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Scatter factor/hepatocyte growth factor (SF/HGF) expression has been linked to malignant progression in
glial neoplasms. Using two glioma cell lines, U373MG and SNB-19, we have demonstrated that SF/HGF
stimulation allows cells to escape G1/G0 arrest induced by contact inhibition or serum withdrawal. SF/HGF
induced effects on two mechanisms of cell cycle regulation: suppression of the cyclin-dependent kinase inhibitor
p27 and induction of the transcription factor c-Myc. Regulation of p27 by SF/HGF was posttranslational and
is associated with p27 nuclear export. Transient transfections of U373MG and SNB-19 with wild-type p27 and
a degradation-resistant p27T187A mutant were insufficient to induce cell cycle arrest, and SF/HGF downregu-
lation of p27 was not necessary for cell cycle reentry. Analysis of Cdk2 kinase activity and p27 binding to cyclin
E complexes in the presence of exogenous wild-type p27 or p27T187A demonstrated that Cdk2 activity was not
necessary for SF/HGF-mediated G1/S transition. Similarly, overexpression of dominant-negative forms of Cdk2
did not block SF/HGF-triggered cell cycle progression. In contrast, SF/HGF transcriptionally upregulated
c-Myc, and overexpression of c-Myc was able to prevent G1/G0 arrest in the absence of SF/HGF. Transient
overexpression of MadMyc, a dominant-negative chimera for c-Myc, caused G1/G0 arrest in logarithmically
growing cells and blocked SF/HGF-mediated G1/S transition. c-Myc did not exert its effects through p27
downregulation in these cell lines. SF/HGF induced E2F1-dependent transcription, the inhibition of which did
not block SF/HGF-induced cell cycle progression. We conclude that SF/HGF prevents G1/G0 arrest in glioma
cell lines by a c-myc-dependent mechanism that is independent of p27, Cdk2, or E2F1.

Scatter factor (SF), also known as hepatocyte growth factor
(HGF), is a multifunctional growth factor that is capable of
acting as a potent mitogen, morphogen, motility factor, or
angiogenic factor (6, 34, 59, 61, 66). Its signaling effects are
mediated through a transmembrane receptor tyrosine kinase
encoded by the c-Met proto-oncogene (7, 37). SF/HGF and
c-Met are widely expressed and are thought to play a key role
in normal mesenchymal (site of SF/HGF expression) and ep-
ithelial (site of c-Met expression) interactions (44, 46, 57). In
neoplasia, SF/HGF–c-Met signaling is often aberrant. Consti-
tutively active c-Met mutations underlie hereditary renal car-
cinoma; c-Met amplification occurs in multiple tumor types
and carcinomas frequently possess an autocrine SF/HGF–c-
Met loop that correlates with malignant progression (13, 40,
64).

Gliomas represent the most common form of primary cen-
tral nervous system malignancy and are among the tumors
most tightly linked with SF/HGF–c-Met signaling abnormali-
ties. Multiple studies have demonstrated that human gliomas
frequently coexpress SF/HGF and c-Met and that high levels of
expression are associated with malignant progression. Addi-
tionally, experimental studies have demonstrated that SF/HGF

gene transfer to glioma cell lines enhances tumorigenicity,
tumor growth, and tumor-associated angiogenesis (18, 19, 24,
25, 31–33, 43, 51, 62, 63) and that blocking SF/HGF–c-Met
signaling reverses these phenotypes in vivo (2).

The intermediary molecular events by which aberrant SF/
HGF–c-Met signaling leads to malignant progression are
slowly being elucidated. Recently, we demonstrated that SF/
HGF–c-Met was able to activate Akt and protect glioma cell
lines from apopototic death, both in vitro and in vivo (8). In the
process of performing these experiments, we noted that the
results of our in vitro screens depended upon plating density.
When we plated glioma cells at low density, the principal effect
of SF/HGF was antiapoptotic, while cells plated at higher den-
sities experienced a mitogenic effect. From this observation, we
hypothesized that SF/HGF signaling stimulated confluent cells
to escape contact inhibition.

SF/HGF has previously been shown to release Mv1Lu mink
epithelial cells that had been growth arrested via exposure to
transforming growth factor � (TGF-�) by blocking association
of the cyclin-depedent kinase inhibitor p27 with Cdk2-cyclin E
complexes (56). Additionally, induction of p27 expression has
been reported in glioma cell lines under conditions of contact
inhibition, and loss of p27 expression is associated with poorer
prognosis in patients suffering from glioma (14, 38) and other
malignant tumors (27, 65). We therefore focused our efforts on
elucidating the relationship between SF/HGF-mediated p27
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regulation and release from growth arrest. Surprisingly, while
SF/HGF dramatically downregulated p27 protein levels in the
two glioblastoma cell lines examined, this effect proved inde-
pendent of the SF/HGF-mediated growth response. Recently,
several investigators have postulated the existence of a cell
cycle pathway parallel to the retinoblastoma (Rb) pathway that
is capable of activating cell cycle progression independently of
Rb function (4, 38, 45). The proto-oncogene, transcription
factor c-Myc, has been demonstrated to activate this pathway.
Because c-myc is a delayed-early-response gene for SF/HGF
signaling in hepatocytes (26, 52–54), it seemed plausible that
c-Myc could be driving cell cycle progression under contact
inhibition in gliomas. Our results support this conclusion and
further demonstrate that SF/HGF-mediated G1/S transition
occurs in these cells independent of p27, Cdk2, and E2F1.

MATERIALS AND METHODS

Cell culture and reagents. U373MG and HEK-293 cell lines were purchased
from American Type Culture Collection (Rockville, Md.) and grown in Dulbec-
co’s modified essential medium (DMEM; Gibco-BRL, Rockville, Md.) supple-
mented with 10% fetal bovine serum (FBS; Gemini Bioproducts, Calabasas,
Calif.), 20 mM HEPES (Mediatech, Herndon, Va.), and pencillin-streptomycin
(Mediatech). U373-Neo and U373-SF cell lines have been previously described
and were grown in the medium described above supplemented with 300 �g of
Geneticin per ml (Gibco-BRL). SNB-19 cells were a gift of J. Rao, University of
Illinois College of Medicine at Peoria, and were grown in DMEM-F12 (Gibco-
BRL) supplemented with 10% FBS, 20 mM HEPES, and penicillin-streptomy-
cin. All cells were grown at 37°C in a humidified incubator with 5% CO2.
Recombinant human SF/HGF was provided as a gift from Genentech, Inc. (San
Francisco, Calif.).

Vectors. Adenovirus vectors encoding GFP, c-Myc–hemagglutinin (HA) and
MadMyc-HA constructs were provided by B. Vogelstein, Johns Hopkins Uni-
versity School of Medicine, Baltimore, Md., and have been previously described
(5, 17). Adenovirus constructs were propagated in HEK-293 cells as described
for the pAdEasy adenoviral generation system (15). In vitro transductions were
performed at a multiplicity of infection of 10. Transduction efficiency was judged
at 24 h by expression of green fluorescent protein (GFP). pCS2, pCS2-p27, and
pCS2-p27T187A constructs were provided by B. Clurman (Fred Hutchinson
Cancer Center) and have been described previously (50). Full-length cDNA
probes for c-Myc and p27 Northern blots were produced by restriction digests of
pBS-c-Myc (gift of C. Dang, Johns Hopkins University School of Medicine) and
pCEP4p27 (gift of B. Vogelstein) followed by gel purification (Qiaex gel extrac-
tion; Qiagen, Hilden, Germany). The dominant-negative (DN) form of Cdk2
(pCMV-Cdk2DN) (kindly provided by S. van den Heuvel) (58) (10), and the
E2F1-DN expression vector pcDNA-E2F1(1–368)/RB- (379–792) and E2F1 pro-
moter-luciferase reporter construct (pGL2AN/Luc) (kindly supplied by W. G.
Kaelin) (35, 49) have been previously described. Target cells were transfected
with Fugene-6 transfection reagent (Roche, Indianapolis, Ind.) according to
manufacturer’s specifications with a 3:1 ratio of transfection reagent volume to
DNA mass. To judge the efficiency of transfection, cells were cotransfected with
a pCS2 plasmid encoding GFP under the control of the cytomegalovirus (CMV)
promoter at a ratio of 10:1 (target gene: GFP plasmid). Efficiency of transient
transfection under the conditions of these experiments was found to be typically
�80%.

Luciferase activity was assayed as described previously (20). Cells (2 � 10 5)
grown in six-well plates were transfected with 3 �g of pGL2AN/Luc plasmid
DNA or control plasmid DNA (pGL2). Twenty-four hours after transfection,
cells were stimulated with SF/HGF (100 ng/ml) for an additional 24 h, and cell
extracts were prepared with reporter lysis buffer (Promega, Madison, Wis.).
Luminescence was measured in 20 �l of cell extract with a luciferase assay system
kit (Promega). Activity was expressed as relative light units per milligram of cel-
lular protein as determined by Coomassie protein assay (Pierce, Rockford, Ill.).

Antibodies. Antibodies used for Western blotting, immunofluorescence, im-
munoprecipitation, and the kinase assay were obtained from the following sourc-
es: Transduction Laboratories (Lexington, Ky.), Kip1p27 (1:2,000, Western blot)
and Cip1p21 (1:250, Western blot); Santa Cruz Biotechnology (Santa Cruz,
Calif.), p27 (C-19; immunofluorescence, 1:100), actin (C-11; Western blot,
1:1,000), Cdk2 (M2; Western blot, 1:500; kinase assay, 1:50), Cdk4 (C-22, West-
ern blot, 1:500), c-Myc (9E10; Western blot, 1:500), cyclin A (H-432; Western

blot, 1:500), cyclin D1 (HD11; Western blot, 1:500), cyclin D2 (H-289; Western
blot, 1:500), cyclin D3 (D-7; Western blot, 1:500), cyclin E (HE12; Western blot,
1:500; and C-19; immunoprecipitation, 1:50), and Rb (C-15; Western blot,
1:500); and Clontech (Palo Alto, Calif.), HA tag (Western blot, 1:1,000). Sec-
ondary antibodies conjugated to horseradish peroxidase were purchased from
Jackson Immunoresearch Laboratories (West Grove, Pa.), and those conjugated
to Alexa-fluor were purchased from Molecular Probes (Eugene, Oreg.).

Flow cytometry. Cells growing as a monolayer on 100-mm-diameter tissue
culture dishes (Corning, Corning, N.Y.) were trypsinized (Gibco-BRL), pelleted
by centrifugation, resuspended in 1 ml of ice-cold phosphate-buffered saline
(PBS), and fixed by the addition of 4 ml of ice-cold ethanol under gentle
vortexing. Fixed cells were stored up to 1 week in 80% ethanol at �20°C until
ready for labeling. Stored cells were collected by centrifugation, resuspended in
1 ml of PBS, and treated with 20 �g of DNase-free RNase (Boehringer-Mann-
heim, Mannheim, Germany) for 30 min at 37°C. Cells were labeled with pro-
pidium iodide (Sigma, St. Louis, Mo.) at a final concentration of 100 �g/ml for
10 min at room temperature. Analyses were performed on a FACscan (Becton-
Dickinson, Fullerton, Calif.). Raw data were gated to remove doublets and
cellular debris. The resultant cell cycle histograms were analyzed with CellQuest
software (Becton-Dickinson), and the area under the curve was integrated for
each peak.

Tritiated thymidine incorporation. Cells were plated (100,000 cells/well) in
six-well plates in medium containing 10% FBS and allowed to adhere overnight.
Cells were then switched to fresh medium containing 0.1% FBS � 100 ng of
SF/HGF per ml. After 18 h, 5 �Ci of [3H]thymidine was added to each well. Cells
were incubated for an additional 6 h at 37°C, and then the medium was removed
and each well was washed three times with PBS. Radiolabeled cells were treated
three times in 10% trichloroacetate at 1 ml per well for 20 min at ambient
temperature and then lysed in 0.2 M NaOH overnight at 37°C. The extent of
radiolabeling was determined by subjecting an aliquot of the cell lysate to scin-
tillation counting (LS 6500; Beckman, Fullerton, Calif.).

MTT assay. Cells were plated at low density (2,000 cells per well) or high
density (5,000 cells per well) in 96-well tissue culture plates in medium containing
10% FBS (full serum) or 0.1% FBS (low serum) supplemented with 100 ng of
SF/HGF per ml or the equivalent amount of PBS. Seventy-two hours postplating,
MTT [3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was added
to each well at a final concentration of 1 mg/ml, and the cells were incubated for
2 h at 37°C. The medium was then removed, and the formazen reaction product
was solubilized by addition of 100 �l of dimethyl sulfoxide (DMSO). A570 was
measured with a microtiter plate reader (Dynatech, Alexandria, Va.). Absor-
bance values are presented as the mean of eight wells per treatment � the
standard error (SE).

Northern blot. Total RNA was harvested from the cells by using Qiagen
RNeasy kits according to manufacturer’s recommendations. Ten micrograms of
RNA per sample was denatured with deionized glyoxal, combined with RNA
loading buffer, and run on a 1.0% agarose gel containing ethidium bromide for
3 h at 60 V. RNA was transferred to a nylon membrane (Nytran; Schleicher &
Schuell) overnight in 20� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate). Membranes were prehybridized for 4 h at 42°C and then hybridized
overnight at 42°C in a rotating oven. Membranes were washed three times in 1�
SSC–0.1% sodium dodecyl sulfate (SDS) at 50°C and exposed to a phosphor-
imager cassette (Fujifilm, Tokyo, Japan). Full-length cDNA probes were gener-
ated for c-Myc, p27, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
with [32P]dCTP (Amersham-Pharmacia, Piscataway, N.J.) in conjunction with a
random priming labeling kit (Boehringer-Mannheim) according to manufactur-
er’s specifications.

Western blot. SDS-polyacrylamide gel electrophoresis (PAGE) and immuno-
blotting were performed by the method of Towbin et al. (55) with some modi-
fications. Cells growing in a monolayer on 100-mm-diameter tissue culture dishes
were washed with ice-cold PBS and then lysed by the addition of 300 �l of
radioimmunoprecipitation assay (RIPA) buffer (1% Igepal, 0.5% sodium deoxy-
cholate, and 0.1% SDS in PBS) containing fresh protease inhibitors (Calbio-
chem, San Diego, Calif.). Plates were scraped to recover cellular lysates that were
passed through a 20-gauge needle to shear DNA, incubated on ice for 20 min,
and centrifuged at 15,000 � g at 4°C for 15 min. Supernatant protein concen-
trations were determined for each sample with the Coomassie protein assay
(Pierce) according the manufacturer’s recommendations. Aliquots of 10 �g of
total protein were combined with Laemmli loading buffer containing �-mercap-
toethanol and heated at 100°C for 5 min. The proteins were separated on precast
SDS-PAGE gels (Invitrogen, Carlsbad, Calif.) at 125 V for 90 min. Proteins were
electrophoretically transferred to nitrocellulose with a semidry transfer appara-
tus at 50 mA per gel for 45 min (Amersham-Pharmacia). Membranes were
incubated for 1 h in Tris-buffered saline (TBS) containing 0.1% Tween 20
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(TBS/T) with 5% nonfat dried milk at room temperature. Incubation with pri-
mary antibody was performed overnight at 4°C in TBS/T-milk at the concentra-
tions indicated above. Membranes were then washed three times with TBS/T,
incubated with secondary antibody at 1:2,000 for 1 h in TBS/T-milk, washed three
times with TBS/T, and then developed with an enhanced chemiluminescence
(ECL) detection kit (Amersham-Pharmacia) per the manufacturer’s instructions.

Immunoprecipitation. Cyclin E immunoprecipitations were performed as pre-
viously described (9). Briefly U373MG cell monolayers were transiently cotrans-
fected with pCS2-GFP, pCS2-p27, or pCS2-p27T187A as described above. Cells
were then growth arrested in medium containing 0.1% FBS � 100 ng of SF/HGF
per ml for 24 h and then lysed on ice in a buffer containing 50 mM HEPES, 20
mM Tris-HCl (pH 7.5), 50 mM NaCl, 1% Triton X-100, 50 mM NaF, 10 mM
sodium pyrophosphate, 1 mM sodium orthovanadate, and complete protease
inhibitor cocktail (Calbiochem). Lysates were homogenized and cleared by cen-
trifugation at 10,000 � g for 10 min. Protein concentrations were determined in
the supernatant as described above, and 100 �g of total protein was used for each
immunoprecipitation. The volume of each tube was brought to 500 �l with lysis
buffer, and 2 �g of cyclin E (c-19) antibody was added. The tubes were mixed
continuously at 4°C for 1 h, and then 40 �l of protein A-agarose beads (Upstate
Biotechnology, Lake Placid, N.Y.) was added to each tube, and the samples were
mixed continuously for another hour. The beads were collected by centrifuga-
tion, washed three times with lysis buffer, heated to 100°C in Laemmli buffer, and
subjected to Western blotting for p27 as described above.

Kinase assay. Cdk2 kinase assays were performed as described previously (29).
U373MG cell monolayers were transfected with p27 and arrested in medium
with 0.1% FBS as described above for immunoprecipitation. Cells were lysed on
ice in a buffer containing 50 mM HEPES (ph 7.5), 150 mM NaCl, 2.5 mM EGTA,
1 mM dithiothreitol (DTT), 0.1% Tween 20, 10% glycerol, 10 mM �-glycero-
phosphate, 1 mM NaF, 0.1 mM sodium orthovanadate, and complete protease
inhibitor cocktail (Calbiochem). Lysates were cleared by centrifugation, and the
protein concentration of the supernatant was determined. Each lysate (100 �g of

total protein) was immunoprecipitated with 2 �g of Cdk2 (M2) antibody for 1 h
at 4°C, followed by addition of 40 �l of protein A-agarose beads (Upstate
Biotechnology) for an additional hour. Immune complexes were washed three
times with lysis buffer and twice with 50 mM HEPES containing 1 mM DTT, and
then were incubated for 30 min at 30°C in 30 �l of buffer containing 50 mM
HEPES, 10 mM MgCl2, 1 mM DTT, 1 �g of histone H1 (Boehringer Mannheim,
Indianapolis, Ind.), 2.5 mM EGTA, 10 mM �-glycerophosphate, 0.1 mM sodium
orthovanadate, 1 mM NaF, 10 �Ci of [�-32P]ATP (100 �M ATP; Amersham-
Pharmacia). After the incubation, 6� Laemmli loading buffer was added to each
sample, the complexes dissociated by heating to 100°C for 5 min, and the reaction
products were subjected to SDS-PAGE. The gel was subsequently dried, and the
phosphorylated histone product was visualized by phosphorimaging (Fujifilm).

Immunofluorescence. Cells were plated onto four-well chamber slides (Nalge-
Nunc, Naperville, Ill.) in medium containing 10% FBS and allowed to adhere
overnight. Fresh medium containing 0.1% FBS � 100 ng of SF/HGF per ml was
then substituted and the cells were incubated for an additional 24 h. Cells were
fixed with methanol-acetone (1:1) for 2 min and then incubated for 1 h at room
temperature with PBS containing 1.5% normal goat serum (Sigma). Cells were
then incubated for 1 h at 4°C in PBS-goat serum containing rabbit polyclonal
anti-human p27 antibody. Cells were washed three times with PBS and then
incubated for 1 h with Alexa-conjugated mouse anti-rabbit secondary antibody at
room temperature. Cells were washed three times with PBS, and the slides were
coverslipped with Vectashield antifade solution with DAPI (Vector Laborato-
ries, Burlingame, Calif.). Slides were observed with an Axiovision fluorescent
microscope with fluorescein isothiocyanate (FITC) and DAPI filters.

Growth curves. U373-SF and U373-Neo cell lines were plated at 10,000 cells
per well in 24-well tissue culture dishes in medium supplemented with 10% FBS.
On postplating days 1, 3, 4, 5, 6, and 7, four wells from each cell line were
harvested by trypsinization, and the cell number was determined with a Coulter
counter (Beckman-Coulter). The mean number of cells per well and the SE were
generated for each cell line at each time point.

FIG. 1. SF/HGF prevents contact inhibition in U373MG cells. U373MG cells plated in medium containing 10% FBS at high density (HD) or
low density (LD) were treated for 24 h with 100 ng of SF/HGF per ml. Fluorescence-activated cell sorter analysis (A and B) demonstrated that
SF/HGF reduced the fraction of cells in G1/G0 by 29.6% (n � 3 experiments, SE � 4.3%) compared to untreated controls when cells were grown
at high density. SF/HGF had no effect on cell cycle distribution in cells grown at low density. (C) MTT assay demonstrated SF/HGF increased
U373MG cell number by 64.3% (n � 8 per group, P 	 0.001, t test) when cells were grown for 72 h at high density. SF/HGF produced little
mitogenic effect on cells at low density. (D) Growth curves comparing U373 cells engineered to secrete human SF/HGF (U373-SF) with control
transfected SF-negative U373 cells (U373-Neo).
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RESULTS

SF/HGF overcomes contact inhibition of U373MG cells. The
U373MG cell line is a human malignant glioma cell line that
expresses c-Met, but not SF/HGF (25). We have confirmed the
glial origin of these cells by reverse transcriptase PCR for glial
fibrillary acidic protein, a specific marker for glial cells. In cell
culture, U373MG cells arrest in G1/G0 when grown to a con-
fluent monolayer and express high levels of the cyclin-depen-
dent kinase inhibitor p27 (data not shown). In contrast, when
U373MG cells are grown to confluency in medium supple-
mented with 100 ng of SF/HGF per ml, G1/G0 arrest does not
occur. SF/HGF reduced the G1/G0 fraction by 29.6% � 4.3%
compared to contact-inhibited cells, producing a cell cycle pro-
file indistinguishable from cells in log growth phase (Fig. 1A
and B). SF/HGF had no appreciable mitogenic effect on cells
at lower confluencies that were already in log growth phase.
Treatment with 10 ng of SF/HGF per ml was 50% as effective
as 100 ng/ml, while the results of treatment with 1 ng of SF/
HGF per ml were indistinguishable from those in controls
(data not shown). MTT assays confirmed that SF/HGF was
promoting cellular replication as opposed to solely redistrib-
uting cells in the cell cycle. SF/HGF at 100 ng/ml increased raw
cell numbers by 64.3% (n � 8, P 	 0.0001, t test) compared to
control cells maintained for 72 h at confluency (Fig. 1C).
Again, SF/HGF did not produce any mitogenic effect on

sparsely plated cells. Finally, to replicate the effect of an SF/
HGF–c-Met autocrine loop, a condition associated with ma-
lignant glioma progression in vivo, we examined growth curves
of U373MG cells stably transfected with SF/HGF or control
neomycin resistance expression plasmids. U373-SF cell lines
continued to grow logarithmically even after the growth of
control U373-Neo cell lines had plateaued due to contact in-
hibition (Fig 1D).

SF/HGF overcomes serum starvation growth inhibition.
Contact inhibition and nutrient deprivation growth arrest are
mediated by similar pathways. We therefore examined the
ability of SF/HGF to reverse growth arrest induced by serum
starvation. When U373MG cells in the log phase of growth
were switched to medium containing 0.1% FBS for 24 h, they
experienced growth inhibition associated with the accumula-
tion of cells in G1/G0. SF/HGF completely blocked the effect of
serum withdrawal (Fig. 2A and B), reducing the G1/G0 fraction
by 25.3% (n � 3 experiments, SE � 5.1%) compared to that in
growth-inhibited cells. Serum withdrawal did not result in an
increased subdiploid fraction, indicating that U373MG cells
were not undergoing apoptosis. Tritiated thymidine uptake
also demonstrated that SF/HGF was able to restore DNA
synthesis levels to those of cells growing in full serum (Fig. 2C).
MTT assays again confirmed that SF/HGF was acting as a true

FIG. 2. SF/HGF overcomes serum starvation growth inhibition in U373MG cells. (A and B) Fluorescence-activated cell sorter analysis of
U373MG cells grown in 0.1% FBS showed an increase in the G1/G0 fraction compared to cells in 10% FBS. Addition of 100 ng of SF/HGF per
ml to U373MG cells for 24 h in low serum blocked serum starvation growth inhibition, reducing the G1/G0 fraction by 25.3% (n � 3 experiments,
SE � 5.1%) compared to that of untreated controls. SF/HGF increased tritiated thymidine incorporation (C) in U373MG cells grown in low serum
by 37.4% (n � 6 per group, SE � 2.7%, P 	 0.001, t test) and MTT conversion (D) to formazen by 43.9% (n � 8 per group, SE � 0.2%, P 	
0.001, t test)
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mitogen, rather than stimulating DNA synthesis in the absence
of cellular replication (Fig 2D).

SF/HGF selectively downregulates p27 and induces c-Myc.
To determine candidate mechanisms for the SF/HGF-me-
diated mitogenic response on U373MG cells, we performed
Western blots for known G1/S checkpoint proteins on cellular
lysates from U373MG cells with growth inhibited by conflu-
ency or serum starvation (Fig. 3). Of the proteins examined, we
noticed significant inhibition of p27 protein levels with SF/
HGF stimulation. Corresponding to p27 inhibition was a mo-
lecular weight shift in the downstream Rb product to the phos-
phorylated state, consistent with loss of cyclin-dependent
kinase inhibitory function. Mild increases in cyclin E levels
were also seen with SF/HGF. In contrast, c-Myc was undetect-
able in quiescent cells, but prominent in SF/HGF-treated cells.
In addition to the data shown in Fig. 3, cyclin D1 was exam-
ined, but was not expressed highly in this cell line. Cyclin A
was also examined, but was not significantly altered with SF/
HGF treatment. The tumor suppressor genes PTEN, TP53,

p15INK4B, and p16INK4A are mutated and are not expressed in
U373MG (3, 21, 42).

SF/HGF regulates p27 levels posttranscriptionally. To de-
termine if SF/HGF affects p27 levels transcriptionally, RNA
was isolated from U373MG cells growing in medium contain-
ing 0.1% FBS supplemented with SF/HGF or the equivalent
amount of PBS at time points up to 24 h following the switch
from medium with 10% FBS lacking SF/HGF at 0 h. Northern
blot analysis demonstrated no appreciable change in p27
mRNA, either with the switch to low-serum medium or with
the addition of SF/HGF (Fig. 4A). In contrast, p27 protein
levels determined by Western blotting were increased by 12 h
following the switch to low-serum medium, while addition of
SF/HGF blocked p27 accumulation (Fig. 4B). These results
indicated that both p27 induction by serum starvation and p27
inhibition by SF/HGF were mediated posttranscriptionally.

SF/HGF translocates p27 from the nucleus. To confirm that
SF/HGF was mediating a posttranscriptional change in p27, we
examined U373MG cells with growth inhibited by either serum
starvation (Fig. 5) or confluency (data not shown) in the pres-
ence or absence of SF/HGF. Under either condition of growth
inhibition, in the absence of SF/HGF, p27 accumulated in the
nucleus, its putative site of action acting as a cyclin-dependent
kinase inhibitor. In contrast, with the addition of SF/HGF, p27
is primarily cytoplasmic, since cytoplasm is the site of protea-
some-mediated degradation.

Increased p27 expression is neither sufficient for nor is its
suppression necessary to overcome G1/G0 arrest in U373MG.
To test the hypothesis that changes in p27 levels were mediat-
ing the mitogenic effect of SF/HGF, we examined the effect of
transgenic p27 expression on U373MG cell cycle profiles. In-
terestingly, expression of transgenic p27, even at levels several
times those of native p27, did not change the cell cycle profile

FIG. 3. SF/HGF selectively alters p27 and c-Myc protein levels
under conditions of contact inhibition and serum starvation. Treat-
ment of U373MG cells growth arrested by contact inhibition in 10%
FBS or by serum starvation in 0.1% FBS with 100 ng of SF/HGF per
ml resulted in downregulation of the cyclin-dependent kinase inhibitor
p27 and a corresponding shift in the phosphorylation state of the
downstream Rb product. c-Myc protein levels were elevated in re-
sponse to SF/HGF. Minor changes were seen in the gross levels of all
other G1/G0 cell cycle checkpoint proteins examined.

FIG. 4. SF/HGF regulates p27 by posttranscriptional mechanisms.
Cells in the log growth phase were switched to 0.1% FBS � 100 ng of
SF/HGF per ml at 0 h. (A) Northern blot analysis for p27 mRNA
revealed no significant changes in p27 transcript level over 24 h, in-
duced either by the switch to low serum or the addition of SF/HGF.
(B) In contrast, Western blotting for p27 protein levels showed a
gradual accumulation of p27 protein following induction of growth
arrest by serum starvation that was entirely blocked by SF/HGF.
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of U373MG cells in the log growth phase in 10% FBS (Fig. 6A
and B), indicating that high levels of p27 expression were not
sufficient to induce growth inhibition in this cell line. To de-
termine if p27 suppression was necessary for the SF/HGF-
mediated cell cycle response, we transfected U373MG cells
with p27, p27T187A, or control plasmids. The p27T187A mu-
tant retains the cyclin-dependent kinase inhibitory properties
of wild-type p27, but is mutated at the targeting site for pro-
teasome-mediated degradation, rendering it resistant to deg-
radation (50). SF/HGF was unable to stimulate degradation of
the p27T187A construct (Fig. 6C); however, its effect on the
cell cycle was identical to that of control cells. From this, we
concluded that overexpression of p27 is not sufficient to induce
G1/G0 growth arrest in U373MG and that SF/HGF-mediated
cell cycle progression can proceed even in the absence of p27
suppression. Additionally, the results of these experiments
confirmed that SF/HGF was mediating p27 levels posttransla-
tionally, because SF/HGF was able to almost completely sup-
press p27 expression in cells transfected with 5 �g of plasmid

constitutively expressing wild-type p27 under control of the
CMV promoter, while it was not able to alter intracellular
p27 levels in cells transfected with the degradation-resistant
p27T187A. Transfection with larger amounts of p27 plasmid
(10 or 15 �g) was sufficient to overcome proteasome-mediated
degradation, but still could not cause G1/G0 arrest (data not
shown).

SF/HGF stimulation of cell cycle progression is Cdk2 inde-
pendent. Since SF/HGF can mediate cell cycle progression in
mink Mv1Lu cells by retargeting p27 away from cyclin E-Cdk2
complexes, we investigated whether SF/HGF retargeting of
p27 was responsible for the SF/HGF-mediated release from
cell cycle arrest. Immunoprecipitation experiments with a cy-
clin E antibody demonstrated a mild decrease in p27 associ-
ated with cyclin E complexes in response to SF/HGF stimula-
tion; however, transfection with exogenous p27 or p27T187A
clearly resulted in increased cyclin E-p27 complexes that SF/
HGF could not downregulate (Fig. 7). Similarly, analysis of
Cdk2 complex activity showed that overexpression of p27 or

FIG. 5. SF/HGF translocates p27 from the nucleus. Immunofluorescence micrographs of U373MG cells grown in 0.1% FBS in the absence of
SF/HGF demonstrate that p27 colocalizes with DAPI in cell nuclei. Addition of 100 ng of SF/HGF per ml for 24 h results in p27 targeting to the
cytoplasm. Detection of diminished p27 levels in SF/HGF-treated cells required increased exposure times relative to controls.
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FIG. 6. p27 is not required for growth arrest or SF/HGF-mediated mitogenic response. (A) Fluorescence-activated cell sorter analyses of
U373MG cells transiently transfected with expression plasmids encoding wild-type p27 or a proteasome-resistant p27 mutant T187A demonstrate
no effect of p27 on cells in the log growth phase in 10% FBS. Transfection efficiency as judged by cotransfection with a plasmid encoding GFP
was greater than 80%. (B) Overexpression of p27 or p27T187A did not block SF/HGF-mediated mitogenesis in U373MG cells. (C) Western blot
analysis of transfected cells demonstrates increased p27 protein following transient transfection. SF/HGF was able to downregulate exogenous
wild-type p27, but not the degradation-resistant p27T187A mutant.
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p27T187A completely blocked Cdk2 activity and that SF/HGF
was unable to rescue this activity. Because SF/HGF was still
able to mediate cell cycle progression, even in the presence of
excess p27 or p27T187A, we concluded that neither p27 sup-
pression nor Cdk2 kinase activity was required for SF/HGF-
mediated cell cycle progression.

To further examine the Cdk2 independence of SF/HGF-
mediated G1/S transition, dominant-negative Cdk2 (Cdk2-
DN) (10, 58) and the specific Cdk2 inhibitor Roscovitine were
used. U373MG cells transiently transfected with Cdk2-DN
passed through G1/S in response to SF/HGF as efficiently as
control transfected cells (Fig. 8A). Similarly, pretreatment with
Roscovitine (20 �M), under conditions shown to completely
inhibit Cdk2 kinase activity (23), did not block SF/HGF-medi-
ated cell cycle progression (Fig. 8B).

c-myc is a delayed-early-response gene for SF/HGF. To ex-
amine the role of c-Myc in SF/HGF-mediated mitogenesis, we
performed Northern blot analysis with RNA isolated from
U373MG cells pretreated with 10 �M cycloheximide (Fig. 9A).
SF/HGF induced a greater than fourfold increase in c-myc
message, confirming c-myc is a direct target of SF/HGF signal-
ing, rather than a factor activated as an epiphenomenon of
proliferating cells. Similarly, c-Myc protein levels in U373MG
cells arrested by contact inhibition or serum starvation rise
within 24 h of addition of SF/HGF (Fig. 9B and C).

c-Myc overexpression mimics SF/HGF mitogenicity. To de-
termine if c-Myc is capable of mediating a mitogenic response

FIG. 7. SF/HGF does not restore Cdk2 activity in the presence of
exogenous p27. Cdk2 and Cyclin E complexes were immunoprecipi-
tated (IP) from lysates of U373MG cells transiently transfected with
p27 and p27T187A. Cdk2 complexes were subjected to in vitro kinase
assays with histone H1 as a substrate (KA-CDK2). Cyclin E complexes
were probed for p27 binding by SDS-PAGE immunoblotting. Expres-
sion of cyclin E, p27, and actin in the raw lysates was determined by
SDS-PAGE immunoblotting. SF/HGF was unable to restore Cdk2
kinase activity or retarget p27 away from cyclin E complexes in the
presence of exogenous p27 or p27T187A.

FIG. 8. SF/HGF stimulation of cell cycle progression is Cdk2 independent. (A) Addition of 100 ng of SF/HGF per ml to medium containing
0.1% FBS for 24 h reduced the G1/G0 fraction of U373MG cells transiently transfected with a control plasmid compared to that in cells grown in
identical medium lacking SF/HGF (26.6%, SE � 1.3). Transient transfection of U373MG cells with dominant-negative Cdk2 (Cdk2-DN) did not
inhibit SF/HGF-triggered cell cycle progression. The efficiency of transfection was 
80% for both experiments, and the expression of transgenic
Cdk2-DN was verified by Western blotting (not shown). (B) Similarly, pretreatment with Roscovitine (20 �M), a pharmacologic inhibitor of Cdk2,
reduced the baseline G1/G0 fraction compared to the level in control cells, but did not block SF/HGF-induced cell cycle progression.
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in U373MG cells, we transduced U373MG cells with adenovi-
ruses encoding GFP, c-Myc, or MadMyc (a dominant-negative
form of Myc). Overexpression of c-Myc prevented U373MG
cells growing in 0.1% FBS from accumulating in G1/G0, indi-
cating U373MG cells are mitogenically responsive to c-Myc
signaling (Fig. 10A). Conversely, overexpression of MadMyc
completely blocked the SF/HGF-mediated mitogenic re-
sponse, indicating that functioning c-Myc is necessary for SF/
HGF-mediated cell growth (Fig. 10A). We also examined the
effect of the c-Myc constructs on p27 levels (Fig. 10C). Western
blots on U373MG lysates transduced with GFP, c-Myc, and
MadMyc demonstrated that SF/HGF was able to efficiently
stimulate degradation of p27, even when cell cycle progression
was blocked in the case of the cells transduced with MadMyc.
Similarly, overexpression of c-Myc in the absence of SF/HGF
drove the cell cycle through G1/S without downregulating p27.
The pathways by which SF/HGF promotes cell cycle entry and
induces p27 degradation are therefore separate.

SF/HGF-stimulated cell cycle progression is E2F1 indepen-
dent. We asked if SF/HGF activates E2F1-dependent tran-
scription and assessed its role in cell cycle progression.
U373MG cells were cotransfected with an E2F1 promoter-
luciferase reporter construct in conjunction with plasmids en-
coding either a dominant-negative form of E2F1 (E2F1-DN)
under control of a CMV promoter or control plasmids carrying
only the CMV promoter. SF/HGF effectively induced E2F1-
dependent luciferase expression in control cells, and E2F1-

DN effectively inhibited luciferase induction. Thus, SF/HGF
induced E2F1 transcriptional activity, and the E2F1-DN effec-
tively inhibited transcriptional activity under these experimen-
tal conditions (Fig. 11A). SF/HGF-mediated cell cycle progres-
sion was not inhibited in the presence of the E2F1-DN (Fig.
11B). The pathway downstream of SF/HGF stimulation, there-
fore, is not E2F1 dependent.

SF/HGF mediates identical mitogenic effects on SNB-19
cells. To determine if SF/HGF’s effects on the cell cycle are
unique to U373MG cell lines, we examined its effects on a
second glioma cell line, SNB-19. Like U373MG, SNB-19 cells
express c-Met, but lack SF/HGF expression (data not shown).
SF/HGF reduced the G1/G0 fraction by 21% in SNB-19 cells
arrested under low-serum conditions and by 27% in cells ar-
rested by contact inhibition. SF/HGF increased tritiated thy-
midine incorporation by 12.6% in serum-starved cells. Con-
comitantly, SF/HGF reduced p27 protein signal on Western
blotting by 
80% and upregulated c-myc mRNA fourfold as
determined by Northern blotting in SNB-19 cells. Transient
transfection of SNB-19 cells with p27 and p27T187A did not
affect cell cycle distribution or the SF/HGF-induced mitogenic
response. Overexpression of c-Myc in SNB-19 was able to
substitute for SF/HGF in promoting cell cycle reentry and did
not result in p27 degradation. Overexpression of MadMyc
blocked SF/HGF mitogenicity in SNB-19 cells.

DISCUSSION

In this paper, we demonstrate that SF/HGF is able to pre-
vent G1/G0 arrest in glioma cells induced by confluency or
serum starvation. Our observation that the mitogenic effects of
SF/HGF were associated with increased degradation of p27 is
consistent with known mechanisms concerning contact and
serum withdrawal-mediated growth arrest. Both situations re-
sult in G1/G0 arrest associated with increased p27 levels in
multiple cell types corresponding to increased p27 half-life (11,
16, 39). The ability of growth factors such as platelet-derived
growth factor (PDGF), insulin-like growth factor, and epider-
mal growth factor (EGF) to overcome G1/G0 block in fibro-
blasts correlates with their ability to induce p27 degradation
(11), and constitutively active receptor tyrosine kinases effec-
tively suppress p27 (65). Additionally, glioma cell lines have
previously been shown to express increasing levels of p27 as
they grow to confluency, and loss of p27 expression in vivo
correlates with a poor clinical prognosis for this disease (14, 27,
38). Although transcriptional regulation of p27 by extracellular
mitogens has been reported in glioma cell lines via the Akt
target transcription factor FKHR (30), we saw no significant
changes in p27 transcript levels and no phosphorylation of
FKHR1 in response to SF/HGF in our cells (data not shown).
Our observation that SF/HGF overcomes situational G1/G0

arrest in association with increased p27 breakdown was there-
fore in line with the dominant models regarding p27 regulation
and cell cycle control.

We were suprised, therefore, that p27 expression levels,
while clearly regulated by SF/HGF signaling, appear irrelevant
to the mitogenic effect induced by SF/HGF. Expression of
ectopic p27, even at levels several fold greater than those in
wild-type cells, was ineffective at producing cell cycle arrest
among logarithmically growing U373MG or SNB-19 cells. Ad-

FIG. 9. c-Myc is a delayed-early-response gene for SF/HGF.
(A) U373MG cells were grown in 0.1% FBS for 24 h, pretreated with
10 �M cycloheximide, stimulated with 100 ng of SF/HGF per ml, and
subjected to analysis by Northern blotting with full-length c-myc and
GAPDH cDNA probes. (B and C) Western blot analysis for c-Myc
protein levels following stimulation of U373MG cells with 100 ng of
SF/HGF per ml arrested by contact inhibition in 10% FBS (B) or by
serum starvation in 0.1% FBS (C).
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ditionally, SF/HGF efficiently mediated cell cycle progression
even in cells transfected with a mutant p27 not susceptible to
degradation in response to SF/HGF stimulation. Both con-
structs effectively bound to cyclin E in vivo and completely
blocked Cdk2 kinase activity, indicating both constructs re-
tained their cyclin-dependent kinase inhibitory activity and
were being appropriately targeted within the cells.

SF/HGF releases mink Mv1Lu cells from TGF-�-mediated
G1/G0 growth arrest by blocking p27 association with cyclin

E-Cdk2 complexes in the absence of changes in total p27 levels
(56), and extracellular signals such as TGF-� are able to re-
distribute p27 between different cyclin-dependent kinase com-
plexes (41), raising the possibility that SF/HGF-induced p27
retargeting is more important than degradation in mediating
cell cycle progression in these cells. Again, while SF/HGF
reduced the amount of p27 complexed to cyclin E and in-
creased Cdk2 activity in U373MG, it could not exert similar
effects in cells transiently transfected to express p27 or

FIG. 10. c-Myc induction is necessary and sufficient for SF/HGF-induced mitogenic response. (A) Fluorescence-activated cell sorter analyses
of U373MG cells transduced with adenovirus (Ad) constructs encoding GFP, c-Myc, or the dominant-negative MadMyc chimera demonstrate that
overexpression of c-Myc is sufficient to prevent G1/G0 block under conditions of serum starvation, while the effect of SF/HGF is blocked by the
dominant-negative MadMyc. (B) Western blotting confirms expression of c-Myc (67 kDa) and MadMyc (30 kDa) constructs. A 30-kDa band in
c-Myc-transduced cells represents a c-Myc degradation product, rather than cotransduction with MadMyc. (C) Downregulation of p27 occurs with
addition of SF/HGF regardless of cell cycle response or the presence of the dominant-negative MadMyc.
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p27T187A. SF/HGF could still induce cell cycle reentry in
these cells, however, intimating that p27 was not functionally
relevant in this cell line. These findings could be explained by
the presence of a mutation in a p27-regulated pathway, ren-
dering it constitutively active. However, the most likely candi-
date, Rb, is not known to be mutated in these cells, and we see
an appropriate protein band on Western blot for these cell
lines. Alternately, the loss of p15INK4B and p16INK4A expres-
sion inherent to U373MG may be sufficient to allow one or
more of the cyclin-Cdk complexes to remain constitutively
active and substitute for cyclin E-Cdk2 (3, 42). Overexpression
of dominant-negative Cdk2 did not inhibit SF/HGF-mediated
cell cycle progression, however, indicating that the transition is
likely independent of these molecules.

Our observation that SF/HGF mitogenesis is mediated, at
least in part, through c-Myc is consistent with separate path-
ways for p27 regulation and cell cycle progression. c-Myc is
required for SF/HGF-mediated G1/S transition in primary
hepatocytes (53). p27�/� and p27�/� 3T3 fibroblasts stably
transfected with a Myc-estrogen receptor (MycER) construct
are stimulated equally well to enter S phase by 4-hydroxyta-
moxifen (4-OHT) (4), while both cell lines arrest under con-
ditions of serum starvation (12). The dominant-negative Mad-
Myc chimera has been shown to efficiently block cell cycle
progression without altering p27 levels in 3T3 cells (5). Addi-
tionally, c-Myc is able to overcome G1/G0 arrest in Rat1 cells
overexpressing p27 without downregulating p27 (60). c-Myc

has also been shown to promote G1/S progression in the ab-
sence of cyclin E-Cdk2 activation in 3T3 cells (4) and by a
mechanism that bypasses the “classical” pRb/E2F pathway in
U2OS sarcoma cells (45). c-Myc can directly promote tran-
scription of the E2F2 protein (47, 48). Similarly, SF/HGF ac-
tivated E2F1 in our study, although E2F1-dependent transcrip-
tion was not required for cell cycle progression. These
observations, in conjunction with the results we present here,
indicate that SF/HGF-mediated changes in c-Myc expression
are sufficient to drive cell cycle progression in the absence of
p27 changes, when p27 is not expressed, or when p27 is func-
tionally irrelevant to cell cycle control.

At present, the c-Myc-responsive gene or genes that allow
cells to escape G1/G0 arrest following SF/HGF stimulation are
unknown. Vlach et al. postulated the existence of a c-Myc-
regulated protein capable of sequestering p27 (60). Such a
mechanism is not likely to function in our cells, since cell cycle
progression occurs in U373MG and SNB-19, even in the ab-
sence of p27 retargeting from cyclin E-Cdk2. Similarly, while
c-Myc regulation of the proteasome via Cul1 may play a role in
p27 degradation, c-Myc overexpression drives cell cycle pro-
gression in these cell lines even in the absence of p27 degra-
dation (36). The c-Myc target, Cdc25A, a positive regulator of
Cdk2 function, is an unlikely candidate, because cell cycle
progression was independent of Cdk2 activation. In certain
cases, c-Myc can upregulate cyclin D or Cdk4; however, we do
not see marked changes in the levels of these molecules in

FIG. 11. SF/HGF-stimulated cell cycle progression is E2F1 independent. U373MG cells were transiently transfected with plasmids encoding an
E2F1 promoter-luciferase reporter construct in conjunction with either a dominant-negative form of E2F1 (E2F1-DN) under control of a CMV
promoter or control plasmids carrying only the CMV promoter. Transcription of E2F1 target genes was measured by luciferase activity.
(A) Stimulation with 100 ng of SF/HGF per ml efficiently induced luciferase activity in U373MG cells transfected with PGL2AN/Luc, indicating
SF/HGF induces E2F1-dependent transcription. Cotransfection with dominant-negative E2F1 reduced luciferase activity nearly to levels exhibited
by control transfected cells not stimulated by SF/HGF. (B) Overexpression of E2F1-DN was unable to block SF/HGF (100 ng/ml)-triggered cell
cycle progression in cells grown in medium containing 0.1% FBS.
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response to SF/HGF (17). Additionally, upregulation of Cdk4
and Cdk6 does not rescue c -myc�/� cells from growth inhibi-
tion, indicating c-Myc has Cdk4/6-independent effects on
the cell cycle (28). The pRb/E2F-independent activation of
G1/S transition described in U2OS cells was found to be
cyclinE-Cdk2 dependent (45). This contrasts our finding of
Cdk2-independent SF/HGF-mediated cell cycle progression in
glioblastoma cells. This finding suggests the possibility of a
Cdk2-independent cyclin A-dependent mechanism during S-
phase entry and DNA synthesis.

While c-Myc is critical for release from G1/G0 arrest, addi-
tional genes are likely to be necessary for continuing cellular
proliferation past this initial checkpoint. Phosphatidylinositol-
3-kinase (PI-3-kinase) and Akt activation are generally needed
in addition to c-Myc transcription to prevent c-Myc-induced
apoptosis (22). SF/HGF is a potent activator of Akt in glioma
cells (8), and U373MG and SNB-19 also lack expression of
PTEN, a negative regulator of PI-3-kinase. SF/HGF can also
activate the mitogenic mitogen-activated protein (MAP)
kinase pathway and upregulates AP-1-dependent transcrip-
tion in U373MG cells (1). Pharmacologic inhibitors of MAP
kinase kinase (PD98059) and PI-3-kinase (wortmannin and
LY249002) as well as transient transfection with dominant-
negative forms of Akt did not block SF/HGF-mediated tran-
sition through G1/G0 in U373MG (data not shown), ruling out
a role for those pathways in the initial cell cycle checkpoint;
however, it is still possible activation of these pathways is im-
portant for prolonged proliferation.

In summary, SF/HGF prevents G1/G0 arrest in U373MG
and SNB-19 glioma cell lines under conditions of contact in-
hibition or serum withdrawal. The possible mechanisms by
which SF/HGF prevents arrest include downregulation of p27
by posttranslational mechanisms and induction of the c-Myc
transcription factor. The cell cycle distributions of U373MG
and SNB-19 were not affected by ectopic p27, nor did p27
overexpression block SF/HGF-mediated cell cycle progression,
leading to the conclusion that p27 is not an effective regulator
of the cell cycle in these cell lines. Similarly, SF/HGF-triggered
cell cycle progression did not depend on Cdk2 or E2F1 acti-
vation. In contrast, SF/HGF cell cycle progression was depen-
dent on c-Myc signaling. The mechanism of c-Myc-mediated
progression is separate from p27 regulation or the activity of
cyclin E-Cdk2 complexes and occurs parallel to E2F1 function.
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