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Background: The low density lipoprotein receptor-related protein 1 (LRP1) is a transforming growth factor � (TGF-�)
receptor in ovarian cells.
Results: GULP is an adapter to LRP1 and mediates TGF-� signaling in signaling-competent early endosomes.
Conclusion: GULP positively regulates TGF-� signaling in ovarian cells.
Significance: GULP is poorly expressed in ovarian cancer cells and is a target for TGF-�-mediated growth inhibition.

Transforming growth factor � (TGF-�) is a key regulatory
molecule with pleiotropic effects on cell growth, migration, and
invasion. As a result, impairment of proper TGF-� signaling is
central to tumorigenesis andmetastasis. The TGF-� receptor V
(TGFBRV or LRP1) has been shown to be responsible for TGF-
�-mediated cell growth inhibition in Chinese hamster ovary
(CHO) cells. The LRP1 adapter protein GULP mediates inter-
nalization of the various LRP1-specific ligands, and we hypoth-
esize that GULP acts as a novel regulator of TGF-� signaling in
ovarian cells. CHO cells that overexpress exogenous GULP (FL)
demonstrate enhancement in growth inhibition, migration, and
invasion from TGF-� treatment, whereas cells that lack GULP
(AS) show impairment of growth inhibition and decreased
migration and invasion. The enhanced TGF-� response in FL
cells was confirmed by a prolonged TGF-�-induced SMAD3
phosphorylation, whereas a shortening of the phosphorylation
event is observed in AS cells. Mechanistically, the presence of
GULP retains the TGF-� in a signaling-competent early endo-
some for enhanced signaling. To address this mechanism in a
physiological setting, TGF-� insensitive ovarian adenocarci-
noma cells (HEY) have a very lowGULP expression level, similar
to the observation made in a wide selection of human ovarian
adenocarcinomas. Transfection of GULP into the HEY cells
restored the TGF-� responsiveness, as measured by SMAD3
phosphorylation and impairment of cell growth. Because GULP
expression positively regulates TGF-� signaling leading to
growth inhibition, this may represent an attractive target to
achieve TGF-� responsiveness in ovarian cells.

Transforming growth factor-� (TGF-�) is a family of struc-
turally homologous dimeric polypeptides consisting of three
mammalian isoforms: TGF-�1, TGF-�2, and TGF-�3 (1, 2).

TGF-�s are involved in the regulation of multiple important
biological processes, including cell proliferation, cell differenti-
ation, and extracellular matrix modification, leading to epithe-
lial-mesenchymal transition (EMT),3 migration, and invasion
(3, 4). The regulatory roles of TGF-�s are critical to the pro-
gression of many vital human diseases, including fibrosis, ath-
erosclerosis, and cancer (5–9). The role of TGF-�s in cancer is
sophisticated. In normal cells, TGF-� acts as a tumor suppres-
sor by promoting cell growth arrest and apoptosis (10) aswell as
by preventing cell immortalization (11). However, many cancer
cells from various origins have gained resistance to the growth-
inhibitory effect of TGF-� with mutations in the mediators of
the TGF-� signaling pathway along with increased production
of TGF-�. Moreover, TGF-� is capable of triggering EMT in
various carcinomas making them more invasive by promoting
extracellular matrix remodeling and eventually metastasis (3,
5). The TGF-� signaling pathway thus acts as a key regulator in
tumorigenesis and, therefore, as a potential target for chemo-
therapy (7, 10).
The general mechanism of TGF-� signaling begins with the

binding of ligand to the type III TGF-� receptor or type II
receptor (TGF-��RII). Upon binding of TGF-�, TGF-��RII
recruits, trans-phosphorylates, and activates the type I receptor
(TGF-��RI) (12–15). After activation, TGF-��RI then trans-
duces the signal through a class of signalingmediators knownas
SMADs (16). Receptor-regulated SMADs (R-SMADs), such as
SMAD-2 and SMAD-3, are phosphorylated by TGF-��RI and
subsequently bind to SMAD-4 (co-SMAD) (16, 17). The het-
erodimerization of R-SMAD and co-SMAD forms a transcrip-
tion activator complex, which is translocated to the nucleus and
regulates the transcription of various target genes (18, 19). Also,
SMAD-6 and -7 can inhibit the formation of a transcription
activator complex by competing with co-SMAD for binding
with R-SMADs (20).
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The signal of TGF-� could also be down-regulated or termi-
nated by numerousmechanisms other than the action of antag-
onistic SMAD-6 or -7. Phosphatases and ubiquitin ligases are
capable of deactivating and down-regulating TGF-��RI
through dephosphorylation and ubiquitination (21, 22). Endo-
cytic adapter proteins also regulate the signal by affecting the
rate of internalization and/or expression of the receptors on the
cell surface (23, 24). The discovery of the SMAD anchor for
receptor activation protein (SARA) also provided another level
of complexity to the mechanism of TGF-� signaling. SARA is a
FYVE domain protein that localizes to the early endosome and
recruits SMADs to the internalized receptor complex for phos-
phorylation and activation (25–27).Moreover, the SMADcom-
plex is also susceptible to dephosphorylation and ubiquitin-
mediated degradation, which ultimately terminates the signal
(28–30). Other factors may also help transduce and regulate
the signal of TGF-� (31, 32). The type V receptor (TGF-�-RV)
was shown to be identical to the low density lipoprotein recep-
tor-related protein-1 (LRP1) (33). LRP1 has been shown to
affect the signaling of TGF-� in Chinese hamster ovary (CHO)
cells, where LRP1-deficientCHOcells gained resistance toward
TGF-�-induced cell growth arrest (34). Many other groups
have also demonstrated the importance of LRP1 in TGF-� sig-
naling events (35–39). These were important observations
demonstrating that LRP1 facilitates TGF-� signaling because
LRP1was only originally classified as a scavenger receptor facil-
itating degradation through receptor-mediated ligand endocy-
tosis (40).
We have previously described the effect of the phosphoty-

rosine binding domain (PTB)-containing engulfment adapter
protein (GULP), an adapter protein of LRP1, on cellular lipid
homeostasis by modulating the endocytosis of LRP1 and LRP
ligands (41). In this study, we hypothesize that GULP is a key
regulator of LRP1-mediated TGF-� signaling and thereby plays
an important role inmodulating TGF-� signals in ovarian cells.
To support this, microarray studies have shown that GULP is
significantly down-regulated inmost ovarian adenocarcinomas
(42, 43). Hereby, we present evidence that GULP is required in
ovarian cells to maintain their sensitivity toward TGF-�-in-
duced cell growth arrest, demonstrating the important role that
GULP may perform in ovarian cancer progression.

MATERIALS AND METHODS

Cell Culture and Transfection—The CHO LR73 cells were a
gift from Dr. Kodi Ravichandran (University of Virginia) and
were described previously (41, 44). Multiple lines of stable
transfection of GULP-overexpressing CHO cells (FL), cells
overexpressing only the PTB of GULP, and GULP-knocked
down CHO cells (AS) were generated and maintained as
described previously (41). We deliberately chose moderate
expression FL clones (between 1.7- and 3.8-fold endogenous
protein expression), and the expression level ofGULP in FL and
AS cells was validated prior to each set of experiments byWest-
ern blot. CHO cells with a deficiency in LRP1 (13-5-1) were
acquired fromDr. David Fitzgerald throughDr. Zemin Yao (45,
46). 13-5-1 cells were authenticated by Pseudomonas exotoxin
treatment (46). Mouse embryonic fibroblasts (MEF-1), MEF
cells genetically deficient in gulp (GULP KO), GULP KO MEF

cells with GULP expression reconstituted, and LRP-deficient
MEF (MEF-2) were obtained from Dr. Kodi Ravichandran
(University of Virginia). HEY and SKOV3 ovarian adenocarci-
nomas were originally obtained from ATCC (Manassas, VA).
Morphology, expression levels, and signalingmechanismswere
routinely assessed to reconfirm the phenotype. 13-5-1, HEY,
and SKOV3 cells were all cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS and 1%
penicillin/streptomycin. For transient transfection in HEY
cells, cells were grown to 60% confluence and transfected with
expression vectors encoding yellow fluorescent protein (YFP)-
conjugated GULP or the fluorescence protein only in antibiotic-
free DMEM with 5% FBS using FuGENE HD (Roche Applied
Science; according to the manufacturer’s instructions). After
48 h of transfection, cells were used for MTT assays andWest-
ern blotting. For all quantitative assays, statistically significant
differences were determined by using Student’s t test.
Reverse Transcription-PCR—mRNAwas isolated and reverse

transcribed into cDNA using the RNeasy� minikit (Qiagen)
according to the manufacturer’s instructions. Transcribed
cDNA were then amplified by PCR up to 35 cycles.
Western Blotting—Cells were cultured in various amounts of

FBS and stimulated with or without 0.2 nM TGF-� for different
periods of time as described in the figure legends. Cells were
lysed in lysis buffer containing phosphatase inhibitors (Sigma,
BioShop). 25 �g of protein from each cell lysate was separated
using SDS-PAGE and transferred onto a nitrocellulose mem-
brane. The membrane was then incubated with specific pri-
mary antibodies (phospho-SMAD3, SMAD3, GULP, GAPDH,
LRP1, Dab2, fluorescent protein, p21, p15, TGF-��RI, and anti-
tubulin) and subsequently incubated with specific horseradish
peroxidase-conjugated secondary antibodies. The immunore-
active proteins were detected using the ECL system (Thermo
Scientific). Quantification was performed using the built-in
software from the gel imager (Alpha Innotech). Scrambled
RNA or siRNA (10 nmol) was transfected into cells with
HiPerfect transfection reagent (Qiagen) for 16–24 h before
treatment with TGF-�, Western blotting, and cell proliferation
assays.
Cell Proliferation Assays—1 � 105 cells from each cell line

were plated in 6-cm dishes with 5% FBS and stimulated with or
without 0.2 nM TGF-� on the next day. After 48 h of stimula-
tion, cells were resuspended with 0.25% trypsin (Wisent) and
counted using 0.4% trypan blue (Invitrogen) under a light
microscope (Leica) with a hemacytometer. The percentage of
cells susceptible to TGF-�-induced growth inhibition was cal-
culated by the formula, (1 � (TGF-�-treated/non-treated con-
trol)) � 100. Apoptosis of cells was measured by using the
Annexin V-Cy3 Apoptosis kit from Sigma according to the
manufacturer’s instructions.
MTT Assays—CHO and 13-5-1 cells were resuspended and

plated into 96-well plates at a concentration of 5,000 cells/100
�l in culturemediumwith 5% FBS. Cells were stimulated or not
with 0.2 nM TGF-� for 3 days and then incubated with 0.5%
MTT in PBS for 4 h. The dye was extracted with Sorenson’s
buffer and DMSO, and the intensity was measured using a
Packard microplate reader at 590 nm (47). HEY cells were
plated at a concentration of 3,000 cells/100 �l in culture
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mediumwith 5% FBS. After 48 h of transfection,HEY cells were
stimulated or not with 0.2 nM TGF-� in serum-free DMEM for
3 days. The rest of the experiments were conducted in a similar
manner as described above. The percentage of cells susceptible
to TGF-�-induced growth inhibition was calculated by the for-
mula, (1 � (TGF-�-treated/non-treated control)) � 100.
Cell Migration/Invasion Assays—Cells were resuspended in

serum-free medium and plated into each of the upper wells of
the 24-multiwell insert system (BD Biosciences) with 5 � 104
cells in 300 �l with or without 0.2 nM TGF-�. 500 �l of full
growthmediumwas added to the lowerwell to allowmigration.
After 24 h of incubation, media were removed, and cotton-
tipped swabs were used to remove the non-migratory cells on
the insert. The cells were then fixed with 4% paraformaldehyde
in PBS for 15 min and subsequently stained with 0.2% crystal
violet in PBS for 10 min. After staining, the insert was washed
three times with distilled water, and the crystal violet was
extracted by incubating with 200 �l of 10% acetic acid. The
amount of migration was quantified by measuring the optical
density at 590 nmusing amicroplate reader (Packard). Invasion
assays were conducted in a similar manner; however, Matrigel
(BD Biosciences) was coated onto the insert 24 h prior to the
experiment following the manufacturer’s specifications.
Gelatin Zymography—WT, FL, and AS cells were treated

with 0.2 nM TGF-� or not for 24 h in AMEMwith 2% FBS. The
mediawere collected and concentrated down to 200�l using an
Amicon�Ultra-4 centrifugal unit (Millipore). Equal volumes of
the concentrated media were loaded onto a 10% acrylamide gel
co-polymerized with 1 mg/ml gelatin (Fisher) in reducing
agent-free SDS-loading buffer. The gel was washed with buffer
(2.5% Triton X-100, 50 mM Tris, 5 mM CaCl2, 1 �M ZnCl2, pH
7.4) for 1 h at room temperature and then incubated overnight
at 37 °C with renaturing buffer (washing buffer without Triton
X-100). The gel was stained with Coomassie Blue and
destained. Matrix metallopeptidase-9 (MMP-9) activities were
shown as opaque bands on a blue background. The gel was
scanned using a gel imager from Alpha Innotech, and densi-
tometry analyses were conducted using the built-in software.
Wound Healing Assays—Cells were grown in 6-well plates

with 5% FBS until confluent. A scratch was created using a
P-200 pipette tip, and then the cells were washed twice with
serum-free medium and incubated with or without 0.2 nM
TGF-�. After 24 h, three randomly selected fields were
acquired using an inverted bright field microscope with a 4�
objective. The scratch area was quantified by using the Image
Pro-Plus software. The results were presented as percentage
wound healing with the equation, % wound healing � (1 �
(wound area at t24 h/wound area at t0 h)) � 100 (48).
Luciferase Assays—Cells were transiently cotransfected with

0.5 �g of 3TP-Luc and �-galactosidase reporter for 24 h and
then serum-starved for 24 h. Cells were then stimulated with
0.2 nM TGF-� or not until the next morning. The luciferase
activity was measured using a luminometer (EG&G Berthold)
and normalized to the �-galactosidase activity by measuring
the optical density at 420 nm with a plate reader (BioTek).
Pseudomonas Exotoxin A Cytotoxicity Assay—1 � 106 cells

from each cell line were plated in 6-cm dishes with full growth
medium and stimulated with or without 100 ng/ml Pseudomo-

nas exotoxin A (PEA) (Sigma) on the next day. After 24 h of
stimulation, cells were resuspended with 0.25% trypsin and
counted using 0.4% trypan blue under a light microscope.
GST-RAP Expression, Purification, and Cy5 Labeling—The

expression vector of GST-RAP fusion protein was expressed
and purified from Escherichia coli (DH5�) as described byHerz
et al. (49). The purified GST-RAP proteins were labeled with
Cy5 (GEHealthcare) according to themanufacturer’s protocol.
Fluorescent Labeling of Lipoproteins—�VLDL and LDL were

prepared by ultracentrifugation. Both lipoproteins were diluted
to 3 mg/ml with PBS containing 10% lipoprotein-deficient
serum and 1% penicillin/streptomycin. Prepared lipoprotein
samples were labeled with fluorescent lipophilic tracer 1,1�-
dioctadecyl-3,3,3�,3�,-tetramethyindodicarbocyanine perchlorate
(DiD; Invitrogen) by microinjection using a insulin syringe.
Ligand Binding and Ligand Degradation Assays—LRP

ligands (�2M (Sigma) and TGF-� (Leinco)) were labeled with
Na125I according to Kiss et al. (41). Cell surface ligand binding
experiments and ligand degradation assays were performed as
described previously (41).
PIP Strips and Efflux Assays—Commercial lipid blots on

nitrocellulose are available (PIP Strips, Invitrogen) and were
used similarly to a Western blot (blocking, incubation with
GULP protein, washing, detection of bound GULP by primary/
secondary antibodies, and ECL detection). Efflux assays were
performed as described previously (41).
Fluorescence Microscopy—AS and FL cells were seeded on

35-mm glass bottom MatTek dishes overnight. The cells were
transfected with YFP-Rab5 or YFP-Rab7 with FuGENE HD for
24 h. After a 15-min incubationwith fluorescently labeled LRP1
ligands (Cy5-RAP, Cy5-TGF-�, DiD-�VLDL, and DiD-LDL),
the samples were washed three times with PBS and replaced
with HEPES-buffered medium, pH 7.4. Images were col-
lected on a Zeiss LSM-510 Meta laser-scanning microscope
with either a 63� or a 40� oil immersion lens. Cy5 and
DiD-labeled ligands were excited at 633 nm, and YFP was
excited at 514 nm.

RESULTS

One of the most important downstream effects of TGF-�
signaling is the promotion of cell growth arrest by means of
inhibition of cell proliferation and the induction of apoptosis.
The ability of TGF-� to promote growth arrest has drawn vast
attention from researchers because it implies a potential target
for cancer treatment. Moreover, many carcinomas have been
shown to gain resistance to the TGF-� effect, making it an
important pathway to study for carcinogenesis. To assess the
effect of differential GULP expression level on TGF-�-induced
cell growth arrest, we utilized four different cell lines: wild-type
CHO cells (WT), CHO with overexpressed full-length GULP
(FL), CHO with knocked down GULP (AS), and LRP1 null
CHO cells (13-5-1). Of all the cells treated with TGF-�, FL cells
had the strongest inhibitory effect (�30%), andWT cells had a
moderate inhibition (�20%) (Fig. 1A). On the other hand,
13-5-1 cells and AS cells both had a weak growth inhibition
effect (�10% each). To further assess the effect of GULP on
TGF-�-induced cell growth arrest, we performed an MTT cell
viability assay. The chemical MTT is reduced to a purple color

GULP Regulates TGF-� Response

20638 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 24 • JUNE 8, 2012



in living cells, proportional to the number of cells, and this can
be quantified by a colorimetric assay. FL cells were growth-
inhibited by �59%, compared withWT cells at �33% (Fig. 1B).
13-5-1 (10%) and AS (7%) cells showed little growth inhibition
in comparison. The results show that GULP-overexpressing
cells were more sensitive to TGF-�-induced cell growth arrest,
whereas theGULP-knocked down cells weremore resistant. To
determine if the reduced cell numbers were due to increased
apoptosis, we quantified the number of apoptotic cells. All cell
types were seeded at the same density and allowed to grow in
the absence or presence of TGF-�. Then cells were stained by a
vital fluorescent dye (which stains live cells) and Annexin V
(which binds apoptotic cells). There was no significant increase
in apoptotic cells in any cell type (Fig. 1C), suggesting that TGF-
�-induced apoptosis is not a major contributor to reduced cell
number. Thus, our data clearly indicate that GULP acts as a
positive regulator of TGF-�-mediated cell growth arrest in
CHO cells. To confirm that this effect also occurs in other cell
types, we performed the growth assay in MEFs. In parallel with

the CHO experiment, the experiment was performed with
parental MEFs (MEF-1), MEF cells with GULP knocked out
(GULP KO), GULP KO MEFs with reconstituted GULP, and
LRP1-deficientMEFs (MEF2). The results show that decreased
GULP prevents a TGF-� response, whereas GULP expression
promotes a TGF-� response (Fig. 1D), corroborating the CHO
experiments and demonstrating that GULP is a requirement
for TGF-�-mediated growth inhibition. To dissect the mecha-
nism of the GULP effect on cell growth inhibition, we per-
formed Western blots of p21Cip1 and p15ink4b. These cell cycle
regulators have previously been shown to play a critical role in
relaying TGF-� family member cell proliferation inhibition in
human keratinocytes, astrocytes, and hepatocatcinomas (50–
54). Western blot analysis revealed in FL cells that TGF-�
induced p21 and p15 expression, whereas in AS cells, p15 and
p21 expression levels were very low and not induced by TGF-�
(Fig. 1E), indicating that TGF-� does induce p15 and p21
expression and cell growth inhibition in a GULP-dependent
manner in our model system.

FIGURE 1. The growth-inhibitory effect of TGF-� in CHO cells correlates to the expression level of GULP. A, control CHO cells (WT), CHO cells overexpress-
ing GULP (FL), CHO cells with reduced GULP expression (AS), and LRP1-deficient CHO cells (13-5-1) were treated with TGF-� or not for 48 h. Cells were
resuspended and counted using a hemacytometer. Values are expressed as the percentage decrease of the number of cells between the conditions with and
without TGF-�. Results presented here are the mean � S.D. (error bars) of three separate experiments. *, p 	 0.003; **, p 	 0.0001 in comparison with WT. B, WT,
FL, AS, and 13-5-1 cells were stimulated without or with TGF-� for 72 h before cell growth was measured by a cell viability assay (MTT). Values were computed
and presented as percentage of growth inhibition induced by TGF-� as described under “Materials and Methods.” Results shown here are the mean � S.D. of
two separate experiments, each performed in quadruplicate. *, p 	 0.03; **, p 	 0.01; ***, p 	 0.002 in comparison with WT. C, WT, FL, AS, and 13-5-1 cells were
stimulated without or with TGF-� for 24 h, and then an apoptosis kit assay (Sigma) was performed according to manufacturer’s instructions. Results are
presented as the mean percentage of total cells � S.D. that stain positive for Annexin V of five separate plates of at least 200 cells/plate for each condition. D,
control MEF cells (MEF-1), MEF cells with a genetic deficiency of GULP (GULP KO), GULP KO cells with reconstituted GULP expression (reconst. GULP), and
LRP1-deficient MEF cells (MEF-2) were treated without or with TGF-� for 48 h, and then cells were counted as in A. *, p 	 0.01 comparing TGF-�-treated and
-untreated conditions. E, FL or AS cells were treated without or with TGF-� for 16 h; cell lysates were harvested; and Western blots of p21Cip1, p15ink4b,
and tubulin were performed.
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TGF-� also regulates the motility of cells. It has been shown
that CHO cells adopted a more metastatic phenotype upon the
presence of excessive TGF-� (55). We examined the migration
ability of the different cell lines in multiwell inserts in response
to TGF-�. FL cells showed the most migration in response to
TGF-�, with AS cells showing the least TGF-�-induced cell
migration, in proportion to the level of expressed GULP (Fig.
2A).We also assessed the GULP effect on TGF-�-mediated cell
migration using the wound healing assay (48). The changes in
the area of the wound were measured, computed, and repre-
sented as percentage wound healing described under “Materi-
als and Methods.” Results were plotted showing the TGF-�-
treated and untreated control cells. FL cells showed the most
wound healing in response to TGF-� treatment, whereas WT
cells showed a somewhat neutral response towardTGF-� treat-
ment (Fig. 2B, supplemental Fig. 1). However, AS cells showed a
strong decrease in percentage of wound healing in response to
TGF-� compared with WT cells. Further, we examined the
invasion ability of the different cell lines in multiwell inserts
that had been filled with Matrigel in response to TGF-�. Cells
must secrete enzymes to digest the Matrigel in order to pene-
trate it and access the well. FL cells showed themost invasion in
response to TGF-�, with AS cells showing the least invasion, in
proportion to the level of expressed GULP (Fig. 2C). As a sec-
ondary measure, we performed a gelatin zymography assay.
The medium from cells grown in the absence or presence of
TGF-� was collected and then run on a native polyacrylamide
gel with gelatin. After a period of incubation, the cell-secreted
MMP-9 digests the gelatin and produces a cloudy white area at
50 kDa (the molecular mass of MMP-9) on the polyacrylamide

gel. For the purposes of quantification, we scanned the gels,
inverted the color, and determined the intensity and area of
digestion by densitometry. FL cells showed the most induction
of MMP-9 activity with TGF-� treatment, whereas AS cells
showed no difference, as compared with WT cells (Fig. 2D).
TGF-� signaling is transduced through the phosphorylation

of R-SMADs by the TGF-��RI. To determine the involvement
of TGF-��RI, we used siRNA to silence TGF-��RI and then
detect if TGF-� andGULP can still signal. The results show that
knockdown of TGF-��RI (Fig. 3A) prevents GULP from medi-
ating TGF-�-induced phospho-SMAD3 formation in WT and
FL cells (Fig. 3A). Furthermore, silencing of TGF-��RI prevents
TGF-�-dependent growth inhibition in both WT and FL cells
(Fig. 3B). These results demonstrate that LRP1 is probably act-
ing as a co-receptor to the TGF-��RI.
The amount of phosphorylation on SMAD3 can be used as a

measure of the intensity of the TGF-� response.We quantified
the amount of phosphorylation of SMAD3 in cells with differ-
ential GULP expression by Western blot. In WT cells, we see a
typical TGF-� response, where the phosphorylation of SMAD3
peaks at 45min and is back to background by 120min (Fig. 4A).
In FL cells, phosphorylation of SMAD3 remained at a high level
even at 120 min. AS cells showed a time course of phosphory-
lation similar to WT, but SMAD3 phosphorylation was atten-
uated more than both FL and WT cells. In 13-5-1 cells, the
phosphorylation of SMAD3 remained low. To validate this
result, we ran the different samples of the same time points on
a single blot and normalized to total SMADprotein expression.
At the 240min time point, AS had clearly a strongly diminished
phospho-SMAD3 in comparisonwithWT (Fig. 4B). FL cells, on

FIGURE 2. Overexpression of GULP in CHO cells leads to enhanced cell motility and invasion in response to TGF-� treatment. A, transwell migration
assays were conducted using WT, FL, and AS cells. Results show migration (as measured by crystal violet color intensity) for TGF-�-untreated (Control) and
-treated cells (TGF-�). Data presented here are the mean � S.D. (error bars) of three experiments, each done in triplicate. *, p 	 0.003; **, p 	 0.0003 in
comparison with the untreated condition. B, wound healing assays were conducted using WT, FL, and AS cells. Cells were grown to confluence and serum-
starved for 24 h, and then a scratch of �1 mm was introduced through the middle of the plate. Cells were then treated without or with TGF-� for 24 h, and the
percentage of area that TGF-�-induced cells grow into the scratch (wound healing) was measured and computed as described under “Materials and Methods.”
Results presented here are the mean � S.D. of three experiments, each done in triplicate. *, p � 0.001 in comparison with the untreated condition. C, Transwell
invasion assays were conducted using WT, FL, and AS cells without and with TGF-� treatment for 24 h. Cell invasion (the number of cells that crossed the
Matrigel barrier) was measured by the intensity of crystal violet staining in the well. Data presented here were the mean � S.D. of two experiments, each done
in triplicate. *, p � 0.004 in comparison with the untreated condition. D, gelatin zymography experiments were performed on media from WT, FL, and AS cells
treated without or with TGF-� for 24 h. To quantify the extent of active MMP-9 secreted, densitometry was performed on the MMP-9 digestion band in the
absence and presence of TGF-� and presented as the mean � S.D. of three separate gelatin zymography experiments. *, p 	 0.03; ***, p 	 0.0003.
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the other hand, had the strongest expression at the 240 min
time point. Our observations are that overexpression of GULP
sustained the phosphorylation of SMAD3, and this effect is lost
when GULP was absent.
Having shown that SMAD3 phosphorylation was potenti-

ated by GULP, we next investigated whether GULP could
enhance SMAD3 activity. For this, we transfected a synthetic
TGF-�-responsive gene promoter construct fused to the lucif-
erase gene (3TP-Lux) with a �-galactosidase-expressing vector
(12) in the different CHO cell lines described above. The �-gal
reporter was co-transfected to normalize for the difference in
transfection efficiency across the four cell lines (Fig. 4C). After
normalizing to the base line of each cell line, WT cells have a
6.6 � 0.66-fold induction in reporter activity, whereas FL and
AS cells have an 8.8 � 0.53- and 5.3 � 0.35-fold induction,
respectively (Fig. 4C). 13-5-1 cells have only 2.4 � 0.43-fold
induction, which confirms previously published data showing
how LRP1 is required for TGF-� induced cell growth arrest in
CHO cells. After normalization to WT, FL cells showed about
133% increase in luciferase activity, whereas AS cells showed a
moderate but significant (p 	 0.009) decrease in luciferase
activity. Collectively, our results indicate thatGULPacts as pos-
itive regulator of SMAD3 phosphorylation and TGF-� tran-
scriptional control and that blocking GULP expression signifi-
cantly impairs these effects. To identify a possible role of
SMAD2, we performed a similar experiment to Fig. 4A and

detected phospho-SMAD2 in response to TGF-�. Both FL and
AS cells showed a low but similar amount of phospho-SMAD2
(Fig. 4D), suggesting that SMAD2 does not play a major role in
GULP-mediated TGF-� signaling in these cells.
As one mechanism of how GULP may respond to TGF-�

treatment, we quantifiedGULP protein andmRNA in response
to TGF-�. WT cells were serum-starved for 24 h and then
treated with TGF-� for the time period as indicated and har-
vested for Western blot or RT-PCR. After normalizing for
GAPDH levels, the protein expression level of GULP increased
with time, up to 24 h with TGF-� treatment (Fig. 5). However,
the expression level of another PTB-containing adapter protein
Dab2 was not stimulated by TGF-� despite its pivotal role in
TGF-� signaling (56–58). Moreover, the RT-PCR also showed
an induction of GULP mRNA level at the 24 h time point (Fig.
5). As a control experiment, we show that TGF-� does not
significantly increase GULP expression levels in AS cells (sup-
plemental Fig. 2A) because this might have confounded exper-
imental observations with AS cells. Thus, our data highlight
GULP as a novel TGF-� downstream target gene that acts in a
positive feedback loop to promote and potentiate TGF-� sig-
naling, leading to cell growth inhibition, cell migration, and cell
invasion.
Based on our observations on cell growth inhibition, phos-

pho-SMAD3 Western blots, and the reporter assay, we have
demonstrated that GULP plays a role in the regulation of
SMAD-dependent TGF-� signaling. As a result, we hypothe-
sized that a decrease in GULP expression results in impaired
TGF-� signaling, including within human cancerous tumors.
To demonstrate this directly, we analyzedmicroarray data from
a previously published data set (43) from human ovarian ade-
nocarcinomas: clear cell, endometrioid, mucinous, and serous
types. All adenocarcinoma types showed a significant decrease
in GULP expression level of �2-fold when compared with nor-
mal tissue (Fig. 6A). We then analyzed five other data sets of
ovarian adenocarcinoma and found that GULP mRNA expres-
sion was significantly reduced in all but one of them (supple-
mental Fig. 3). These results suggest that decreased GULP
expression may be a direct or indirect cause of tumorigenesis.
To confirm these results in human ovarian cells, ovarian ade-

nocarcinomas (SKOV3 and HEY) were utilized. We first char-
acterized the TGF-� responsiveness of SKOV3 and HEY cells
by performing a phospho-SMAD3Western blot after 45min of
TGF-� treatment. Phosphorylation of SMAD3 in HEY cells is
clearly lacking in comparison with SKOV3 cells (Fig. 6B).
Therefore, SKOV3 is a TGF-�-sensitive cell line, and HEY is a
TGF-�-insensitive cell line. As a result, SKOV3 and HEY cells
were utilized to examine the relationship between GULP pro-
tein expression and TGF-� signaling. Further, the GULP pro-
tein expression levels in SKOV3 and HEY cells were quantified
byWestern blot after treatment with TGF-� for 8 h. In SKOV3
cells, GULP protein was expressed and was induced upon
TGF-� treatment (Fig. 6C), similar to that observed in CHO
cells (Fig. 5). On the other hand, our result shows thatHEY cells
had a much lower GULP expression level to begin with and
failed to elevate the GULP level in response to TGF-� treat-
ment. This defect in induction of GULP expression may be one
of the causes that contribute to the TGF-�-insensitive pheno-

FIGURE 3. GULP signaling involves TGF-��RI. A, WT and FL cells were trans-
fected with scrambled RNA or siRNA specific for TGF-��RI for 16 h and then
were treated without or with TGF-� for 60 min. Total cell lysates were col-
lected and analyzed by Western blot using anti- TGF-��RI, anti-pSMAD3, and
anti-SMAD antibodies. TGF-��RI expression is efficiently prevented by siRNA,
which also prevents pSMAD3 formation. B, a growth inhibition experiment
(similar to Fig. 1) was performed. WT and FL cells were transfected with scram-
bled RNA or siRNA specific for TGF-��RI for 16 h and then treated without or
with TGF-� for 24 h. Cells were resuspended and counted using a hemacy-
tometer. Values are expressed as the percentage decrease of the number of
cells between the conditions with and without TGF-�. Results presented here
are the mean � S.D. (error bars) of three separate experiments.
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type in HEY cells. On the other hand, LRP1 expression levels
were similar between SKOV3 and HEY cells and were not
induced by TGF-� treatment (supplemental Fig. 2B), suggest-
ing that the effect is primarily governed by GULP expression
levels.
To verify our observations, we hypothesized that reintroduc-

tion of GULP into HEY cells may restore the TGF-� response.
HEY cells were transiently transfected with either YFP alone
(HEY-YFP) or YFP-GULP (HEY-GULP), as confirmed byWest-
ern blotting for YFP (Fig. 7A), showing comparable expression
levels. Phospho-SMAD3 Western blots were performed after
120 min of TGF-� treatment, and the phosphorylation of
SMAD3 in HEY-GULP cells was significantly stronger than in

both the non-transfected and YFP transfected controls (Fig.
7A). These results demonstrate that the GULP expression level
is low in TGF-�-unresponsive cells, and TGF-� responsiveness
can be recovered upon GULP expression. Furthermore, these
results confirm the observations in CHO cells, where higher
GULP expression level led to a prolonged SMAD3 phosphory-
lation period and thus enhanced the TGF-� signaling in cells.

Although we showed biochemically that the TGF-�-insensi-
tive phenotype canbe partially corrected by restoring theGULP
expression level, it is important to see whether this effect has
physiological importance. We thus assessed whether we could
restore TGF-� growth-inhibitory responses in HEY cells by
overexpressing GULP. Control HEY cells transfected with YFP

FIGURE 4. Enhanced GULP expression results in prolonged SMAD3 phosphorylation and increased TGF-� activity. A, WT, FL, AS, and 13-5-1 cells were
treated with TGF-� for the time periods indicated. Cell lysates were analyzed by Western blot using anti-pSMAD3 antibody (Cell Signaling), SMAD3 antibody
(Cell Signaling), and GAPDH antibody (Santa Cruz Biotechnology, Inc.). Positive controls were included for AS and 13-5-1 cells to prove that the Western blots
were detecting properly. B, WT, FL, AS, and 13-5-1 cells were stimulated with TGF-� for 240 min, and the cell lysates were analyzed by Western blot using
anti-phospho-SMAD3 antibody, SMAD3 antibody, and GAPDH antibody. A representative blot is shown at the top, including a positive control. Densitometric
scaling was performed to normalize the intensity of pSMAD3 to SMAD3 expression. The results were plotted as relative intensity of pSMAD3, with the intensity
of WT being normalized to 1, and three independent Western blot analyses generated the mean � S.D. (error bars). *, p � 0.05. C, WT, FL, AS, and 13-5-1 cells
were co-transfected with a 3TP-Lux reporter construct and a �-galactosidase expression plasmid. Cells were treated with TGF-� or not for 16 h, and luciferase
assays were performed. Data were presented as -fold increase in activity of TGF-�-treated samples compared with the non-treated WT control. The experi-
ments were repeated three times, each done in triplicate, and results presented here are the mean � S.D. from three experiments. In comparison with the -fold
increase in TGF-� activity in WT, significance is shown. *, p 	 0.05; ***, p 	 0.001. D, FL and AS cells were stimulated without or with TGF-� for 60 min, and the
cell lysates were analyzed by Western blot using anti-pSMAD2 antibody, SMAD2 antibody, and tubulin antibody. The experiment was repeated three times,
and a representative blot is shown.
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alone or with a YFP-tagged GULP were stimulated or not with
TGF-� for 72 h, and cell growth was measured using the cell
viabilityMTT assay. Interestingly, overexpression of GULP sig-
nificantly enhanced the TGF-� growth-inhibitory response in
these cells from 2.0 � 0.3 to 12.0 � 1.9% (Fig. 7B).

To confirm this effect, we took the opposite approach by
knocking downGULP expression in SKOV3 cells. Transfection
of siRNA was effective in knocking down GULP (Fig. 7C;
scrambled RNA (scRNA) was used as a transfection control),
and as a result, phospho-SMAD3 was significantly decreased.
Functionally, a decrease in GULP expression resulted in signif-
icantly less cell growth inhibition (Fig. 7D). Together, these
results highlightGULP as a central signalingmolecule, required
for TGF-�/SMAD growth-inhibitory responses.
So far, we have demonstrated the impact ofGULP expression

level on TGF-� responsiveness in ovarian cells and ovarian car-
cinoma. Moreover, GULP expression level mediates its effect
on TGF-� sensitivity through themodulation of SMAD3 phos-
phorylation. The exact mechanism of how GULP prolongs the
phosphorylation state of SMAD3 is unknown. Previous evi-
dence has suggested thatGULP functions by stabilizing an early
endosome complex containing the LRP ligand, preventing its
maturation and conversion to a late endosome for ligand deg-
radation. Although it is still controversial whether TGF-� can
signal from the cell surface or if it needs to be internalized to
signal (25, 26, 59, 60), we hypothesize that a GULP-mediated
stabilization of a “signaling-competent” TGF-�-containing
early endosome may promote TGF-� signaling.

To address a possiblemechanism,we performed a number of
experiments. GULP is primarily cytosolic and not localized to
the plasma membrane but to an early endosome compartment
(41). We provide evidence that GULP binds PI 3-phosphate
(and other monophosphate PI species) and PI 3,5-diphosphate
but not PI-4,5-diphosphate (supplemental Fig. 4A), suggesting
that GULP is not targeted to the plasma membrane, like other
adapter proteins. Furthermore, disruption of the polybasic
binding site of the PI species at the N terminus of GULP results
in impairment of GULP function (both receptor activity and
effect on cholesterol efflux; supplemental Fig. 4,B andC). Inter-
estingly, knockdown of GULP does not prevent uptake of LRP
ligands (41) (supplemental Fig. 5). We previously showed that
GULP partially localizes to an early endosome compartment,
and expression of GULP traps LRP ligands in an early endo-
some, preventing trafficking to a late endosome (41). Therefore,
we propose thatGULPmaintains a “signaling-competent” early
endosome compartment that contributes to enhanced TGF-�
signaling. To address this, we performed fluorescence micros-
copy of Cy5-labeled TGF-� in FL and AS cells, colocalized with
an early endosome marker (Rab5) and a late endosome marker
(Rab7). In FL cells, TGF-� colocalized with Rab5 after a 1-h
incubation (Fig. 8A), whereas in AS cells, TGF-� colocalized
with Rab7 (Fig. 8B). Therefore, we hypothesized that GULP
overexpression led to the stabilization of the early endosome
complex, preventing the early to late endosome transition and
therefore prolonging the event of TGF-� signaling and phos-
phorylation of SMAD3 (Fig. 3) at the early endosomes.
The ultimate fate of ligand endocytosis is the degradation of

ligands in the lysosome. Therefore, we labeled the LRP1 ligands
�2M and TGF-� with 125I and monitored their degradation in
WT, FL, and AS cells by measuring TCA-soluble 125I radioac-
tivity. Over the time course, the radioactivity was strongest in
AS cells and weakest in FL cells, suggesting a more efficient
degradation of �2M (Fig. 9A) and TGF-� (Fig. 9B) in AS cells.
However, the degradation of transferrin is not affected by
GULP, suggesting that GULP has specificity to LRP1 ligands
(data not shown). PEA is a toxin and a ligand for LRP1-medi-
ated endocytosis, utilizing a lysosome escape mechanism to
poison mammalian hosts. In this case, it is important to point
out that the PEA must get to the lysosome in order to escape
and become toxic. A PEA cytotoxicity assay was performed on
WT, FL, AS, and 13-5-1 cells to validate GULP function. The
LRP1 null 13-5-1 cells showed complete resistance toward PEA
toxicity as described previously (Fig. 9C) (61). The toxicity
effect is strongest in AS cells, where only 4.69 � 0.9% of cells
survived from PEA treatment. In FL cells, 69.31 � 1.23% of the
cells survived in comparison with 43.21 � 1.77% in WT cells,
showing a significantly enhanced resistance toward PEA with
higher GULP expression level (Fig. 9D). Overall, these results
provided solid evidence that GULP acts as a stabilizer of the
early endosome, preventing the early endosome-late endosome
transition/maturation, whereas the transition toward the late
endosome was enhanced when GULP was absent. It is this
mechanism that explains the effect of GULP on TGF-�
signaling.

FIGURE 5. GULP expression is inducible by TGF-�. A (top), WT cells were
stimulated with TGF-� for a time course as indicated, and total cell lysates
were analyzed by Western blot using anti-GULP, anti-Dab2, and anti-GAPDH
antibodies. This experiment was performed three times, and a representative
Western blot is shown here. A (bottom), to quantify the bands using densi-
tometry, we measured the relative intensity of the GULP band after normal-
ization to the intensity of GAPDH and then calculated the average � S.D.
(error bars). *, p 	 0.05; **, p 	 0.005; ***, p 	 0.001. B, WT cells were stimulated
with TGF-� for 24 h, and then mRNAs were extracted, and reverse transcrip-
tion PCR was performed. Resulting cDNAs were then amplified using the
primers specific for GULP, Dab2, and GAPDH for 25 cycles.
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DISCUSSION

Cancer is an insidious disease which researchers have yet to
master. It is difficult to obtain mechanistic molecular evidence
on overlapping, interacting, redundant signaling pathways, and
the role of TGF-� in normal cell biology and cancer is one such
example. Under normal conditions, TGF-� can mediate a
growth-inhibitory signal or apoptosis, which prevents cancer
growth, but in some instances of cancer, TGF-� promotes EMT
and angiogenesis and suppresses an immune response, which
promotes cancer growth (7, 10, 62–65). This is themain reason
for choosing CHO cells as an ovarian model. In this case, LRP1
(TGFBRV) has been documented as the primary TGF-� recep-

tor in CHO cells that mediates the growth-inhibitory effect of
TGF-� (33, 34). It is in this context that we can define the
potential role of GULP (an LRP1 adapter protein) in TGF-�
signaling. Our data, in addition to the microarray data showing
that human ovarian adenocarcinoma cells have significantly
less expressed GULPmRNA than normal ovary tissue, demon-
strate a role of GULP in TGF-� signaling and a potential role of
GULP in TGF-� signaling in a cancer setting.

In this study, we have presented data demonstrating the cor-
relation between GULP expression level and TGF-� respon-
siveness using the model cell lines CHO cells, MEF cells, and
two ovarian carcinomas: the TGF-�-sensitive SKOV3 cells and

FIGURE 6. Ovarian adenocarcinoma cells have a low expression level of GULP. A, microarray data on the relative expression level of GULP from normal ovary
and several different ovarian adenocarcinomas was analyzed and plotted into box plots (number of samples is shown below the bar; original data are from
Schwartz et al. (43), with permission from authors). The values are displayed at a base 2 logarithmic transformation. B, SKOV3 and HEY cells were characterized
in terms of TGF-� sensitivity. Total cell lysates of SKOV3 and HEY were collected after 45 min of TGF-� treatment and were analyzed by Western blot using
anti-pSMAD3, SMAD3, and anti-GAPDH antibodies. C, SKOV3 and HEY cells were stimulated with TGF-� for 0 and 8 h. Total cell lysates were analyzed by Western
blot using anti-GULP and anti-GAPDH antibodies. Sample blots are displayed here. The experiment was replicated three times, and densitometry was used to
measure the band intensities (normalized to GAPDH), to generate the average intensity � S.D. (error bars).
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FIGURE 7. Enhanced GULP expression in TGF-�-unresponsive HEY cells results in increased TGF-� activity. A, HEY cells, HEY cells transiently expressing
YFP (HEY-YFP), and HEY cells transiently expressing YFP-GULP (HEY-GULP) were stimulated with TGF-� for 120 min. Total cell lysates were collected and
analyzed by Western blot using anti-pSMAD3, anti-SMAD3, anti-GAPDH, and anti-YFP antibodies. Densitometric scaling was performed to normalize the
intensity of pSMAD3 to total SMAD3 levels. The results are plotted below as relative intensity of pSMAD3 normalized to untransfected HEY cells. Data presented
here are the mean � S.D. (error bars) of three independent analyses, with a representative blot shown at the top. *, p 	 0.03. B, HEY cells were transfected with
a YFP expression plasmid or transfected with a plasmid expressing YFP-GULP. Transfected cells were treated without or with TGF-� for 48 h, and cell growth was
measured by the cell viability MTT assay. Values were computed and presented as percentage of growth inhibition induced by TGF-� as described under
“Materials and Methods.” Results shown here are the mean � S.D. of two independent experiments, each performed with six replicates. *, p 	 0.0001. C, SKOV3
cells were transfected with scrambled RNA (scRNA) or siRNA to GULP for 24 h, and then they were treated with TGF-� for 60 min. Cell lysates were prepared, and
Western blots of pSMAD3, SMAD3, and GULP were performed. Relative intensities of pSMAD3 as measured by densitometry (normalized to total SMAD3 levels)
were measured, and the average � S.D. is presented here. **, p 	 0.01 in comparison with the no treatment condition; ***, p 	 0.002 between the scrambled
RNA and siRNA conditions. D, SKOV3 cells were transfected with GULP siRNA or a scrambled control (scRNA). Transfected cells were treated without or with
TGF-� for 48 h, and cell growth was measured by the cell viability MTT assay. Values were computed and presented as percentage of growth inhibition induced
by TGF-� as described under “Materials and Methods.” Results shown here are the mean � S.D. of two independent experiments, each performed with six
replicates. *, p 	 0.05.
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the TGF-�-insensitive HEY cells. At the level of physiological
importance, theGULP expression level had a significant impact
on TGF-�-induced cell growth arrest. Cells overexpressing
GULP become more sensitive to TGF-�, leading to an increase
in cell growth inhibition compared with cells with a normal
level of GULP. On the other hand, cells with low GULP expres-
sion showed resistance toward TGF-� treatment. This effect
was illustrated by comparing the endogenous GULP level of
SKOV3 andHEY cells, where HEY cells had a negligible level of
GULP compared with the TGF-�-sensitive SKOV3 cells.
We were also interested in whether GULP plays a role in

TGF-�-induced metastasis. We did see a significant effect of
GULPon cellmotility and invasion in ourCHOcells. First of all,
CHO cells and ovarian cells in general are known to be less
migratory and invasive (66); thus, TGF-� may be promoting its
effect more on the cell division cycle instead of cell motility and
invasion.However, that was not evident fromour studieswhere
GULP manipulation was effective at modulating TGF-�-in-

duced migration and invasion. Some studies had shown that
LRP1 plays an important role in cell migration/invasion (67). In
order to promote invasion, cells secrete metalloproteinases
(such asMMP-2 andMMP-9) to digest the extracellularmatrix.
We performed gelatin zymography to measure the activity of
MMP-9 secreted by the WT, FL, and AS cells in response to
TGF-� signaling. FL cells had the highest TGF-�-induced
increase in gelatin digestion, and AS cells had the lowest. These
results complement the data for invasion, where FL cells dem-
onstrated the highest TGF-�-induced invasion.
In addition, to examine the physiological importance of

GULP on tumor cells, we also elucidated the effect of GULP on
TGF-� signaling at the biochemical level. Several key observa-
tions were made. First of all, an increase in GULP expression
level led to a prolonged SMAD3 phosphorylation, where a
decrease in GULP expression level had the opposite effect. This
observationwas further confirmed using the 3TP-Lux reporter,
where GULP expression level had a positive correlation with

FIGURE 8. TGF-� is trapped in the early endosome in FL cells. FL cells (A) or AS cells (B) were transfected with Rab5 (early endosome marker) or Rab7 (late
endosome marker) to label endosome compartments. These cells were incubated with Cy5-labeled TGF-� (red fluorescence) for 1 h and then analyzed by
fluorescence microscopy. Overlap of TGF-� in an endosome compartment can be determined by examining the white arrow in the separate frames (as an
example). FL cells show considerable overlap of Rab5 endosomes and TGF-� but no overlap of Rab7 endosomes and TGF-�. AS cells show little overlap of Rab5
endosomes and TGF-� but significant overlap of Rab7 endosomes and TGF-�. The white arrows indicate endosomal TGF-�. White bar, 10 �m.
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the reporter activity. Interestingly, we also observed that GULP
expression was induced by TGF-� treatment (up to 24 h), fur-
ther suggesting the role of GULP in modulating the TGF-�
signal. The induction of GULP expression by TGF-� treatment
was also observed in other cancer cell lines, namely MCF-7,
NMuMG, HUH7, and HepG2 cells,4 which suggested that the
response of GULP expression is present in a wide selection of
tissues. More importantly, this mechanism is absent in the
TGF-�-insensitive HEY cells, which further strengthens the
importance of GULP on TGF-� signaling. We show that HEY
cells lack SMAD3 phosphorylation, but the TGF-� response
can be rescued by introducing GULP through transfection.
Conversely, SKOV3 cells have normal SMAD3 phosphoryla-
tion, which can be abrogated by silencing GULP. These obser-
vations suggest that GULP indeed plays a regulatory role in the
TGF-� signaling pathway. It is also possible that the enhanced
expression level of GULP induced by TGF-� is required to sus-
tain the TGF-� signaling by maintaining the phosphorylation
state of SMAD3.
Moreover, we evaluated themechanismof howGULP affects

the phosphorylation of SMAD3 and TGF-� signaling in gen-
eral. Together with our previous observations, we had hypoth-
esized that GULP may enhance TGF-� signaling by stabilizing

the early endosome (41). To provide evidence toward our
hypothesis, fluorescence microscopy data showed trapping of
TGF-� in the early endosome complex in FL cells with elevated
GULP level. To further elucidate GULP mechanism, 125I-la-
beled TGF-� was utilized to monitor TGF-� trafficking and
degradation. Similar to another LRP ligand, �2M, the degrada-
tion of TGF-� was increased in cells expressing a low level of
GULP and decreased in cells expressing higher levels of GULP.
Experiments using the cytotoxin PEA independently confirmed
that low levels of GULP promote LRP ligand trafficking to the
late endosome/lysosome, and increased levels of GULP restrict
LRP ligands to the early endosome. Confocal imaging of LRP1-
specific and nonspecific ligands also confirmed these observa-
tions. As a result, we propose the following mechanism of
GULP function in TGF-� signaling. Upon the internalization of
LRP1, GULP binds to LRP1 (Fig. 10). It has been shown previ-
ously that GULP binds ARF6 (preferentially in its GDP-bound
inactive form) and ACAP1 (the GTPase-activating protein spe-
cific for ARF6) (68). Although the activity of ARF6 under con-
ditions of high and low GULP expression has not been fully
elucidated, it is plausible that direct interaction of GULP with
ARF6(GDP) and ACAP1 may prevent ARF6 from interacting
with its guanine nucleotide exchange factor ARF nucleotide
binding site opener (ARNO), Grp1 or EFA6 (69–71). ARNO
has been shown to interact with and recruit vacuolar-type

4 C.-I. Ma, C. Martin, Z. Ma, A. Hafiane, M. Dai, J.-J. Lebrun, and R. S. Kiss, unpub-
lished data.

FIGURE 9. GULP affects trafficking and degradation of LRP ligands. A, WT-, FL-, or PTB (the dominant negative mutant that behaves similarly to AS
cells)-expressing cells were incubated with 125I-labeled methylamine-activated �2M at 37 °C for various times. At each time point, cell medium was collected,
and TCA-soluble 125I was detected (corresponding to degraded ligand). The most radioactivity was observed in PTB-expressing cells, demonstrating that LRP
ligands are internalized and preferentially delivered to the lysosome in PTB-expressing cells. B, FL- and AS-expressing cells were incubated with 125I-labeled
TGF-� at 37 °C for various times in the absence or presence of competing amounts of RAP. At each time point, cell medium was collected, and TCA-soluble 125I
was detected. AS cells had the most radioactivity, indicating the most degradation of ligand, which could be effectively competed by the addition of RAP. C and
D, PEA is an LRP ligand that, after internalization and trafficking to the late endosome, escapes the late endosome and becomes cytotoxic. WT, FL, AS, and 13-5-1
cells were incubated without (PEA Null) or with PEA (PEA), for 24 h and then cells were counted. C, actual cell counts normalized to WT at 100 cells. D, ratio of
PEA/PEA null for each cell type. FL cells are only partially affected by PEA, whereas AS cells are extremely sensitive to PEA. *, p 	 0.01. Error bars, S.D.
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FIGURE 10. Schematic model of the role of GULP in the trafficking of LRP ligands. Degradation of LRP ligands requires the timely and coordinated
recruitment of adapter and effector proteins to mediate internalization and trafficking of the LRP ligands to the lysosome (top). Dab2 is positioned at the plasma
membrane to recruit LRP to clathrin-coated pits. AP-2 binds clathrin and mediates inward curvature to generate an endosome. At the early endosome, GULP
binds LRP and recruits ARF6 (GDP-bound) and ACAP1 (GAP specific to ARF6), thereby excluding ARNO (guanine nucleotide exchange factor specific to ARF6),
vacuolar H�-ATPase, and the PI 5-kinase (PI-5-K). Exclusion of ARNO and PI 5-kinase prevents maturation of the early endosome to a late endosome (bottom)
and prevents efficient sorting of the receptor (to be recycled) and ligand (to be degraded). Thus, in the presence of GULP, TGF-� is trapped in the early
endosome and consequently promotes enhanced TGF-� signaling.
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H�-ATPase (V-ATPase) (71–73), and disruption of ARNO
binding or recruitment of V-ATPase results in an impairment
of maturation of early to late endosomes (71). This resembles
closely the phenotype that we observe upon GULP expression.
Therefore, we postulate that GULP, by virtue of its binding to
ARF6(GDP) and ACAP1, prevents ARNO interacting with
ARF6 and therefore recruitment of the V-ATPase. The net
result is the prevention of maturation of early to late endo-
somes. The effect on TGF-� signaling is enhanced because the
signaling complex (presumably at the early endosome) remains
active and is not degraded. This correlates with enhanced phos-
phorylation of SMAD3 by sustaining the complex in the early
endosome stage.WhenGULP finally falls off from the complex,
receptor-ligand disassociation would occur, allowing TGF-� to
enter the lysosome for degradation (Fig. 10). One other possi-
bility that we have not addressed is raised in the report by Bar-
rios-Rodiles et al. (74), in which, using the Lumier technique,
GULP was found to interact with TGFBR-I, TGFBR-II,
SMURF-1, and SMURF-2. As a result, GULP may very well
enhance TGF-� signaling through possible receptor interac-
tion or by preventing the ubiquitination of phospho-SMAD3by
binding the SMURF ubiquitin ligases, a finding that we will
address in future experiments.
Further study is needed to elucidate the exact mechanism.

All in all, our results suggest that the GULP expression level is
critical to TGF-� sensitivity and that its importance in TGF-�
sensitivity may have an effect on tumorigenesis of ovarian
carcinomas.
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