid
rafts in TGF-B signaling (Razani et al., 2001; Di Guglielmo et al.,
2003; Zuo and Chen, 2009; Shapira et al., 2014; Muthusamy et al.,
2015), the effects of cholesterol on downstream TGF-B signaling
components are not known. Because the most common cholesterol-
reducing treatment is by statins, such effects are of high relevance to
TGF-B-related cancers and other diseases, as the cholesterol deple-
tion treatment alters the cellular context, potentially changing the
response to TGF-B signaling. We set to explore the potential effects
of reducing the membrane cholesterol content on downstream
TGF-B signaling pathways in Mv1Lu mink lung epithelial cells, which
are highly responsive to TGF-B, and provided the basis for the
widely accepted features of TGF-B signaling (Laiho et al., 1990;
Wrana et al., 1992). The free cholesterol level in Mv1Lu cells was
reduced by treatment with lovastatin (50 uM) in the presence of 50
pM mevalonate (see Materials and Methods), or (in control experi-
ments) by cholesterol absorption with 2-hydroxypropyl-B-cyclodex-
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trin (HPBCD). While the statin inhibits HMG-CoA reductase, the
product of this enzyme (mevalonate) is added at a concentration low
enough to reduce cholesterol synthesis but sufficient to maintain
prenylation and geranylgeranylation (Eisenberg et al., 2006, 2011;
Shvartsman et al., 2006). The conditions employed resulted in mild
and similar reduction in the total free (nonesterified) cholesterol con-
tent (~30%; Supplemental Figure S1). The lovastatin-mediated cho-
lesterol depletion elevated both total Smad2/3 and the TGF-B—stim-
ulated formation of pSmad2/3, with no effects on the BMP-related
Smads (Smad1/5/8; Figure 1, A-G). The increase in total (tSmad2/3)
and pSmad2/3 was by a similar factor, leaving the ratio between
them unaltered (Figure 1F). It should be noted that the lack of
change in the phospho/total Smad2/3 ratio indicates that the in-
crease in pSmad2/3 is not a result of augmented receptor activity,
but rather reflects the elevated levels of tSmad2/3. While tSmad2/3
appeared as two bands, the anti-pSmad2/3 antibody labeled a
single band. Because this could reflect different affinities of the
anti-pSmad2/3 antibody to pSmad2 versus pSmad3, we employed
specific anti-Smad2, anti-Smad3, anti-pSmad2, or anti-pSmad3 an-
tibodies (Supplemental Figure S2). These experiments showed that
the total protein levels and the phosphorylation of Smad2 and
Smad3 following TGF-B stimulation are both elevated by choles-
terol depletion. The total JNK (tJNK), phospho-JNK (pJNK), total
c-Jun (tc-Jun), and phospho c-Jun (pc-Jun) were also elevated.
However, the effect on these major constituents of the JNK/c-Jun
non-Smad pathway was constitutive (independent of TGF-f stimula-
tion; Figure 1, H-N), further supporting the notion that the choles-
terol depletion enhancement of downstream TGF-f signaling com-
ponents does not depend on enhanced receptor activity. The
concomitant increase in these two components is in line with c-Jun
being a phosphorylation target of JNK, and with the ability of c-Jun
to regulate its own transcription as well as that of JNK (Angel et al.,
1988; Ventura et al, 2003). Control experiments (Supplemental
Figure S3, A-G) show that incubation with lipoprotein-deficient se-
rum (LPDS) alone (without statin) has no significant effects. Of note,
the effects of cholesterol depletion on the expression and activation
of TGF-B signal mediators are not restricted to Mv1Lu cells; essen-
tially identical results were obtained using MLE 12 mouse lung epi-
thelial cells (Supplemental Figure S4).

To validate that the effects measured are due to cholesterol de-
pletion and not the result of potential other effects of statin treat-
ment, we conducted control experiments where the cholesterol
level was reduced to a similar degree by cholesterol absorption us-
ing a B-cyclodextrin derivative that binds and sequesters cholesterol
in its hydrophobic core; we employed HPBCD, which is more selec-
tive for cholesterol than methyl-B-cyclodextrin (Christian et al., 1997)
and is used for treatment of Nieman-Pick disease (Rosenbaum and
Maxfield, 2011) and potentially additional diseases (Zimmer et al.,
2016). The results (Figure 2, A-G) were similar to those obtained
with the statin treatment, demonstrating that the effects are due to
lower cholesterol levels.

The initial cellular response to TGF-B-mediated Smad2/3 stimu-
lation is transcriptional regulation of target genes. To test whether
the effects of cholesterol depletion on the pSmad2 and/or pSmad3
levels are translated to transcriptional responses, we conducted
transcriptional activation assays (as described by us earlier; Shapira
et al., 2012) comparing untreated and statin-treated cells. We
employed several Smad-responsive luciferase reporter constructs.
p3TP-Luc(+) (Wrana et al., 1992) and (CAGA)1,-Luc (Dennler et al.,
1998; Shapira et al., 2012), which are mainly responsive to pSmad3,
showed elevated transcriptional activation in response to TGF-
in cholesterol-depleted cells (Figure 3, A and B). Interestingly,
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Cholesterol depletion has distinct effects on Smad2/3 and JNK/c-Jun levels and phosphorylation. Mv1Lu
cells grown in 35-mm dishes were subjected (or not) to statin-mediated cholesterol depletion as described in Materials
and Methods. After 16 h, they were serum-starved (2 h), incubated with or without 50 pM TGF-B1 (30 min), lysed, and
analyzed by immunoblotting for total (t) and phosphorylated (p) Smad2/3, Smad1/5/8, JNK, and c-Jun. B-actin served as
loading control. The bands were quantified by ECL (see Materials and Methods). (A) A representative blot (one out of
six independent experiments in each case) of Smad2/3 and Smad1/5/8. (B-G) Quantification of total and
phosphorylated Smad2/3 (B, D, F) and Smad1/5/8 (C, E, G) in untreated (control) and cholesterol-depleted cells. The
untreated control sample with TGF-B1 was defined as 100%. Both tSmad2/3 and pSmad2/3 levels are elevated by a
similar factor upon cholesterol depletion, such that the ratio between them is retained. No significant effects were
detected in tSmad1/5/8 or pSmad1/5/8 following cholesterol depletion. (H) A representative blot of JNK and c-Jun
immunoblots. (I-N) Quantification of total and phosphorylated JNK (I, K, M) and c-Jun (J, L, N) in untreated and in
cholesterol-depleted cells. The untreated sample with TGF-B1 was taken as 100%. Both tJNK, pJNK and tc-Jun, pc-Jun
levels increase following cholesterol depletion; however, this response is insensitive to TGF-B1. While the pJNK/tJNK
ratio is unaltered, that of pc-Jun/tc-Jun is elevated following cholesterol depletion (panels M, N), reflecting the higher
phosphorylation of c-Jun under these conditions, in line with its role as a phosphorylation target for JNK. Each bar is the
mean + SEM of six independent experiments (**, P < 0.01; Student’s two-tailed t test). Control experiments
(Supplemental Figure S3, A-G) show that incubation with LPDS alone (without statin) has no significant effects.
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FIGURE 2: Cholesterol absorption with HPRCD affects Smad2/3 and JNK/c-Jun levels and
phosphorylation similar to statin treatment. Cells were treated with HPBCD (16 h, similar to the
statin treatment) to reduce their membrane cholesterol content (Materials and Methods). They
were then treated with TGF-B1 and subjected to immunoblotting as in Figure 1. (A) A
representative blot (one out of five independent experiments) of pSmad2/3, tSmad2/3, pJNK,
tJNK, pc-Jun, and tc-Jun. B-Actin served as a loading control. (B-G) Quantification of total and
phosphorylated proteins. In each panel, the untreated control sample with TGF-$1 was taken as
100%. (B) pSmad2/3. (C) tSmad2/3. (D) pJNK. (E) tJNK. (F) pc-Jun. (G) tc-Jun. The results
resembled those obtained following cholesterol depletion by statin treatment (Figure 1), with
reduced cholesterol inducing a similar increase in tSmad2/3 and pSmad2/3, enhancing also the
formation of pSmad2/3 in response to TGF-B1. The levels of tJNK, pJNK, tc-Jun, and pc-Jun
were also elevated, a response which was not altered by TGF-B1. Each bar is the mean + SEM of

five independent experiments (*, P < 0.05; Student’s two-tailed t test).

PAR3-Lux (Hayashi et al., 1997), which is responsive to pSmad2, was
activated by TGF-B in the presence of Fast-1, but this response was
insensitive to cholesterol depletion (Figure 3C). Thus, it appears that
although both Smad3 and Smad2 are phosphorylated and their
levels increase following cholesterol depletion, the downstream
responses are mediated mainly by pSmad3. pBRE-Luc (Korchynskyi
and ten Dijke, 2002), which is responsive to pSmad1/5/8, was not
activated by TGF-B (Figure 3D), in line with the lack of phosphoryla-
tion of Smad1/5/8 under these conditions (Figure 1).

One of the established cellular responses of epithelial cells to
TGF- is epithelial-to-mesenchymal transformation (EMT; Bhowmick
et al., 2001; Moustakas and Heldin, 2016). We therefore examined
the effect of statin-mediated cholesterol depletion on the ability of
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ing scratch assays (Figure 4, D-F). As ex-
pected, wound healing in Mv1Lu cultures

Ono ligand MTGF-B
LIF z was stimulated by TGF-B1. Cholesterol de-
pletion by itself inhibited Mv1Lu wound
healing, in line with the elevated level of E-
cadherin under such conditions (Figure 4, A
and B). This effect was significantly reduced
by TGF-B, in line with the elevated level of
pSmad2/3 (Figure 1), the reduced level of
E-cadherin, and the enhanced expression of
Snail (Figure 4).

| ——|

*
P —

Cholesterol depletion enhances
Smad2/3 transcription and c-Jun
translation

After establishing that cholesterol depletion
increases the levels of total and phosphory-
lated Smad2/3 and c-Jun and affects their
biological signaling, we investigated the
mechanism(s) underlying these phenom-

ena. Elevated expression levels of specific
proteins, such as Smad2/3 and c-Jun, may
stem from slower degradation rates or from
increased synthesis (enhanced transcription
and/or translation). To explore the contribu-
tion of the former mechanism, we compared
Smad2/3 and c-Jun degradation rates in
untreated or cholesterol-depleted Mv1Lu
cells, in the presence of cycloheximide
(CHX). Smad2/3 degradation was very slow
and was unaffected by cholesterol deple-
tion (Supplemental Figure S5, A and B). c-
Jun degraded faster (7-8%/h), and was also
unaffected by the same treatment (Supple-
mental Figure S5, D and E). Similar results
were obtained in the presence of TGF-B
(100 pM; Supplemental Figure S5, C and F). We conclude that
altered degradation does not contribute significantly to the higher
Smad2/3 or c-Jun levels in cholesterol-depleted cells.

To test whether the enhanced levels of Smad2/3 and c-Jun fol-
lowing cholesterol depletion are due to effects on their transcription
(resulting in higher mRNA levels, and thus higher expression), we
employed the general transcription inhibitor, actinomycin D. Treat-
ment with actinomycin D blocked the effects of statin-mediated
cholesterol depletion on Smad2/3 and c-Jun protein levels,
including the TGF-B-mediated increase in pSmad2/3 (Figure 5,
A-E). Because inhibition of transcription would also inhibit the
ensuing translation, we proceeded to study the effects of choles-
terol depletion on the mRNA levels of Smad2, Smad3, and c-Jun

+
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whether activation of the JNK/c-Jun path-

way is upstream to the effects of cholesterol
depletion on Smad2/3. Figure 7, A-C, shows
that the JNK inhibitor SP600125 inhibited
formation of pc-Jun as expected. This re-
sulted in prevention of both the elevation
in tSmad2/3 and in TGF-B-mediated pS-
mad2/3 by cholesterol depletion. The re-
quirement for c-Jun activation is supported
by the finding that TGF-B1-induced tran-
scriptional activation of the Smad pathway

1
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et Ono ligand 200{0no Tigand
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5 300 1607
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8 200

L 80+

S 100

: r—- B

=

5 0 0

& chol. dep. -

transcriptional reporters p3TP-Luc(+) and
(CAGA),-Luc, which was enhanced by cho-
lesterol depletion, was disrupted by the
inhibitor (Figure 7, D and E). We conclude

that the cholesterol depletion effect on
D JNK/c-Jun precedes that on Smad2/3, a
conclusion supported by the finding (Sup-
plemental Figure S6, A-C) that the TPRI
(ALK5) inhibitor SB431542, which blocks
Smad2/3 phosphorylation, does not inhibit
the elevation in c-Jun levels and/or the en-
suing increase in tSmad2/3. In addition, we
tested the effects of the JNK inhibitor on the
EMT markers (Supplemental Figure S7). In

Cholesterol depletion elevates Smad3-dependent TGF-B-mediated transcriptional
activation. Mv1Lu cells were cotransfected with a TGF-B-superfamily responsive luciferase
reporter plasmid: p3TP-Luc(+) (A), (CAGA),-Luc (B), pAR3-Lux with CMV-Fast1 (C), or pBRE-Luc
(D), together with pRL-TK. At 12 h posttransfection, cells were subjected (or not; control) to
statin-mediated cholesterol depletion as in Figure 1, serum-starved, stimulated (or not) with
TGF-B1, and analyzed by the DLR assay. The results were normalized for transfection efficiency
using Renilla luminescence. Data are presented as the percentage of activation relative to
untreated cells stimulated with TGF-B1, taken as 100%. Each bar is the mean + SEM of five
independent experiments (***, P < 0.01; *, P < 0.05; Student’s two-tailed t test).

(Figure 5, F-H). These studies showed that cholesterol depletion
results in elevated mRNA levels of Smad2 and Smad3, but not of
c-Jun. Such elevated mRNA levels may reflect either slower mRNA
degradation or increased transcription. Therefore, we blocked tran-
scription with actinomycin D and measured the transcript levels of
Smad2, 3, and c-Jun over time by real-time reverse transcriptase-
PCR (RT-PCR). Cholesterol depletion did not stabilize any of these
mRNAs, ruling out mRNA stabilization as a potential mechanism
(Figure 5, I-K). Taken together, these experiments suggest that the
effects of cholesterol depletion on Smad2/3 levels are mediated via
transcriptional regulation, while those on c-Jun occur at a later step
(e.g., translation). To explore this issue, we measured the synthesis
levels of the above proteins by [¥°S](Met+Cys) incorporation. As ex-
pected based on the enhanced transcription of Smad 2 and 3,
Smad2/3 synthesis was elevated following cholesterol depletion
(Figure 6, A and B). The level of c-Jun synthesis was increased even
to a higher extent, in spite of the insensitivity of its transcription to
cholesterol depletion (Figure 6, C and D). It follows that the en-
hanced expression of c-Jun mediated by cholesterol depletion in-
volves effects on its translation.

The effects of cholesterol depletion on c-Jun precede those
on Smad2/3 and require PKR activity

c-Jun is involved in the transcriptional regulation of Smads and AP-1
(Liberati et al., 1999; Wong et al., 1999). We therefore investigated
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+ accord with the notion that JNK is required
for the downstream effects of cholesterol on
TGF-B signaling, the effects of cholesterol
depletion on both E-cadherin and Snail
were disrupted. It should be noted that
SP600125 also inhibited the EMT response
to TGF-B in untreated cells, in line with the
involvement of JNK and c-Jun in EMT.

Multiple lines of evidence support the
regulation of c-Jun expression at the level
of translation (Sehgal et al., 2000; Polak
et al., 2006; Spruill and McDermott, 2009).
Specifically, sequence elements in the 5" untranslated region of c-
Jun mRNA are thought to drive cap-independent translation in
correlation with the phosphorylation of the eukaryotic initiation
factor 20, (elF20), a common occurrence in cell stress. We there-
fore tested the effects of cholesterol depletion (with or without
TGF-B) on elF2a. phosphorylation. This treatment led to a signifi-
cant increase in elF2a phosphorylation, an effect that was inde-
pendent of TGF- stimulation (Figure 8, A and B). Both effects are
correlated with the increased expression of c-Jun (Figure 1H and
Figure 6, C and D) and its independence of TGF-B stimulation
(Figure 1).

A main regulator of elF2a. phosphorylation is PKR, the interferon-
induced, double-stranded RNA-activated protein kinase (encoded
by the EIF2AK2 gene). To test for the involvement of PKR in the
effects described above, we employed the specific PKR inhibitor
C16. In line with a role for PKR in the induction of elF20. phosphory-
lation by cholesterol depletion, C16 abrogated the effect (Figure
9A). Accordingly, no increase in tc-Jun (and in pc-Jun) was observed
in C16-treated, cholesterol-depleted cells. Of note, a similar pattern
(abrogation of increase following C16 treatment) was observed with
tINK. This prevented the accumulation of tSmad2/3 and the ensu-
ing increase in TGF-B-induced pSmad2/3 (Figure 9, A-C). These
phenomena are reflected in the ability of cholesterol depletion to
enhance TGF-B stimulation of Smad2/3-dependent transcription,
which was concomitantly disrupted by C16 (Figure 9, D and E). We
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FIGURE 4: Effects of cholesterol depletion on TGF-B-mediated changes of expression of EMT markers and wound
healing. (A) A representative blot of the phenotypic markers E-cadherin and Snail. The increase in the levels of tSmad2/3
and tc-Jun following cholesterol depletion is shown as control for the effectiveness of the treatment. B-Actin served as a
loading control. Mv1Lu cells were subjected to statin-mediated cholesterol depletion (16 h; Materials and Methods),
adding TGF-B1 (50 pM) for the last 12 h. The cells were then lysed and subjected to immunoblotting of E-cadherin,
Snail, Smad, or c-Jun. (B, C) Quantification of E-cadherin (B) or Snail (C) levels. The untreated control sample without
ligand was taken as 100%. Bars are the mean + SEM of five independent experiments (*, P < 0.05; **, P < 0.01; Student'’s
two-tailed t test). Cholesterol depletion induced a significant increase in the level of E-cadherin in the absence of
hormone; however, this level was robustly reduced in the presence of TGF-B1. Expression of Snail was unaffected by
cholesterol depletion, and its level was markedly enhanced by TGF-B in cholesterol-depleted cells. (D-F) Mv1Lu cells
grown in 96-well plates were subjected (or not; control) to cholesterol depletion as in Figure 1. At time O (right after
scratch), fresh medium (with serum or with LPDS for untreated and treated cells, respectively) with or without 50 pM
TGF-B1 was added. The cells were monitored during wound closure using IncuCyte, and the relative wound density (%
closure) in each well was determined. (D) Typical fields. Bar, 300 um. (E) Quantification of wound closure. Data are mean
+ SEM of five independent experiments (each with at least three technical repetitions) of the % of wound closure after
24 h. TGF-B enhanced cell migration and wound healing, while cholesterol depletion inhibited it. However, when the
two were combined, the cholesterol-dependent inhibition disappeared. (F) Relative contribution of TGF-B to wound
closure. In this representation unstimulated cells under each condition are taken as 100%. The enhancement in wound
closure by TGF-B was higher following cholesterol depletion. Asterisks depict significant differences between the pairs
marked by the brackets (*, P < 0.05; **, P < 0.01; Student's t test).

conclude that cholesterol depletion initially activates PKR, resulting ~ DISCUSSION

in elF20. phosphorylation, increased translation of c-Jun, and ele-  TGF-B signaling plays critical roles in numerous biological functions
vated expression of Smad2/3. This in turn allows for enhanced levels and in multiple diseases, including cancer (Markowitz et al., 1995;
of pSmad2/3 in response to TGF- stimulation, and for the ensuing Sanjabi etal., 2009; Gatza et al., 2010; Heldin et al., 2012; Massague,
transcriptional activation of TGF-f-responsive genes, mediated by ~ 2012; Tan et al., 2012; Meng et al., 2016). Cholesterol metabolism
pSmad3. and homeostasis are important effectors of cellular and biological
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The effects of cholesterol depletion on Smad2/3, but not on c-Jun, depend on transcription. (A-E) Mv1Lu

cells in six-well plates were subjected to cholesterol depletion as in Figure 1, with or without actinomycin D (1 pg/ml).
After 16 h, cells were serum-starved (2 h), stimulated (or not) with TGF-B1 (50 pM, 30 min), lysed, and subjected to
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FIGURE 6: Cholesterol depletion elevates the protein synthesis (translation) of Smad2/3 and c-Jun. Mv1Lu cells in
10-cm plates were subjected (or not) to cholesterol depletion as in Figure 1. Cells were washed, starved in methionine
and cystein-free medium (30 min), and labeled (25 min) with [S3*](Met + Cys) (Materials and Methods). After lysis,
Smad2/3 or c-Jun was immunoprecipitated, run on SDS-PAGE, and autoradiographed. (A, C) Representative
experiments. (B, D) Quantification. Band intensities were calibrated relative to the respective control, taken as 1. Bars,
mean + SEM (n = 5). Asterisks indicate significant increases (*, P < 0.05; **, P < 0.01) following cholesterol depletion in

Smad2/3 and c-Jun translation levels.

functions in health and disease (Lim, 2011; Platt et al., 2014;
Mollinedo and Gajate, 2015; Zimmer et al., 2016), and a high per-
centage of the population, especially at ages of 40 and above, are
chronically treated with cholesterol-reducing drugs. While altera-
tions in the membrane cholesterol content can alter membrane
receptor interactions and signaling (Becher and Mcllhinney, 2005;
Kusumi et al., 2005; Mollinedo and Gajate, 2015; Budi et al., 2017),
the effects of reduced cholesterol levels on TGF-B downstream sig-
naling components remained unknown. Such cross-effects between
cholesterol and TGF-B signaling may have important implications
for diseases where TGF- signaling is involved. Here, we studied the
modulation of these parameters in cells subjected to mild (~30%)
reduction in the free (membrane-associated) cholesterol content
over a period long enough to explore effects on transcription, trans-
lation, and biological responses.

Cholesterol depletion by two different and independent methods
(statin-mediated inhibition of cholesterol synthesis, and cholesterol
absorption by HPBCD) increased constitutively the expression of me-
diator proteins of both canonical (Smad2/3) and noncanonical (JNK/
c-Jun) TGF-B-signaling pathways (Figures 1 and 2). From this it can be
concluded that the effects measured are due to reduced cholesterol

and not due to potential off-target effects of the statin. Importantly,
the ratio between TGF-B-induced phosphorylated Smad2/3 and to-
tal Smad2/3 was not altered by cholesterol depletion (Figure 1 and
Supplemental Figure S2), suggesting that the enhanced phosphoryla-
tion of Smad2 and Smad3 is not due to changes in the activity of the
receptors, but rather reflects the higher level of tSmad2/3 present
under these conditions. Thus, we propose that biological processes
that affect tSmad2/3 abundance may result in differential intensity of
Smad-mediated transcriptional responses, even under conditions
where ligand concentration or receptor activity are similar.

To have biological significance, the above effects of cholesterol
depletion should be reflected in resultant biological outcomes. In
this context, it appears that at least in the Mv1Lu cell system, the
downstream transcriptional activation response is mediated via pS-
mad3 and not pSmad2, as suggested by the markedly enhanced
transcriptional activation in Smad3 but not Smad2 luciferase re-
porter constructs (Figure 3). TGF-B—-induced transcriptional programs
result in changes in cellular phenotype, such as EMT (Bhowmick
et al., 2001; Qiang and He, 2014; Moustakas and Heldin, 2016).
Thus, cholesterol depletion per se enhanced E-cadherin expression,
while significantly enhancing the ability of TGF- to attenuate

immunoblotting. (A) A representative experiment (n = 5) demonstrating that actinomycin D prevents the elevation in
Smad?2/3 and c-Jun protein levels following cholesterol depletion. (B-E) Quantification of pSmad2/3, tSmad2/3, tc-Jun,
and pc-Jun. The intensities of the bands were normalized to B-actin. Bars, mean + SEM values. Results were scaled by
taking in each blot the TGF-B-stimulated cholesterol-depleted sample as 100%. Asterisks indicate significant differences
between control and cholesterol-depleted cells (**, P < 0.01; Student'’s t test). (F-H) Real-time RT-PCR analysis of Smad2
(F), Smad 3 (G), and c-Jun (H). The cells were treated (or not) by cholesterol depletion as in Figure 1, followed by RNA
isolation and conversion to cDNA. Data were normalized to cDNA levels of GAPDH, taking the control cells value as 1
(see Materials and Methods). While the c-Jun mRNA levels were not significantly altered, those of Smad2 and Smad3
were elevated in cholesterol-depleted cells (mean + SEM, n=5; **, P<0.01; *, P < 0.05). (I-K) Actinomycin D chase of
mRNA levels. Cholesterol-depleted (or control) cells were treated (or not) with actinomycin D for different time periods
(up to 4 h), and subjected to measurement of mRNA levels by real-time RT-PCR as above. To measure time-dependent
alterations in the mRNA levels, data were normalized to cDNA levels of GAPDH. The level of each condition at time
zero was taken as 100%. In all cases, cholesterol depletion did not stabilize the mRNAs of the tested proteins, inducing

a slight (not significant) decrease in the mRNA levels.
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JNK activity is required for the enhancement in tSmad2/3 and pSmad2/3 by cholesterol depletion. Mv1Lu
cells in six-well plates were subjected (or not) to cholesterol depletion as in Figure 1, with or without the JNK inhibitor
SP600125 (added at 20 pM during the incubation period with the statin). They were then serum-starved (2 h), stimulated
(or not) with TGF-B1 (50 pM, 30 min), and immunoblotted as in Figure 1. (A) A representative experiment. As expected,
SP600125 inhibited the formation of pc-Jun. The cholesterol depletion-mediated elevation in tSmad2/3 and pSmad2/3
was also abrogated, indicating that the effect of cholesterol depletion on c-Jun is an upstream requirement.

(B, C) Quantification of the effects on Smad2/3 (n = 5). Bands were normalized to B-actin. Bars, mean + SEM. In each blot,
the cholesterol-depleted sample stimulated with TGF-$ was taken as 100%. (D, E) Quantification of the effects on
Smad?2/3 transcriptional activation. The experiments were conducted exactly as in Figure 3, using the TGF-B-responsive
luciferase reporter plasmids p3TP-Luc(+) or (CAGA)12-Luc. At 12 h posttransfection, cells were subjected (or not; control)
to statin-mediated cholesterol depletion as in Figure 1, adding SP600125 where indicated. The cells were then serum-
starved, stimulated (or not) with TGF-B1, and analyzed by the DLR assay. The results were normalized for transfection
efficiency using Renilla luminescence. Data are presented as the percentage of activation relative to untreated cells
stimulated with TGF-B1, taken as 100%. Each bar is the mean + SEM of five independent experiments. Asterisks indicate
significant differences between control and cholesterol-depleted cells (***, P < 0.005; **, P < 0.01; *, P < 0.05).

A B O no ligand B TGF-B with TGF-B~induced EMT, reflecting the increased levels of phos-
control  chol. dep. £ 1.2 " phorylated Smad3 following ligand stimulation in cholesterol-
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a healing (Figure 4, D-F).
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Cholesterol depletion induces elF20. phosphorylation.
Mv1Lu cells were cholesterol depleted (or not) followed by activation
with TGF-B1 as in Figure 1. elF20. phosphorylation was measured by
immunoblotting for phospho-elF20. (pelF20). (A) A representative blot
(n=15). (B) Quantification of pelF2a. levels. Bars, mean + SEM. The
cholesterol-depleted sample stimulated with TGF-$ was taken as 1.
Asterisks indicate significant differences between control and
cholesterol-depleted cells (**, P < 0.01).

E-cadherin expression (Figure 4, A and B). Moreover, cholesterol
depletion per se did not affect the level of Snail (an EMT-related
transcription factor), and markedly enhanced its level following
TGF-B stimulation (Figure 4, A and C). Both phenomena are in line
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and Smad2/3 provides the basis for the effects of cholesterol deple-
tion on these downstream components of TGF-B signaling path-
ways. Several potential mechanisms could give rise to the elevated
levels of these proteins: inhibition of their degradation, increase in
their translation, and/or increase in their transcription. The constitu-
tive degradation rates of tSmad2/3 (which was very slow, in accord
with the reported stability of their unphosphorylated forms; Lo and
Massague, 1999; Supplemental Figure S5, A and B) and/or c-Jun
(Supplemental Figure S5, C and D) were unaffected by cholesterol
depletion, ruling out inhibition of degradation by reduced choles-
terol as the basis for increased protein abundance. It therefore
follows that the enhanced levels of Smad2/3 and c-Jun following
cholesterol depletion are due to effects on their synthesis (transcrip-
tion and/or translation). For Smad2/3, but not for c-Jun, cholesterol

Molecular Biology of the Cell
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PKR activity is required for the enhancement in tc-Jun, tSmad2/3, and pSmad2/3 by cholesterol depletion.
Mv1Lu cells in six-well plates were treated (or not) to induce cholesterol depletion as in Figure 1. Where indicated, the
PKR inhibitor C16 (1 pM) was added at the start of the incubation with the statin, and retained throughout the
experiment. The cells were serum-starved (2 h), stimulated (or not) with TGF-B1 (50 pM, 30 min), and immunoblotted as
in Figure 1. (A) A representative experiment. As expected, C16 inhibited the formation of pelF2a. The cholesterol
depletion-mediated elevation in tJNK, pc-Jun, tc-Jun, tSmad2/3, and pSmad2/3 (the latter upon stimulation with
TGF-B) was also abrogated, indicating that PKR activity is required for all these effects of cholesterol depletion.
(B, C) Quantification of the experiments on Smad2/3 (n = 5). Bands were normalized to B-actin. Bars, mean = SEM. In
each blot, the cholesterol-depleted sample stimulated with TGF-B was taken as 100%. (D, E) Quantification of the
effects on Smad2/3 transcriptional activation. The experiments were conducted as in Figure 7 (D and E), using
the TGF-B-responsive luciferase reporter plasmids p3TP-Luc(+) or (CAGA)12-Luc. At 12 h posttransfection, cells were
subjected (or not) to cholesterol depletion as in Figure 1, adding C16 where indicated. The cells were serum-starved,
stimulated where indicated with TGF-B1, and analyzed by the DLR assay. The results were normalized for transfection
efficiency using Renilla luminescence. Data are presented as the percentage of activation relative to untreated cells
stimulated with TGF-B1, taken as 100%. Each bar is the mean + SEM of five independent experiments. Asterisks
indicate significant differences between control and cholesterol-depleted cells (**, P < 0.01; *, P < 0.05).

depletion led to elevation of the mRNA levels (Figure 5, F-H). The
degradation of Smad2/3 mRNA (as well as c-Jun mRNA) was unaf-
fected by cholesterol depletion (Figure 5, I-K), suggesting that the
increase in Smad2/3 mRNA is due to their enhanced transcription
and not due to inhibition of MRNA turnover. Of note, the enhanced
Smad2/3 transcription resulted in a parallel and proportional in-
crease in translation (Figure 6, A and B), indicating that the latter is
a reflection of the higher mRNA transcript levels. For c-Jun, where
there was no effect of cholesterol depletion on transcription, the
elevated protein levels are due to enhanced translation (Figure 6, C
and D).

Because both c-Jun and Smad2/3 levels are affected by choles-
terol depletion, and both are transcription factors, we examined the
potential interdependence of the regulation of their expression.
The JNK inhibitor SP600125 abrogated c-Jun phosphorylation, and
the cholesterol depletion-mediated increases in both c-Jun and
Smad2/3 protein levels (Figure 7, A-C). On the other hand, inhibition
of Smad2/3 phosphorylation by the kinase inhibitor SB431542
(on cells subjected to cholesterol depletion) failed to affect the in-
creases in either c-Jun or Smad2/3 levels, as well as the activation of
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c-Jun (Supplemental Figure S6, A-C). These findings place the JNK-
mediated activation of c-Jun, and the ensuing elevation in c-Jun
level, upstream of the effects of cholesterol depletion on Smad2/3
transcription (see model in Figure 10). In line with this conclusion, Jun
family members were found to bind the promoter regions of Smad3
and Smad2 (Rouillard et al., 2016). Considering that c-Jun level and
activation are central for the cholesterol depletion effects, and that
c-Jun is regulated at the level of translation (Figure 6, C and D), we
asked whether cholesterol depletion may regulate the translation of
c-Jun through elF2a.. Two lines of evidence support such a connec-
tion. First, cholesterol depletion increased the phosphorylation of
elF2a, independent of TGF-, as occurs for c-Jun expression (Figure
8, A and B). Second, the inhibitor of the elF2a kinase PKR (C16) ab-
rogated the cholesterol depletion-mediated increases in elF2a.
phosphorylation, c-Jun expression and phosphorylation, and the ex-
pression of Smad2/3 (Figure 9, A-C). These results lead to the model
depicted in Figure 10. In this model, cholesterol depletion induces
an increase in PKR activity and in the phosphorylation of its sub-
strate, elF20.. Under these conditions, c-Jun translation is elevated,
accompanied by its phosphorylation (and activation) by JNK. The
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FIGURE 10: Model for regulation of c-Jun expression and Smad
signaling by cholesterol depletion. Cholesterol depletion enhances
Smad?2/3 levels and TGF-B-induced signaling through a multistep
mechanism. We propose that PKR activity is elevated following
cholesterol depletion, resulting in inhibitory phosphorylation of its
substrate, elF20, leading in turn to enhanced translation of c-Jun. The
latter is phosphorylated and activated by JNK; the phosphorylated
active c-Jun mediates increased expression of Smad2/3. When
stimulated by hormone (TGF-B), the cholesterol-depleted cells present
higher levels of pSmad2/3, due to the higher levels of tSmad2/3. In
Mv1Lu cells, the end result is enhancement of Smad3-dependent
transcription, and of the ensuing TGF-B-regulated biological
responses (e.g., EMT).

higher level of active c-Jun results in increased expression of
Smad2/3, providing the basis for the enhanced TGF-f-mediated
Smad2/3 phosphorylation. Indeed, upon stimulation with TGF-B,
higher levels of pSmad2/3 are formed, and the higher pSmad3 leads
to enhancement of transcriptional responses, and of certain TGF--
regulated biological phenomena. The mechanism by which choles-
terol depletion activates PKR is not yet clear; PKR is regulated by
multiple molecular mechanisms, including free saturated fatty acids
(Nakamura et al., 2015), which may be elevated following statin treat-
ment (Kain et al., 2015), and the involvement of these pathways is an
interesting subject for further studies. It should be noted that this
model is based on studies in lung epithelial cells, and it remains to be
seen whether it is valid also for other cell types (e.g., cells of mesen-
chymal origin).

In view of the wide use of statin treatment and the well-accepted
association between misregulated TGF-f signaling and multiple
disease-related states (including cancer), we suggest that choles-
terol depletion-mediated overactivation of TGF-B-signaling re-
sponses should be considered as a potential contributor to the side
effects of statins.
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MATERIALS AND METHODS

Reagents

Recombinant TGF-B1 (cat. #100-21C) was from PeproTech (Rocky
Hill, NJ) and lovastatin (cat. #438185) from Merck-Calbiochem
(Darmstadt, Germany). Mevalonate (as bL.-mevalonic acid lactone;
cat. #M4667), HPBCD (cat. #H107), protease inhibitor cocktail (cat.
#P8340), phosphatase inhibitor cocktail 2 and 3 (cat. #P5726 and
#P0044, respectively), and actinomycin D (cat. #A9415) were from
Sigma-Aldrich (St. Louis, MO). Bovine serum albumin (BSA,; frac-
tion V) was from Roche Diagnostics (Manheim, Germany). Peroxi-
dase-conjugated goat anti-rabbit (GoR; cat. #111-035-144) and
goat anti-mouse (GaM; cat. #115-035-146) immunoglobulins G
(IgGs) were from Jackson ImmunoResearch (West Grove, PA).
Mouse monoclonal IgG against Smad3 reactive with Smad3 and
Smad?2 (cat. #sc-133098) and rabbit anti-Smad1/5/8 (cat. #sc-
6031-R) were from Santa Cruz Biotechnology (Dallas, TX). Rabbit
antibodies to phospho (p) Smad2/3 (cat. #8828), pSmad1/5/8 (cat.
#13820), pJNK (cat. #9251), pSmad2 (cat. #3108), tSmad3 (cat.
#9523), pSmad3 (cat. #9520), tUNK (cat. #9252), pc-Jun (cat.
#9164), tc-Jun (cat. #9165), Snail (cat. #3879), and mouse mono-
clonal anti-tSmad2 (cat. #3103) were from Cell Signaling Technol-
ogy (Danvers, MA). Mouse anti E-cadherin (cat. #610181) was from
BD Biosciences (San Jose, CA). Rabbit anti-phospho-elF2-o (cat.
#AT-6031) was from Medical and Biological Laboratories (Nagoya,
Japan). The JNK inhibitor SP600125 (competes with ATP to inhibit
c-Jun phosphorylation) and the PKR inhibitor C16 were from
Sigma-Aldrich. The TGF-B responsive luciferase reporter con-
structs p3TP-Luc(+) in pGL3 (Wrana et al., 1992; Lutz et al., 2004),
(CAGA)12-Luc in pGL3ti (Dennler et al., 1998), and pBRE-Luc were
a gift from P. Knaus (Free University of Berlin, Germany). pAR3 Lux
(Wrana et al., 1992) was a gift from K. Luo (University of California,
Berkeley). CMV-Fast-1 wild type (wt) was a gift from B. Vogelstein
(Addgene; plasmid #16521). The dual-luciferase reporter (DLR) as-
say system was from Promega (Madison, WI). All other reagents
were from Sigma-Aldrich.

Cell culture

Mv1Lu mink lung epithelial cells (cat. #CRL-6584) from the American
Type Culture Collection (Manassas, VA) were grown in DMEM as
described (Ehrlich et al., 2001). MLE 12 murine lung epithelial
cells (cat. #CRL-2110) were grown in DMEM:F12 (1:1) supplemented
with 10% fetal calf serum (FCS). All media and cell culture reagents
were from Biological Industries Beit Haemek (Beit Haemek,
Israel). Cells were routinely analyzed by RT-PCR for Mycoplasma
contamination.

Cholesterol depletion

Mv1Lu or MLE 12 cells were subjected to cholesterol depletion by
statin-mediated metabolic inhibition of HMG-CoA reductase as de-
scribed (Hua et al., 1996; Lin et al., 1998; Shvartsman et al., 2006).
The cells were incubated (16 h) with 50 uM lovastatin and 50 uM
mevalonate in medium supplemented with 10% LPDS, prepared as
described earlier (Lin et al., 1998; Shvartsman et al., 2006). Mevalon-
ate (the product of HMG-CoA reductase, added to prevent excessive
reduction of mevalonate) is added at a level that reduces cholesterol
production but is sufficient for farnesylation and geranylgeranylation
(Shvartsman et al., 2006; Eisenberg et al., 2011). This treatment re-
duced the free cholesterol level, which represents almost exclusively
membrane cholesterol, by 30-33% (here and in Eisenberg et al.,
2006, 2013; Shvartsman et al., 2006; Supplemental Figure S1), as
measured by the cholesterol assay kit (K603-100) from BioVision (Mil-
pitas, CA) without cholesterol esterase (measuring free cholesterol).
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We have shown previously that this treatment has no detectable ef-
fect on cellular phospholipids (measured by the levels of phosphati-
dylcholine and four different sphingomyelins) or fatty acid composi-
tion (Shvartsman et al., 2006). The general biophysical properties of
the plasma membrane are also retained, as shown by the lack of ef-
fect on the lateral diffusion of nonraft membrane proteins, including
K-Ras (Eisenberg et al., 2006; Shvartsman et al., 2006).

In some experiments, cholesterol extraction by HPBCD was used
as an alternative to reduce membrane cholesterol. HPBCD treat-
ment was conducted as described earlier for methyl-B-cyclodextrin
(Scheiffele et al., 1997). Briefly, the medium was replaced by DMEM
containing 10% LPDS, and 15 mM HPBCD were added. The cells
were incubated for 16 h at 37°C, as was done for the statin treat-
ment. The reduction in free cholesterol was similar to that in the
statin-treated cells.

Immunoblotting

Mv1Lu cells were cultured overnight in six-well plates, and sub-
jected (or not; control) to cholesterol depletion treatment. After
16 h, cells were starved in serum-free medium (2 h, 37°C), and stim-
ulated (or not) with 50 or 100 pM TGF-1 (30 min), followed by
lysis on ice (30 min) with lysis buffer (420 mM NaCl, 50 mM HEPES,
5 mM EDTA, 1% NP-40, 3 mM dithiothreitol [DTT], protease inhibi-
tor cocktail [#P8340; Sigma-Aldrich], and 0.1 mM NazVOy). After
low-speed centrifugation to remove nuclei and cell debris, the
lysates were subjected to SDS-PAGE (10% polyacrylamide) and im-
munoblotting as described previously (Kfir et al., 2005). The blots
were probed (12 h, 4°C) by primary antibodies followed by peroxi-
dase-coupled GaR or GaM IgG (1:5000 for 1 h at 22°C). The bands
were visualized by enhanced chemiluminescence (ECL) using Clarity
ECL substrate (cat. #1705060; Bio-Rad, Hercules, CA), recorded us-
ing ChemiDoc Touch imaging system (Bio-Rad) and quantified by
Image Lab software (Bio-Rad).

Transcriptional activation assays

Mv1Lu cells grown in 96 wells were cotransfected with Lipofectamin
2000 (Invitrogen; Thermo Fisher Scientific, Carlsbad, CA) with
1) 100 ng luciferase reporter construct, p3TP-Luc(+), (CAGA)1,-Luc,
PAR3-Lux (in combination with CMV-Fast-1), and pBRE-Luc; and
2) 50 ng pRL-TK (Renilla luciferase; Promega). After 12 h, the cells
were subjected to cholesterol depletion (16 h) as described above
or left untreated (control). They were then serum-starved (2 h), and
stimulated (or not) with 100 pM TGF-B1 (6 h for all constructs, 12 h
for pAR3-Lux) in serum-free starvation medium supplemented with
lovastatin and mevalonate for the cholesterol-depleted samples,
and starvation medium for the control. The cells were lysed, and
analyzed by the DLR assay system. The results were normalized for
transfection efficiency using the Renilla luminescence.

Protein synthesis assay

Mv1Lu cells grown in 10-cm dishes were treated (or not; control) for
cholesterol depletion. They were washed twice, incubated (30 min,
37°C) in L-methionine- and L-cystine—free DMEM with or without lov-
astatin + mevalonate, and labeled for 30 min with 3°S-(Met+Cys)
(70 pCi/well). Cells were washed, lysed on ice (45 min) with immuno-
precipitation buffer (420 mM NaCl, 50 mM HEPES, 5 mM EDTA, 1%
Igepal CA-630, 3 mM DTT, protease inhibitor cocktail [1:100], phos-
phatase inhibitor cocktails 2 and 3 [1:100 eachl). After low-speed cen-
trifugation to remove nuclei and cell debris, lysates (1 mg protein/
sample) were immunoprecipitated with 3 pg of mouse anti-Smad2/3
or rabbit anti-c-Jun antibodies for 16 h at 4°C. Protein G-Sepharose
(cat. #P3296) or protein A-Sepharose 4B beads (cat. #P9424; Sigma-
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Aldrich) were blocked in phosphate-buffered saline containing 3%
(BSA for 16 h at 4°C, and beads (100 pl) were added to the cell lysates
for 2 h at 4°C. The complexes were washed three times in immuno-
precipitation buffer; bound material was solubilized in 60 pl of SDS
sample buffer, subjected to SDS-PAGE (10% polyacrylamide), elec-
trotransferred onto nitrocellulose, and subjected to autoradiography
(Fluoro Image Analyzer FLA-5000; Fuji Photo Film, Tokyo, Japan).

Degradation measurements by CHX chase

Mv1Lu cells growing in six-well plates were subjected (or not;
control) to the cholesterol depletion treatment (16 h). The cells
were then serum-starved (2 h), incubated with 300 pM CHX
for 0-6 h at 37°C, lysed, and subjected to SDS-PAGE and
immunoblotting.

Real-time reverse transcriptase-PCR

Mv1Lu cells grown in six-well plates were subjected to cholesterol
depletion or left untreated (control). Total RNA was isolated by EZ-
RNA (cat. #20-400-100; Biological Industries, Beit HaEmek, Israel),
followed by reverse transcription using a Verso RT-PCR Kit (cat. #AB-
1453-B; Thermo Fisher Scientific). Real-time RT-PCR analysis of the
mRNA levels of endogenous Smad2, Smad3, or c-Jun was done in
triplicate using a KAPA SYBR FAST ABI Prism gPCR kit (cat. #KK-
KK4604; Kapa Biosystems-Roche, Wilmington, MA), and quantified
with Applied Biosystems 7300 Real-Time PCR System Software
(Thermo Fisher Scientific). Gene expression values were calculated
based on the comparative threshold cycle (Cy) method (Livak and
Schmittgen, 2001). The real-time RT-PCR primers used were as fol-
lows: 1) For Smad?2, 5-CCCAGCA-GGAATTGAGCCAC-3’ (forward)
and 5-GAGCCTGTGTCCATACTTTG-3’ (reverse). 2) For Smad3,
5-GGCTTTGAGGCTGTCTACCAG-3’ (forward) and 5’-CATCTGGG-
TGAGGAC-CTTGT-3’ (reverse). 3) For c-Jun, 5-GGGTGCCAAC-
TCATGCTAACG-3’ (forward) and 5-GGTCCATGCAGTTCTTG-
GTC-3’ (reverse). Nontemplate controls and quantitative standards
(GAPDH and B-actin) were included for calibration. For GAPDH, the
primers used were 5-CGGAGTCAACGGATTTGGTC-3" (forward)
and 5-GAATTTGCCATGGGTGGAAT-3’ (reverse), and for B-actin,
5-GCCATGGATGACGATATCGC-3" (forward) and 5’-CATTCCAC-
CATCACACCCT-3’ (reverse).

Wound healing cell migration assay

Mv1Lu cells were seeded (2 x 10* cells/well) in 96-well plates and
treated (or left untreated) for cholesterol depletion (16 h). The
plates were scratched with a 96-pin WoundMaker, and the me-
dium was replaced by fresh medium fitted to the experimental
condition (full medium with 10% FCS without or with 50 pM
TGF-B1, or cholesterol depletion medium without or with TGF-B1).
The plates were placed in the IncuCyte system (Essen Instruments,
Ann Arbor, MI), which allows an automated monitoring of live cells
in culture. Scratch wound closure was monitored by scanning the
plates at 1 h intervals for 24 h. Images were analyzed by IncuCyte
ZOOM 2016B, and the relative wound density (% closure) in each
well was determined.
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