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hepatocytes.
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(Background: The Ski oncoprotein and tumor suppressor is a negative regulator of the antimitotic TGF-B/Smad pathway.
Results: The Ski protein is localized in the nucleus and cytoplasm of hepatocytes. Ski protein stability is controlled differentially

Conclusion: TGF-B/Smads and GPCR/actin cytoskeleton-dynamic signals regulate Ski protein stability via the proteasome in

Significance: Stabilization of Ski protein may favor the proliferation of regenerating hepatocyte.

J

TGF-B-induced antimitotic signals are highly regulated dur-
ing cell proliferation under normal and pathological conditions,
such as liver regeneration and cancer. Up-regulation of the tran-
scriptional cofactors Ski and SnoN during liver regeneration
may favor hepatocyte proliferation by inhibiting TGF-f signals.
In this study, we found a novel mechanism that regulates Ski
protein stability through TGF-f and G protein-coupled recep-
tor (GPCR) signaling. Ski protein is distributed between the
nucleus and cytoplasm of normal hepatocytes, and the molecu-
lar mechanisms controlling Ski protein stability involve the par-
ticipation of actin cytoskeleton dynamics. Cytoplasmic Ski is
partially associated with actin and localized in cholesterol-rich
vesicles. Ski protein stability is decreased by TGF-B/Smads,
GPCR/Rho signals, and actin polymerization, whereas GPCR/
cAMP signals and actin depolymerization promote Ski protein
stability. In conclusion, TGF-f and GPCR signals differentially
regulate Ski protein stability and sorting in hepatocytes, and this
cross-talk may occur during liver regeneration.

Cell proliferation is positively regulated by a myriad of sig-
naling pathways downstream of growth factor receptors and G
protein-coupled receptors (GPCRs),* among others, and it is
negatively regulated by homeostatic signals such as TGF-f.
Liver development and regeneration are excellent models for
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studying cell proliferation in a physiological context that is dis-
tinct from cancer (1-3). The liver regenerates upon injury, and
all hepatic cells coordinately go through the cell cycle to restore
the original mass and function of the organ. Interestingly, the
liver grows despite the presence of TGF-f3, a potent antiprolif-
erative cytokine for epithelial cells. The TGF-B pathway is a
major modulator of hepatocyte proliferation and death. How-
ever, it is unclear how hepatocytes become insensitive to
TGE-B antiproliferative effects under conditions such as liver
regeneration or hepatocarcinoma development (4—8).

Ligands of the TGF-B family regulate gene expression
through the activation of Ser/Thr kinase receptors and the
phosphorylation of receptor-regulated Smads (R-Smads)
(9-11). This canonical pathway is tightly regulated by negative
feedback loops generated by the up-regulation of inhibitors
such as Smad7 and SnoN, which are encoded by immediate-
early genes regulated by the TGF-B/Smad pathway (12). Any
dysregulation of these negative feedback loops may contribute
to the development of some diseases. TGF-f also regulates the
levels of the Ski and SnoN corepressors by inducing their deg-
radation via the ubiquitin-proteasome system. The phosphor-
ylated R-Smads act as adaptors to recruit the E3 ubiquitin
ligases that catalyze the polyubiquitination of the Ski and SnoN
proteins (12, 13). This process facilitates TGF-B/Smad-induced
transcriptional regulation of target genes. Therefore, any dis-
ruption of Ski and SnoN protein down-regulation might
increase their protein levels and inhibit TGE-§3 signals.

The Ski corepressor is a negative regulator of TGF-f/Smad
signaling that may also act as a transcriptional cofactor for some
nuclear receptors and other transcriptional factors (14 —-17). Ski
functions as a nuclear transcriptional corepressor for the Smad
transcriptional factors by recruiting other corepressors, such as
nuclear receptor co-repressor (NCoR) and Sin3A, and different
histone deacetylases to repress TGF-f3 target genes such as
smad?7 and skil (12, 14, 18). However, the Ski protein is also
localized in the cytoplasm of some cell types, where its function
is less clear. It has been reported that overexpressed cytoplas-
mic Ski may escape from the down-regulation exerted by
TGEF-B and that it may sequester the Smad proteins to block
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TGEF-Bsignals (17). To date, the TGF-B-independent functions
of Ski are poorly studied, particularly the function of cytoplas-
mic Ski (19, 20).

A major cross-talk among diverse signaling pathways occurs
during liver regeneration, where the antiproliferative actions of
TGE-B may be under tight control exerted by different path-
ways, mainly those implicated in cell cycle promotion, such as
the pathways downstream of growth factors receptors and
GPCRs, among others (2). One of the mechanisms used by cells
to prevent TGF-B-induced antimitotic actions, which have
been observed in normal and some cancer cells, is the up-reg-
ulation of negative modulators of the canonical pathway, such
as the Ski and SnoN corepressors (12). We previously reported
the up-regulation of Ski and SnoN during liver regeneration,
mainly in proliferating hepatocytes, and we also suggested that
the inhibitory actions of Ski and SnoN against the TGF-£/Smad
signals might explain why hepatocytes escape from TGF-B-in-
duced antiproliferative control during regeneration (21).

In this study, we demonstrate that Ski protein stability is
regulated differentially by TGF-B and GPCR signals in hepato-
cytes and that the molecular mechanisms involved are influ-
enced by the dynamics of the actin cytoskeleton. Furthermore,
we show that Ski protein stability is increased during liver
regeneration, where it may facilitate hepatocyte proliferation
by controlling TGE- 3 signaling.

EXPERIMENTAL PROCEDURES

Materials—Recombinant hTGF-B1 (TGF-£) was obtained
from PeproTech. Methyl-B-cyclodextrin (MBCD), CHAPS,
sphingosine 1-phosphate (S1P), lysophosphatidic acid (LPA),
3-isobutyl-1-methylxanthine (IBMX) and forskolin (F) were
obtained from Sigma. Latrunculin B (LatB) and jasplakinolide
(Jasp) compounds were obtained from Calbiochem. MG132 (a
proteasome inhibitor), SB431542 (an ALKS5 receptor inhibitor),
and Y27632 (a Rho-associated protein kinase (ROCK) inhibi-
tor) were obtained from Tocris Bioscience. Culture reagents
and media were obtained from Invitrogen. Anti-FLAG M2 and
anti-B-tubulin mouse monoclonal antibodies were obtained
from Sigma. The following antibodies were obtained from
Santa Cruz Biotechnology: anti-SnoN (catalog no. H-317), anti-
Ski (catalog no. H-329), and anti-hepatocyte growth factor-reg-
ulated tyrosine kinase substrate (HRS) (catalog no. V-20) rabbit
polyclonal antibodies; anti-Smad2/3 (catalog no. N-19) and
anti-Smad4 (catalog no. C-20) goat-polyclonal antibodies; and
anti-Ski (catalog no. G8) and anti-flotillin-2 (catalog no. B-6)
mouse monoclonal antibodies. Anti-Ski (catalog no. 07-060),
anti-Smad4, and anti-phospho-Smad?2 rabbit polyclonal anti-
bodies were from Millipore. Anti-EEA1 and anti-GM130
mouse monoclonal antibodies were obtained from BD Trans-
duction Laboratories. Anti-Smad2 and anti-Yes-associated
protein/transcriptional co-activator with PDZ-binding motif
(YAP/TAZ) rabbit polyclonal antibodies were obtained from
Cell Signaling Technology. Secondary anti-rabbit IgG and anti-
rabbit IgG (light chain) HRP-coupled antibodies were from
Zymed Laboratories Inc. and Jackson ImmunoResearch Labo-
ratories, respectively. Secondary anti-mouse IgG HRP-coupled
antibody was from Santa Cruz Biotechnology. Alexa Fluor 488
(anti-rabbit IgG) and Alexa Fluor 594 (anti-mouse IgG) second-
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ary antibodies were from Molecular Probes. Alexa Fluor 594
anti-goat IgG secondary antibody was from Jackson Immuno-
Research Laboratories.

Animals and Partial Hepatectomy Model—Studies were per-
formed on male Wistar rats ~200-250 g of weight. Animals
were maintained on an ad libitum diet and used according to
institutional guidelines (Instituto de Fisiologia Celular, Univer-
sidad Nacional Auténoma de México (UNAM)) for animal
experimentation. Anesthetized rats were subjected to a ventral
laparotomy, and the anterior two-thirds of the liver were
removed. Animals were sacrificed 0, 2, 48, and 120 h after the
70% partial hepatectomy. The livers were harvested, and the
nuclear extracts were obtained for protein analysis as described
previously (21).

Cell Lines, Hepatocyte Isolation, and Primary Culture—The
C9 (rat hepatocytes) and HepG2 (human hepatoma) cell lines
were maintained in DMEM supplemented with 10% FBS plus
antibiotics (penicillin/streptomycin). Rat hepatocytes were iso-
lated using the collagenase perfusion method adapted from the
protocol of Snorri Thorgeirsson as described previously (21).
For primary culture, hepatocytes were seeded on plastic Petri
dishes coated with 1% rat tail collagen type 1 (BD Biosciences),
and cells were cultured for 4 h at 37 °C in attachment medium
with 10% FBS. Then the medium was changed to feeding
medium (FBS-free), and hepatocytes were cultured for 24 h
for further studies (22). Cells were serum-starved for 12 h
before treatments. C9 cells were transiently transfected with
the pcDNA3/mCherry-FLAG-Ski, pmCherry-C2/hAlix, or
pCR3.1/CD63-mCherry constructs using Lipofectamine 2000
(Invitrogen). The pcDNA3/FLAG-Ski WT construct was a gift
from Dr. Céline Prunier (INSERM Bat Kourilsky, Hospital
Saint-Antoine, Paris, France). The pCR3.1/CD63-mCherry
construct was a gift from Dr. Paul D. Bieniasz (The Aaron Dia-
mond AIDS Research Center, New York, NY). Addgene plas-
mid no. 21504 (pmCherry-C2/hAlix) was obtained from Dr.
James Hurley (23).

Immunoprecipitations and Western Blot Analyses—To
obtain whole cell protein extracts (total cell lysates), cells were
lysed in SDS lysis buffer (10 mm Tris-HCI (pH 7.5), 150 mm
NaCl, 0.5 mm EDTA, 1 mm EGTA, and 1% SDS plus protease
and phosphatase inhibitors) and then boiled for 10 min at
100 °C, or cells were either lysed for 30 min with TNTE buffer
(50 mm Tris-HCI (pH 7.4), 150 mm NaCl, 0.5% Triton X-100,
and 1 mm EDTA plus protease and phosphatase inhibitors) or
lysed for 1 h with modified RIPA buffer (50 mm Tris-HCl (pH
7.4), 150 mm NaCl, 1 mm EDTA, 0.5% Nonidet-P40, 0.5%
sodium deoxycholate, and 0.1% SDS plus protease and phos-
phatase inhibitors). From whole cell lysates, 50-75 pg of pro-
tein/lane was separated by SDS-PAGE and assayed by immu-
noblotting using specific antibodies, whereas ~1.5-2 mg of
protein was used for each immunoprecipitation (IP). Proteins
were detected by either Immobilon Western (Millipore) or Super-
Signal West Pico chemiluminescent substrates (Thermo). Densi-
tometric analysis was carried out with Image] 1.47 software
(National Institutes of Health).

Subcellular Fractionation and Detergent-resistant Mem-
brane (DRM) and non-DRM Fraction Preparation—Nuclear
and cytoplasmic fractions were prepared according to a modi-
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fied protocol described previously (24). C9 cells were harvested
with homogenization buffer (250 mm sucrose and 3 mm imida-
zole (pH 7.4) plus protease and phosphatase inhibitors) and
passed 10 times through a 22-gauge needle. The homogenate
was centrifuged for 15 min at 3400 rpm at 4 °C. The supernatant
contained the cytoplasmic fraction, and the nuclear fraction
remained in the pellet. The nuclear fraction was lysed with
modified RIPA buffer for 1 h at 4 °C and centrifuged at 13,200
rpm for 5 min. Modified RIPA buffer 5X was added to the
cytoplasmic fraction to get 1X final concentration and then
incubated for 1 h at 4 °C. B-Tubulin protein was used as a load-
ing control. In addition, DRM (lipid raft-rich) and non-DRM
were isolated from confluent cells as described previously with
some modifications (25). In brief, cells were harvested with 1.5
ml of TNTE buffer (20 mm Tris-HCI (pH 7.4), 150 mm NaCl, 1
mMEDTA, and 1% Triton X-100 plus protease and phosphatase
inhibitors) and passed five times through a 25-gauge needle.
Cell lysates were adjusted to 45% final concentration of sucrose
(4 ml) and ultracentrifuged through a discontinuous sucrose
gradient, formed previously by sequentially layering 35%
sucrose (4 ml) and 5% sucrose (4 ml) at 38,000 rpm for 20 h in a
Beckman SW40Ti rotor at 4 °C. Twelve fractions of 1 ml were
harvested from the top of the gradient. Each fraction was solu-
bilized for 12 h with 1% of CHAPS, and proteins were analyzed
by IP and Western blot (WB). Subcellular markers such as flo-
tillin-2 (lipid raft-associated membranes), GM130 (Golgi), and
EEA1 (early endosome) proteins were used.
Immunofluorescence Assays—C9 cells were seeded on poly-
L-lysine-coated glass coverslips in 24-well tissue culture plates,
and immunofluorescence assays were performed as described
previously (26). Briefly, cells were fixed for 15 min with 4% para-
formaldehyde in PBS at 37 °C. Cells were permeabilized with 0.1%
Triton X-100 in PBS for 10 min at 4 °C. Slides were incubated with
blocking solution containing either 1% BSA, 10% goat serum, or
10% horse serum in PBS for 1 h at room temperature prior to
incubation for 12 h at 4°C with specific primary antibodies
(diluted 1:50 or 1:100 in blocking solution). Slides were incubated
with secondary antibodies (diluted 1:500 or 1:750) for 1 h at room
temperature in the dark. Slides were mounted on glass coverslips
using Vectashield with DAPI (Vector Laboratories). Confocal
laser-scanning microscopes used were Fluoview FV1000 equipped
with an oil immersion objective (Olympus PlanApoN X60,
numerical aperture = 1.45) and Fluoview FV10i equipped with a
water immersion objective (Olympus X60, numerical aperture =
1.2). FV10ASW software (Olympus) was used for images acquisi-
tion, processing, and analysis. The degree of colocalization was
examined using the Colocalization Finder plug-in in Image]J
(http://rsb.info.nih.gov/ij/plugins/colocalization-finder.html).
Cell Proliferation—C9 cells seeded at low density (5 X 10°
cells) in 12-well tissue culture dishes were serum-starved for
24 h. Cell proliferation was stimulated with 10% FBS, and cell
viability and proliferation were evaluated 24 —48 h post-treat-
ment. Medium was replaced with 2 ml of fresh medium plus
0.25 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (Sigma) per well (6-well plate), and cells were
incubated for 4 h at 37 °C. Then 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide formazan crystals were solu-
bilized with 500 wl of dimethyl sulfoxide for 30 min at room
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temperature and quantified at 595 nm in an ELx800 absorbance
microplate reader.

Protease Protection Assay—Protease protection assays were
performed as described previously (27) with some modifica-
tions. In brief, liver tissue was homogenized in 4 ml of buffer
(250 mm sucrose, 3 mMm imidazole (pH 7.4), plus phosphatase
inhibitors) without protease inhibitors. Disrupted tissue was
centrifuged at 2000 rpm for 10 min at 4 °C. The liver cytoplas-
mic fraction (30 mg of protein) was incubated for 20 min at
room temperature with 0.5 ug/ml Proteinase K (Ambion) in the
absence or presence of 0.5% Triton X-100. We added 20 mm
PMSF to stop the reaction, and samples were incubated for 2 h
at 4 °C by adding 5X modified RIPA. Supernatants were used
for IP assays, and proteins were analyzed by WB.

Statistical Analysis—Student’s ¢ test was used to calculate
statistical significance, and p < 0.05 was considered to be
significant.

RESULTS

Ski Protein Is Transiently Up-regulated during Liver Re-
generation—The process of liver regeneration exhibits a spatio-
temporal synchronization of many signaling pathways positively
regulating cell proliferation. Paradoxically, some antimitotic sig-
nals, such as TGF-3, are increased during liver regeneration. We
reported previously that the up-regulation of TGF-B pathway
inhibitors such as Ski and SnoN may counteract TGF-fB-in-
duced antiproliferative actions during mouse liver regenera-
tion, allowing for other TGF- functions, such as extracellular
matrix remodeling (21). At that time, we also proposed that the
increase in Ski and SnoN protein levels and their association
with the Smads might, in part, explain the resistance of hepa-
tocytes to TGF- signals (21). Since then, we have been inter-
ested in discovering the mechanisms whereby hepatocytes
become refractory to TGF-B-induced antiproliferative signals,
particularly in liver regeneration.

Initially, we observed that Ski and SnoN proteins were up-
regulated in parallel with Smad2 protein phosphorylation in rat
livers obtained from 2—120 h after partial hepatectomy but not
in sham-operated rats (Fig. 1A). These data suggest that, in this
cell context, the TGF-B/Smad pathway seems to be unable to
cause Ski and SnoN protein down-regulation. Interestingly, we
found that a significant fraction of both proteins was associated
with the Triton-insoluble fraction when primary cultured
hepatocytes were lysed with TNTE buffer, whereas both pro-
teins were better solubilized in RIPA buffer (data not shown).
To gain insight into this outcome, we focused on investigating
mainly the regulation of Ski protein stability in hepatocytes and
the signals involved. In this study, we observed that the amount
of Ski protein immunoprecipitated from RIPA lysates was
higher than the amount obtained from TNTE lysates. More-
over, the effect of TGF-$ on Ski protein down-regulation was
better observed in RIPA lysates (Fig. 1B). Therefore, most of the
experiments were carried out with RIPA buffer unless indicated
otherwise.

With this approach, we were able to detect a clear TGF-3-
induced regulation of Ski and SnoN protein levels in freshly
isolated hepatocytes from normal (PH 0 h) and regenerating
livers (PH 48 h) (Fig. 1C). Interestingly, we observed that Ski
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FIGURE 1. Ski protein levels are transiently up-regulated during liver regeneration after partial hepatectomy. A, nuclear protein extracts from regener-
ating rat livers after PH at the indicated times (or 2-h sham-operated rats) were used to evaluate Ski, SnoN, SnoN2, phospho-Smad2, and proliferating cell
nuclear antigen (PCNA) protein levels by IP/WB (top panel). Bottom panel, densitometric analysis of Ski and SnoN protein levels as -fold change induced by PH.
Data are represented as mean =+ S.D. of three independent experiments. PCNA protein was used as a cell proliferation marker. B, primary cultured hepatocytes
were stimulated for 1 h without or with 0.2 nm TGF-. Cells were lysed with either RIPA or TNTE buffer to obtain two fractions: SN (Triton-soluble fraction) and
pellet (Triton-insoluble fraction resuspended in RIPA). Immunoblotting was performed for the indicated proteins from IP or cell lysates. C, hepatocytes were
freshly isolated from livers obtained 0 or 48 h post-PH, stimulated for 1 h with 0.2 nm TGF-8, and lysed with RIPA buffer. Ski and Smad2/3 proteins were
immunoprecipitated, and immunoblot analyses were performed to identify the indicated proteins from IP or cell lysates. D, nuclear (Nuc) and cytoplasmic
(Cyto) protein extracts from regenerating rat livers after PH at the indicated times were used to evaluate the indicated proteins from IP or cell lysates (top panel).
Bottom panel, densitometric analysis of the levels of cytoplasmic Ski-actin complexes expressed as -fold change induced by PH. Data are represented as
mean = S.D. of three independent experiments. E, cytoplasmic protein extracts were obtained from regenerating livers 0 or 48 h after PH, and then 35 mg of
protein extracts was treated for 20 min with 0.5 wg/ml proteinase Kin the absence or presence of 0.5% Triton X-100. Ski protein was immunoprecipitated, and
immunoblot analyses were performed for the indicated proteins from IP or protein extracts. The densitometric analysis of Ski protein levels is shown as -fold
change over the control. GM130, tubulin, and flotillin-2 were used as controls for protein degradation (asterisk, GM130 fragment). F, mCherry-FLAG-Ski protein
levels were detected by immunoblot analysis of RIPA lysates from transiently transfected C9 cells with the indicated amounts of plasmid (top panel). Transiently
transfected C9 cells with 30 ng of plasmid were serum-starved for 24 h and then stimulated with 10% FBS for 24-48 h (bottom panel). Cell proliferation was
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (relative cell number). Data are represented as means *+ S.D. from two
independent experiments performed in triplicate.

and also Smad2 proteins were associated with actin protein observe that Ski protein was associated with a Triton-insoluble
(co-IP) at the proliferation phase analyzed (i.e. 48 h post-hepa- fraction in normal hepatocytes. When we analyzed subcellular
tectomy) (Fig. 1C). Additionally, Ski has been described previ- localization of Ski in quiescent and regenerating livers (PH
ously as a soluble nuclear protein in many cell lines, including 48 h), the data showed that Ski exhibited mainly a nuclear local-
the hepatoma cell line HepG2. Therefore, it was unexpected to  ization. However, a significant fraction of Ski was cytoplasmic,
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represented as mean = S.D. of five independent experiments.

and, intriguingly, the levels of cytoplasmic Ski protein coimmu-
noprecipitated with actin were higher 48 h post-PH (Fig. 1D,
top panel). Fig. 1D, bottom panel, shows that the levels of cyto-
plasmic Ski-actin complexes increased >2-fold after 48 h
post-PH over the control (0 h).

In hepatocytes, Ski protein is partially localized to a Triton-
insoluble fraction, which could be explained by a partial asso-
ciation with the cytoskeleton and/or with lipid raft-rich mem-
branes. This hypothesis was proved to be correct by using a
protease protection assay. We observed that proteinase K only
partially degraded Ski protein from cytoplasmic fractions
obtained from quiescent (PH 0 h) or regenerating hepatocytes
(PH 48 h) in the absence or presence of 0.5% Triton X-100 (Fig.
1E). As controls, GM130, a cis-Golgi matrix protein, was
degraded, whereas a protein associated with lipid raft domains
such as flotillin-2 was resistant to degradation by proteinase K.
The data suggest that a fraction of cytoplasmic Ski is protected
from down-regulation in hepatocytes during regeneration,
probably by recruitment to a lipid raft-rich compartment.
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Next we analyzed whether the increase in Ski protein levels
observed during liver regeneration may favor specific Ski func-
tions, such as the promotion of cell proliferation. We observed
that the proliferation rate of hepatic C9 cells in response to 10%
FBS treatment for 24 — 48 h was increased (3- to 6-fold over the
control) when Ski protein was transiently overexpressed (Fig.
1F). This result correlated well with the increase in Ski protein
levels observed during the proliferative phase of liver regener-
ation (Fig. 14) and in regenerating hepatocytes (Fig. 1C).

TGF-B Induces a Transient Down-regulation of Ski Protein
via the Proteasome—We first focused on studying the regula-
tion of Ski protein stability and subcellular localization in nor-
mal hepatocytes. We observed that TGF-3 induced a transient
down-regulation of the Ski protein in a time-dependent man-
ner in primary cultured hepatocytes (Fig. 24). As an additional
cell model, we decided to use the C9 cell line because it exhibits
similar features as normal hepatocytes. In C9 cells, TGF-S also
transiently decreased the levels of Ski protein and induced
Smad2 phosphorylation (Fig. 2B). We observed that MG132
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FIGURE 3. Cytoplasmic Ski protein is partially localized at lipid raft-rich
vesicles. Immunofluorescence was performed for Ski protein in C9 cells. Ski
protein exhibited a partial colocalization (arrows) with overexpressed CD63-
mCherry and mCherry-Alix (MVE markers), endogenous HRS (an endosome
marker), EEA1 (an early endosome marker), GM130 (a Golgi marker), and flo-
tillin-2 (a lipid raft marker) in C9 cells. Endogenous proteins were detected by
immunofluorescence. Scale bars = 20 um. Z stack images are shown.

inhibited TGF-B-induced Ski down-regulation in C9 cells (Fig.
2C). Unexpectedly, MG132 treatment caused a differential dis-
tribution of the Ski protein and the Ski-associated Smad2/4
proteins (co-IPs) in both the Triton-soluble (SN) and Triton-
insoluble (pellet) fractions (Fig. 2C, top panel). Fig. 2C, bottom
panel, shows that MG132 increased >4-fold the Ski protein
levels over the control in the RIPA lysates. We also observed
that both the nuclear and cytoplasmic Ski proteins were evenly
degraded via the proteasome after TGF-B stimulus and,
intriguingly, that the cytoplasmic Ski fraction is bound to actin
(Fig. 2D).

TGF-B Controls Ski Protein Stability and Subcellular
Localization—Knowing that Ski and SnoN proteins mainly
exhibit a nuclear localization in many cancer cell lines, includ-
ing hepatoma cells, we analyzed Ski subcellular distribution in
hepatic C9 cells by immunofluorescence. We observed that the
Ski protein was localized to both the nucleus and cytoplasm.
Surprisingly, control C9 cells exhibited punctate areas of Ski
staining in the cytoplasm (Fig. 3).

Our data show that cytoplasmic Ski exhibits a punctate pat-
tern of localization, which is typical of the endosomal compart-
ment. To further characterize the subcellular localization of
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cytoplasmic Ski, we performed colocalization studies of Ski
protein with different markers of multivesicular endosomes
(MVE) and other organelles. Vesicles containing cholesterol-
rich lipid rafts are commonly implicated in vesicular trafficking
and also contribute to the formation of MVEs, which are rele-
vant in different cellular processes such as protein degradation
via lysosomes and protein export via exosomes. These MVEs
may also serve as organelles able to temporally sequester or
store signaling proteins, such as GSK3 (27). As shown in Fig. 3,
endogenous Ski protein partially colocalized with the overex-
pressed MVE markers CD63-mCherry and mCherry-Alix and
endogenous HRS. Additionally, Ski colocalized with flotillin-2,
a lipid raft marker, and, to a lesser extent, with the early endo-
some marker EEA1 and with the Golgi marker GM130 (Fig. 3, Z
stacks in merged images).

Furthermore, TGF- treatment for 1 h caused a down-regu-
lation of Ski protein in both the nucleus and cytoplasm, which
correlated with Smad2 nuclear localization (Fig. 4A4). Intrigu-
ingly, TGF-B also promoted a partial redistribution of cytoplas-
mic Ski protein to the perinuclear region after 3 h of treatment
(Fig. 4A, magnified images). Additionally, TGF-f treatment
enhanced Ski protein colocalization with CD63-mCherry, a late
endocytic MVE and exosome marker (Fig. 4B, left panel). The
index of colocalization of Ski-CD63 corresponds to 679 = 136
counts (control) and 1818 * 291 counts (TGF-B) (p < 0.004,
n = 12), as shown in Fig. 4B, right panel. These data indicate
that TGF-B treatment for 3 h promoted Ski-CD63 colocaliza-
tion (2.7-fold over the control) in C9 cells. Together, our find-
ings suggest that, in normal hepatocytes, cytoplasmic Ski pro-
tein exhibits different subcellular localizations, including its
association with endosomes resembling MVEs, and it is also
clear that Ski protein stability and its subcellular localization
are regulated by TGF-.

Ski Protein Is Partially Associated with Lipid Rafts—Our
findings indicating that a fraction of the whole Ski protein is
partially associated with a Triton-insoluble fraction suggest
that Ski might be located in cholesterol-rich vesicles. To test
this, C9 cells were pretreated with the cholesterol-chelating
agents filipin and MBCD, followed by TGF-f treatment for 1 h,
and lysed with TNTE or RIPA buffer. Ski protein was detected
by IP/WB. As shown in Fig. 54, MBCD treatment not only
enriched Ski protein levels in the TNTE-soluble fraction but
also disrupted the Ski-actin protein association in RIPA buffer.
Despite the fact that neither agent altered the TGF-f3 effect on
Ski protein stability (Fig. 5A4), the ability of MBCD to extract
cholesterol from the plasma membrane and intracellular com-
partments, promoting raft disruption and the solubilization of
proteins from rafts (28), could explain the differential results
obtained with MBCD and filipin treatments on the Ski-actin
protein association. Moreover, MG132 pretreatment of C9
cells partially increased Ski protein levels in the Triton-insolu-
ble fraction (pellet) (25% from total) compared with the soluble
fraction (SN) (16% from total), and MBCD pretreatment
blocked this effect (pellet) (13% from total) (Fig. 5B). These data
suggest that Ski protein is partially associated with lipid rafts
that are generally associated with the DRMs (29, 30).

Next we decided to analyze DRMs (cholesterol-rich) by sep-
arating DRM and non-DRM fractions from C9 cells. As shown
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stained with DAPI. Scale bars = 20 um. Magnified images are shown (ZOOM). B, C9 cells transiently overexpressing the MVE marker CD63-mcherry were
incubated for 3 h without (CONTROL) or with 0.2 nm TGF-. Subcellular colocalization (arrows) of the indicated proteins was analyzed by immunofluorescence
and confocal microscopy. Scale bars = 20 um. Right panel, quantitative analysis of Ski-CD63 protein colocalization expressed as counts (number of pixels)
induced by TGF-B. Data are represented as mean = S.D. of three independent experiments.

in Fig. 5C, Ski protein was localized in both the DRM and non-
DRM fractions from control cells. Notably, Ski protein at non-
DRMs was more sensitive to TGF-B-induced down-regulation.
It is possible that Ski protein becomes partially sequestered at
MVEs to prevent total protein depletion after TGF-S stimula-
tion. MG132 induced an accumulation of Ski protein in both
the DRM and non-DRM fractions, whereas MBCD blocked Ski
protein association with the DRM fraction (Fig. 5C). Therefore,
our findings support the hypothesis that Ski protein is partially
associated with lipid raft-rich vesicles in normal hepatocytes.

Actin Cytoskeleton Dynamics Modulate Ski Protein Stability—
Our data suggesting that changes in actin cytoskeleton dynam-
ics (actin polymerization or depolymerization) might control
Ski protein stability led us to investigate different cellular con-
texts where the cytoskeleton rearrangement is relevant, such as
cell-cell contact controlled by cellular confluence. Therefore,
C9 cells were seeded at low (sparse) and high (confluent) den-
sity, and Ski protein stability was analyzed. As shown in Fig. 64,
Ski protein is highly stabilized in confluent C9 cells in both the
nuclear and cytoplasmic compartments, suggesting that the Ski
protein could be sensitive to actin cytoskeleton rearrangements
that occur in cells when cell-cell junctions are decreased
(sparse) or increased (confluent). Furthermore, TGF-f treat-
ment efficiently down-regulated Ski protein levels in both
sparse and confluent cells (Fig. 6B, top panel). Fig. 6B, bottom
panel, shows that the levels of Ski protein were 6-fold higher in
confluent than in sparse C9 cells.
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Next we tested whether pharmacological modulators of actin
cytoskeleton dynamics might affect the stability of Ski protein
and its association with actin. Strikingly, LatB, an inhibitor of
actin polymerization, increased Ski protein stability (Fig. 6C),
whereas Jasp, a potent inducer of actin polymerization,
decreased Ski protein stability (Fig. 6C). Interestingly, actin
cytoskeleton dynamics modulated Ski protein association to
DRM and non-DRM fractions. Therefore, Jasp induced an
increase in Ski protein levels associated with the DRM fraction,
whereas LatB induced an increase in Ski protein levels associ-
ated with the non-DRM fraction and impaired the association
of Ski protein with the DRM fraction (Fig. 6D). Notably, the
Ski-actin interaction (co-IP) was increased in both the DRM
and non-DRM fractions by Jasp treatment (Fig. 6D). Jasp treat-
ment increased the levels of Ski-actin complexes 15-fold over
the control, whereas LatB decreased such complexes 0.25-fold
compared with the control (Fig. 6E). Neither LatB nor Jasp
affected basal or TGF-B-induced Smad2 phosphorylation (data
not shown). All of these data indicate that actin cytoskeleton
dynamics control Ski protein stability and also strongly suggest
that a fraction of cytoplasmic Ski is associated, possibly along
with actin, to a subset of vesicles containing cholesterol-rich
lipid rafts.

GPCR Signaling Pathways Differentially Modulate Ski Pro-
tein Stability—Knowing that GPCRs control diverse pathways
that are highly active during liver regeneration and that it has
been reported recently that these receptors can differentially
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(Golgi), and EEA1 (early endosomes).

regulate the dynamics of the actin cytoskeleton to control the
Hippo pathway (2, 31, 32), we further analyzed whether Ski
protein stability was regulated by either GPCRs controlling
cAMP levels, such as the glucagon receptor, or GPCRs coupled
to G12/13 and Rho-GTPase activation, such as the SIP and LPA
receptors. When C9 cells were treated for different times with
LPA or S1P, we observed that both stimuli induced a transient
down-regulation of Ski protein (Fig. 7A). As a positive control,
we observed that TAZ protein stability was increased (Fig. 74).
Intriguingly, we did not see any significant modulation of
Smad2 phosphorylation or its subcellular localization by agents
controlling actin cytoskeleton dynamics or the Hippo pathway
in hepatocytes (data not shown), even though it has been shown
previously that the Hippo pathway controls Smad2 in embry-
onic cells (33). In addition, Ski protein down-regulation and
Ski-actin association (co-IPs) induced by S1P were inhibited by
pretreatment with MG132, LatB, and Y27632 (a ROCK inhibi-
tor) (Fig. 7B). By contrast, we observed that stimulators of
cAMP accumulation, such as glucagon or a mixture of F/IBMX,
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induced an increase in Ski protein stability (Fig. 7C) and that
F/IBMX pretreatment inhibited the LPA- and S1P-mediated
reduction of Ski stability (Fig. 7D, left panel). Fig. 7D, right panel,
shows that S1P and LPA increased the levels of Ski-actin com-
plexes 15-fold over basal in control cells. Intriguingly, MBCD
treatment prevented Ski down-regulation induced by S1P and also
the Ski-actin interaction (Fig. 7E), but it did not change the Ski/
Smad4 interaction (Fig. 7, E and F) or Ski subcellular localization
(Fig. 7, F and G). Together, these data suggest considering the
possibility that the association between Ski and actin may rely on
the participation of an adaptor or scaffold protein rather than a
direct interaction. However, this remains to be investigated.

On the basis of these results, we show a model depicting the
proposed mechanism (Fig. 8). Accordingly, TGF-f/Smad path-
way and/or the stabilization of actin filaments promoted by
the GPCR/G13/Rho signaling axis can decrease Ski protein
stability, whereas the GPCR/cAMP pathway disrupts actin
filaments and, consequently, increases Ski protein stability
in hepatocytes.
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of three independent experiments.

DISCUSSION

Ski protein is a major transcriptional corepressor for the
TGF-B/Smad pathway. Therefore, its levels may determine the
TGEF-B signaling outcome (e.g. high Ski protein levels are asso-
ciated with an inhibition of TGF-B-induced signals). The rele-
vance of maintaining appropriate Ski protein levels for homeo-
stasis has been clearly demonstrated. Recently, several in-frame
mutations in exon 1 of Ski (the R-Smad binding region) have
been identified as the main cause of the human Shprintzen-
Goldberg syndrome, and increased TGF-f signaling has been
associated with this pathogenesis (34). Furthermore, Ski knock-
out mice exhibit embryonic lethality, and heterozygous mice
show a high sensitivity to developing cancer (35, 36). By con-
trast, transgenic mice overexpressing Ski protein exhibit
increased muscle mass (17). Additionally, high levels of Ski pro-
tein have been involved in the switch from glycolysis to oxida-
tive energy metabolism in cancer cells (37).

In many cancer cells, Ski overexpression occurs mainly in the
nucleus, where it may recruit histone deacetylases to eventually
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repress TGF- target genes. Some reports suggest that cyto-
plasmic Ski protein may act by sequestering Smad proteins and
impairing their translocation to the nucleus. In some cancer
cells, TGF- induces Ski protein down-regulation via the pro-
teasome, whereas, in other cancer cells, Ski protein seems to be
resistant to TGF-B-induced degradation. Although the mech-
anisms underlying this cell-to-cell variability are unclear, it has
been suggested that expression of specific E3 ubiquitin ligases
may be important (38). Notably, there are very few studies of Ski
and SnoN protein regulation and function in normal cells (39).

TGEF-B-induced signaling is highly modulated during many
physiological processes. One example is its regulation in cells
with an elevated proliferation rate, such as those found in liver
regeneration and cancer. Hepatic regeneration is an excellent
model for studying the regulation of cell proliferation and how
hepatic cells can proliferate in the presence of an antimitotic
cytokine as TGF-, which has been an enigma. We have pro-
posed that the up-regulation of Ski and SnoN inhibitors might
explain the transient resistance to TGF-f3 signals exhibited by
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hepatocytes during liver regeneration (21). Surprisingly, during
this study, we found a novel mechanism for the regulation of Ski
protein stability in normal hepatocytes involving a convergence
of TGF-B and GPCR signals with actin cytoskeleton participa-
tion. Therefore, we focused on studying the molecular mecha-
nisms involved in controlling Ski protein stability in normal
hepatocytes.

In our model of normal hepatocytes, Ski protein appears to
be distributed in both the nucleus and cytoplasm. Cytoplasmic
Ski shows a punctate localization and partial association with
the DRM fraction. We found that a fraction of cytoplasmic Ski
is partially localized to a subset of lipid raft-rich vesicles, some
of them containing MVE markers such as CD63 and Alix. We
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also found that nuclear and cytoplasmic Ski are quite sensitive
to proteasome-dependent down-regulation in response to
TGEF-B or any stimulus that increases the polymerization of
actin filaments, such as Jasp, S1P, or LPA. However, Ski protein
stability is increased in response to any stimulus that decreases
actin filament polymerization, such as LatB or glucagon-stim-
ulated GPCR/cAMP signals (Fig. 7). To our knowledge, this is
the first demonstration of Ski protein localization at the MVE in
normal hepatocytes, and we also show that its stability is asso-
ciated with the dynamics of the actin cytoskeleton. We suggest
that this novel regulation of Ski protein stability is an event that
possibly occurs during liver regeneration, when extracellular
matrix remodeling modifies the architecture of the liver, caus-
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ing hepatocytes to reorganize their cytoskeletons to migrate to
new positions within the regenerating liver. Intriguingly, this
novel regulation of Ski stability in normal hepatocytes seems to
be lost in hepatoma cells.

Many signals are involved in regulating liver regeneration,
and, possibly, many of them control the expression of the tran-
scriptional coregulator Ski during this process. Therefore, our
work is an initial approach to reveal the molecular mechanisms
and the potential consequences of the regulation of Ski protein
stability and sorting in hepatocytes. Although TGF-f signaling
is present during regeneration, its inhibitory action on Ski pro-
tein levels may be counteracted by other signals that modulate
hepatocyte polarity, a tightly regulated process that takes place
during regeneration (40). However, Ski is a transcriptional
coregulator for other signaling pathways distinct from TGF-f,
such as Wnt, Shh, retinoic acid, and other pathways involving
nuclear receptors (17). Further investigation will be required to
determine whether the regulation of Ski stability and sorting in
hepatocytes influences those other signaling pathways during
the regenerative process.

Notably, there is also evidence suggesting a positive role for
Ski during cell cycle progression because Ski seems to promote
proliferation of some cell types, such as muscle cells, melanoma
cells, and fibroblasts (41-43). The mechanisms are unknown,
but they may be related to the inhibition of TGF-B/Smad sig-
naling (44— 46) or by the sequestration of the tumor suppressor
Rb in the cytoplasm (47). Additionally, Ski has been localized at
centrosomes and the mitotic spindle during cell mitosis (48).
Here we found that Ski seems to favor the proliferation of nor-
mal hepatocytes. However, the mechanisms involved have also
not been fully elucidated.

In conclusion, our work demonstrates a novel mechanism
that regulates Ski protein levels in normal hepatocytes through
different stimuli (Fig. 8). In these cells, Ski protein is able to
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sense changes in actin cytoskeleton dynamics that control its
own stability and endosomal sorting. Additionally, the regula-
tion of Ski protein stability by GPCR pathways seems to be
tightly associated with actin cytoskeleton dynamics.
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