HGF Reduces Myc Activity through Decrease in Skp2

Tumor tissues were harvested after sacrifice of the mice and
the lysates were prepared as described (10).

Construction of a Skp2 expression plasmid

Skp2 ¢cDNA was amplified to construct a Skp2 exp-
ression plasmid with RT-PCR using a pair of oligonucleo-
tide primers specific to the coding sequence of human
Skp2 (forward 5-ACACAAGCTTATGGATTACAAG-
GATGACGACGATAAGATGCACAGGAAGCACCTC-
3, including a Flag tag sequence, and reverse 5'-ACAC-
CTCGAGTCATAGACAACTGGGCTTTTGCAGTGT-
CAG-3"). PCR amplification for constructing an expression
plasmid for Skp2-LRR was done using another forward
primer (5'-ACC AAGCTTATGGATTACAAGGATGAC-
GACGATAAGTTAGACCTCACAGGTAA-3, including
a Flag tag) and the reverse primer for human Skp2 described
above. The PCR products were inserted into pcDNA3.1.

Secreted placental alkaline phosphatase (SEAP)
reporter assay

A reporter construct, pMyc-SEAP (Clontech Laborato-
ries, Inc), which contains several E-boxes at the 5’ of the
TATA-like promoter, was used to measure Myc activity, and
a control construct containing only the basic TATA like
promoter, pTAL-SEAP, was used as a negative control to
measure activity of the basal TATA-like promoter. pMyc-
SEAP or pTAL-SEAP was transfected into HepG2 cells
with other expression plasmids. After 24 hours, the medium
was replaced with fresh medium with or without HGF (50
ng/mL) in the absence or presence of PD98059. The cells
were cultured for another 24 hours, and the medium was
used for SEAP assays (Clontech Laboratories, Inc). To
determine the net activity of SEAP, the activity in cells with
the negative control (P TAL-SEAP) was used as a background
value. All values were normalized with activity of B-gal,
which was cotransfected with the reporter.

Silencing by siRNA

Synthetic siRNAs for Id1, Myc, and Skp2 were obtained
from Integrated DNA Technologies, Inc. Detailed methods
were described in Supplementary Data.

Luciferase reporter assays

The p16 promoter construct containing —247 to +1 from
the transcription initiation site of the pI6 gene (kindly
provided by Dr. E. Hara, Japan Foundation for Cancer
Research, and described previously in ref. 9) was cotrans-
fected with an expression plasmid for Skp2 and a standard
amount of the pSV-B-galactosidase control plasmid (Pro-
mega). HGF treatment of the cells and luciferase reporter
assays were conducted as previously described (9, 10).

Image manipulation
Adjustments of brightness and contrast with a linear
algorithm were applied to the whole image.

Statistical analysis
The paired Student ¢ test was used to test for significance
where indicated.

Results

HGF downregulates Skp2 expression at the mRNA and
protein level in an ERK-dependent manner

We found that injection of HGF into established tumors
originating from HepG2 cells in NOD/SCID mice signif-
icantly downregulated Skp2 (Fig. 1A). Skp2 has transfor-
mation activity in experimental models, and is sometimes
overexpressed in human cancers. To determine the role and
mechanism of the downregulation of Skp2, we first con-
ducted a time-course analysis of Skp2 expression in HepG2
cells treated with HGF. Western blot analysis showed that
the level decreased for 24 hours, and remained low after 24
hours (Fig. 1B). As HGF treatment suppresses the prolifer-
ation of HepG2 cells through strong ERK activity (7, 9, 25),
we examined the effect of ERK activity on the expression of
Skp2. Treatment with a low concentration of PD98059,
which partially inhibits ERK activity and restores cell pro-
liferation suppressed by HGF (7, 9), restored the amount of
Skp2 protein (Fig. 1B), indicating that Skp2 expression is
regulated in an ERK-dependent manner, and suggesting the
relevance of Skp2 to the regulation of cell proliferation. RT-
PCR analysis showed that Skp2 mRNA expression was also
downregulated by HGF and the amount of Skp2 mRNA was
restored by a low concentration of PD98059 (Fig. 1C),
showing that Skp2 expression is regulated at the transcrip-
tion level in an ERK-dependent manner. HGF treatment of
another hepatoma cell line, HuH?7, proliferation of which is
suppressed by HGF in an ERK-dependent manner (Sup-
plementary Fig. S1), also led to ERK-dependent down-
regulation of Skp2 mRNA (Fig. 1D), suggesting that cancer
cells other than HepG2 cells also are responsive to HGF.

To confirm that the strong ERK activity mediates the Skp2
downregulation, we used a HepG2 cell line, in which ERK
activity is strongly activated by induction of active Ras (Ras
V12) with Isopropyl-3-D(—)-thiogalactopyranoside (IPTG;
ref. 7). Induction of the Ras, which suppressed proliferation
of HepG2 cells, downregulated Skp2 (Fig. 1E), indicating
that strong ERK activation is sufficient for downregulation of
Skp2, and supporting that the expression of Skp2 is related to
the regulation of proliferation in HepG2 cells.

Downregulation of Skp2 is not involved in the
upregulation of p27, while it is involved in the
suppression of cell proliferation with HGF

Figure 1B (left) shows that the timing of Skp2 down-
regulation after HGF treatment coincided with that of p27
upregulation. The expression of p27 mRNA was not altered
by HGF (Supplementary Fig. S2), consistent with a report
that p27 expression is regulated at the level of protein
degradation via Skp2 (26). However, the partial inhibition
of ERK activity with the low concentration of PD98059
had no effect on the upregulation of p27 by HGF, and p27
protein expression remained upregulated, even though the
level of Skp2 protein was high (Fig. 1B, right). Moreover,
with the HepG2 cell line, in which ERK is strongly activated
by induction of active Ras with IPTG, we showed that
activation of Ras did not alter the level of p27, while it
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Figure 1. Skp2 is downregulated by HGF in an ERK-dependent manner. A, Western blot analysis to detect Skp2 in established tumors from HepG2 cells in
NOD/SCID mice. All bands in analysis with anti-Skp2 and o-tubulin antibodies, respectively, were acquired from a single film exposure. Unprocessed full-
length blots are presented in Supplementary Fig. S4. The intensity of the band in the bottom was quantitated using NIH imagedJ software and graphed.
Each value represents the mean + S.D. (n = 3). *, P < 0.05; Student t test. B, Western blot analysis to detect Skp2 and p27 in HepG2 cells treated with HGF in
the absence (—) or presence (+) of PD98059. Cell lysates were prepared at the indicated times (h) after HGF treatment and subjected to Western blot
analysis. Tubulin was used as a loading control. p16 is shown to assess the effect of HGF. The result is representative of three independent experiments.
C, RT-PCR analysis of Skp2 in HepG2 cells treated with HGF in the absence (—) or presence (+) of PD98059. Total RNA was purified at the indicated
times and subjected to RT-PCR. GAPDH was used as an internal control. p16 is shown to assess the effect of HGF. The result is representative of two
independent experiments. D, RT-PCR analysis of Skp2 in HuH7 cells treated with or without HGF for 24 hours in the absence (—) or presence (+) of PD98059.
Total RNA was purified and subjected to RT-PCR. GAPDH was used as an internal control. E, time course analysis of cell proliferation (top) and Western
blot analysis to detect Skp2 and p27 in cells with forced activation of ERK (bottom). After the active form of Ras was induced with IPTG, cell numbers were
counted and cell lysates were prepared at the indicated times after induction. Phospho-ERK and p16 are shown to assess the effect of Ras induction.

Experiments were done twice with similar results, and representative data are shown.

downregulated Skp2 expression (Fig. 1E). These results
suggested that the downregulation of Skp2 is not involved
in the upregulation of p27. They also showed that the
upregulation of p27 by HGF is not mediated by the ERK
activity, and suggested that the upregulation is not involved
in the inhibitory effect of HGF on HepG2 cell proliferation.

To directly show that the downregulation of Skp2 is not
involved in the upregulation of p27, experiments with high
expression of Skp2 were conducted. HepG2 cells were
transfected with Skp2, and the protein levels of Skp2 and
p27 were examined by Western blot analysis after HGF
treatment. High expression of Skp2 did not suppress the
upregulation of p27 (Fig. 2A), showing the upregulation to

be independent of the downregulation of Skp2. In contrast,
cell counts showed that high expression of Skp2 restored
the cell proliferation suppressed by HGF (Fig. 2B), indi-
cating that downregulation of Skp2 is essential for the
inhibitory effect of HGF on the proliferation of the cells.
The data also suggested that the upregulation of p27 is not
involved in the inhibitory effect of HGF, as high expression
of Skp2 did not suppress the upregulation (Fig. 2A).
Although the number of cells was restored with high
expression of Skp2 in the presence of HGF, it did not
reach the number achieved in the absence of HGF (Fig.
2B). This may simply be due to the transfection efficiency
of the construct to express Skp2.
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Downregulation of Skp2 with HGF reduces Myc activity

A few reports have indicated that Skp2 has another role in
activation of the transcription factor Myc (18, 19), and Myc
was reported to have important roles in hepatocarcinoma
(21, 22). A recent report showed that knockdown of Myc
suppressed proliferation of HepG2 cells (27), and we
obtained results consistent with this by knockdown of Myc
(data not shown), indicating that Myc expression is required
for the proliferation of HepG2 cells. Thus, we studied the
relevance of Skp2 to Myc in HepG2 hepatoma cells. We first
examined Myc activity in HepG2 cells treated with HGF. A
promoter-reporter construct, in which the SEAP reporter
gene is regulated by binding of Myc on the promoter, was
introduced into the cells, and the SEAP activity was analyzed
in the absence or presence of HGF with or without the low
concentration of PD98059. HGF treatment of the cells
greatly reduced endogenous Myc activity, and the partial
inhibition of ERK activity with PD98059 significantly
restored the Myc activity suppressed by HGF (Fig. 3A),
indicating that the Myc activity is regulated by HGF in an
ERK-dependent manner. To know which Myc family
proteins are involved in the Myc activity in HepG2 cells,

we examined the levels of c-myc, N-myc, and L-myc by RT-
PCR. The expression of c-myc was much higher than that of
the others (data not shown). Thus, the Myc activity seems to
be mostly derived from c-Myc in the cells.

As the Myc protein is known to be unstable (28), it is
possible that the inactivation of Myc with HGF simply
reflects loss of the protein. However, Western blot analysis
showed that the amount of ¢-Myc is not altered in the
presence of HGF (Fig. 3B), suggesting that the reduction in
Myc activity with HGF is not caused by loss of the protein.
We also analyzed the levels of Max and Mad, because in the
Myc/Max/Mad network, the association of Myc with Max
leads to transcriptional activation, and that of Mad with Max
to repression (29). We did not detect any changes in their
expressions in HepG2 cells treated with HGF (Supplemen-
tary Fig. §3), suggesting that the reduction in Myc activity by
HGF is not regulated by changes in the amounts of Mad and
Max.

As the reduction in Myc activity by HGF is mediated
through the strong ERK activity, it may be caused by the
downregulation of Skp2. We thus examined whether Skp2
regulates endogenous Myc activity. We introduced the
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Figure 3. HGF treatment reduces Myc activity, but does not alter the
amount of c-Myc. A, detection of endogenous Myc activity in cells treated
with HGF in the absence or presence of PD98059. All values were
normalized as described in Materials and Methods. The average fold-
increase in Myc activity compared with activity in the absence of HGF
without PD98059 is indicated. Each value represents the mean + S.D.
of triplicate determinants from a representative experiment. *, P < 0.05;
**,P<0.01, Student t test. B, Western blot analysis to detect c-Myc. Cells
were treated with HGF in the absence or presence of PD38059 and
cell lysates were prepared at 0 or 24 hours. Skp2 is shown to assess the
effect of HGF or HGF plus PD98059. Experiments were carried out twice
with similar results, and representative data are shown.

reporter for Myc together with the construct to express Skp2
into the cells. High expression of Skp2 activated Myc activity
in the absence or presence of HGF (Fig. 4A), indicating that
Skp2 is sufficient to activate endogenous Myc. Next, to
directly show that the reduction in Myc activity is caused by
the downregulation of Skp2, we introduced Skp2 siRNA
into the cells. Knockdown of Skp2 significantly decreased
endogenous Myc activity without altering the amount of ¢-
Myc in the absence of HGF (Fig. 4B and C), indicating that
Skp2 is essential to activate Myc in proliferating cells. These
results showed that Skp2 functions to activate Myc, and
thus, downregulation of Skp2 results in the reduction in Myc
activity.

Myec activity is regulated by Skp2, but not
through SCF**??

It was previously shown that Myc is activated via ubiqui-
tination by the SCF complex including Skp2 (SCF**"?). The
ubiquitination results in rapid degradation of Myc (18, 19).
However, inhibition of ubiquitination and degradation with
knockdown of Skp2 induced no accumulation of Myc
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Figure 4. Skp2 is involved in regulation of endogenous Myc activity.
A, detection of endogenous Myc activity in cells with high expression of
Skp2. The average fold-increase in SEAP activity compared with activity
in the absence of HGF with a Mock-transfection is indicated. Each value
represents the mean + S.D. of triplicate determinants from a
representative experiment. *, P < 0.01; Student t test. B, Western blot
analysis to detect c-Myc in cells with Skp2 knockdown. Cells were
transfected with two kinds of siRNA targeting Skp2 or randomized siRNA
(Mock) as a control. Cell lysates were prepared at 24 hours after
transfection and subjected to immunoblotting. Experiments were carried
out twice with similar results and representative data are shown.

C, detection of endogenous Myc activity in cells with Skp2 knockdown.
The average fold-decrease in Myc activity compared with a Mock
transfection is indicated. Each value represents the mean + S.D.

of triplicate determinants from a representative experiment.

*, P < 0.001; Student t test.
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protein (Fig. 4B), suggesting that ubiquitination of Myc by
SCF*? is not involved in the regulation of Myc activity. To
directly show whether or not the SCF complex is required for
the transcriptional activation of Myc by Skp2, we adopted a
mutant of Skp2, Skp2-leucine-rich repeats (LRR), which
has a deletion in the N-terminus including a part of the F-
box domain, resulting in an inability to couple to the SCF
complex (18). High expression of not only the wild-type
Skp2 but also Skp2-LRR restored the Myc activity reduced
by HGF treatment (Fig. 5A), indicating that Skp2 regulates
Myc activity, but ubiquitination of Myc by the SCF complex
is not involved in the regulation of Myc activity by Skp2.
This idea was supported by the finding that high expression
of Skp2 and Skp2-LRR did not change the amount of Myc
protein (Fig. 5B).
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Figure 5. High expression of Skp2-LRR restores Myc activity suppressed
by HGF. A, detection of endogenous Myc activity in cells with high
expression of Skp2 (WT) or Skp2-LRR (LRR). The average fold-decrease
in Myc activity compared with activity in the absence of HGF with a Mock
transfection is indicated. Each value represents the mean + S.D.

of triplicate determinants from a representative experiment.

*,P<0.01; Student ttest. B, Western blot analysis to detect c-Mycin cells
transfected with Skp2 (WT) or Skp2-LRR (LRR). Exogenous Skp2

and Sk2-LRR were detected with anti-Flag and their positions are
indicated with * and **, respectively. The signal represented by # is
nonspecific. Experiments were carried out twice with similar results and
representative data are shown.

Skp2 is involved in Id1 expression through regulation of
Myc activity

Myc regulates transcription of a wide range of genes
responsible for regulation of cell proliferation, transcription,
cell motility and so on (29). To uncover the target of Myc
activated by Skp2 in the hepatoma cells, and to address the
mechanism by which Skp2 affects proliferation through HGF
signaling, we focused on a transcriptional regulator, Id1: Id1
seemed to be a target of Myc activated by Skp2, because our
previous study showed that 1d1, whose the mRNA and
protein are downregulated by HGF, is involved in the anti-
proliferative effect of HGF through regulation of p16 expres-
sion (10), and it was recently reported that c-Myc upregulated
Id1 expression in human breast cancer cells and prostate
cancer cells (30, 31). In addition, Id1 expression in another
hepatoma cell line, HuH7, proliferation of which is sup-
pressed by HGF in an ERK-dependent manner (Supplemen-
tary Fig. S1), was also regulated in an ERK-dependent manner
(Supplementary Fig. S6), suggesting thatId1 is involved in the
inhibitory effect of HGF on proliferation of cancer cells other
than HepG2. Western blot analysis showed that high expres-
sion of Skp2 restored the expression of 1d1 suppressed by
HGF (Fig. 6A), and knockdown of Skp2 suppressed the
expression of Idl in the absence of HGF (Fig. 6B and
Supplementary Fig. S7), showing that Skp2 is involved in
the regulation of Id1 expression. In addition, knockdown of
Myc suppressed the expression of Id1 in the absence of HGF
(Fig. 6C), indicating that Myc regulates Id expression. These
results, together with the fact that Skp2 regulates Myc activity,
suggest that Skp2 regulates Id1 expression through the reg-
ulation of Myc activity. Also, high expression of the Skp2
mutant, Skp2-LRR, restored Id1 expression and cell prolif-
eration suppressed by HGF (Supplementary Fig. S8), suggest-
ing that Id1 expression is regulated by Skp2 in the SCF
complex-independent manner. As we previously showed that
the downregulation of Id1 results in the activation of the
promoter of the p16 gene (10), we next examined the effect of
Skp2 on the promoter. A promoter-reporter construct, in
which expression of luciferase is regulated by a minimal
promoter of the p16 gene (9), was introduced into HepG2
cells together with the construct to express Skp2 in the absence
or presence of HGF. While HGF treatment of the cells
activated the p16 promoter as previously reported (9), high
expression of Skp2 significantly suppressed the activation of
the p16 promoter (Fig. 6D). Also, knockdown of Id1 restored
the promoter activity suppressed by high expression of Skp2 in
the presence of HGF (Fig, 6E, lane 3, 4, and 8). These results
supported that Skp2 regulates Id1 expression, leading to
regulation of p16 promoter. Higher activity of p16 promoter
induced by Id1 siRNA (lane 7 and 8) than that induced by
randomized siRNA (lane 3 and 4) in the presence of HGF
seems to represent a partial reduction, but not complete
elimination, of Id1 by HGF treatment of the cells.

Discussion

Recent clinical research suggests that Skp2 has a p27-
independent role in some cancer cells (17). In this study, we
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Figure 6. Skp2 regulates Id1 expression through Myc activation. A, Western blot analysis to assess the effect of high expression of Skp2 on endogenous Id1
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endogenous Id1 expression. Two kinds of siRNA targeting Skp2 (B and Supplementary Fig. S7) or c-Myc (C) were used. Cell lysates were prepared at 48 hours
after transfection and subjected to immunoblotting. Experiments were carried out at least twice with similar results and representative data are shown (A-C). D,
effect of high expression of Skp2 on the p16 promoter. Cells were transfected with a reporter construct encoding the —247 promoter of the p76 gene fused to
the luciferase gene together with Skp2. Luciferase activities were determined as described in Materials and Methods. A schematic diagram of the p16
promoter is shown. The average fold-increase in luciferase activity compared with a Mock transfection in the absence of HGF is indicated. Each value
represents the mean + S.D. of triplicate determinants. *, P<0.01; Student t test. E, effect of Id 1 knockdown on the p16 promoter in cells with high expression of
Skp2 in the presence of HGF. Cells were transfected with Id1 siRNA (+) or randomized siRNA (-) as a control. After 24 hours, cells were transfected with the
reporter construct together with Skp2 (+) or Mock (—). Luciferase activities were determined as in (D). The average fold-increase in luciferase activity compared
with a randomized siRNA and Mock-transfection in the absence of HGF is indicated.

reported that ERK-dependent downregulation of endoge- proliferation by HGF through Skp2 downregulation in the
nous Skp2 by HGF reduces Myc activity, leading to inhi- SCEF-independent manner.

bition of HepG2 hepatoma cell proliferation through a Myc regulates the transcription of various genes respon-
decrease in Id1 expression. The downregulation was also sible for controlling cell proliferation, the cell cycle, tran-
confirmed in established tumors from HepG2 cells in mice. scription, cell motility and so on, leading to the initiation,
Our data reveal a mechanism by which HGF suppresses cell promotion, and progression of a wide range of cancers (32).
proliferation through Skp2 downregulation. Our data sug- Among the rtargets of Myc, we found in this study that
gested that Skp2 is physiologically involved in the regulation expression of Id1 is regulated by Myc through Skp2 (Fig. 6).
of Myc activity as its activator independently of its role in A comprehensive analysis to find Myc-binding sites in a
ubiquitination, but not in the regulation of p27 degradation. human genome with ChIP assays showed a binding site in
In addition, a hepatoma cell line other than HepG2, HuH?7, the upstream region of the /dI gene (33), supporting
proliferation of which is also suppressed by HGF in an ERK- regulation of Id1 expression by Myc through Skp2. As we
dependent manner, also showed ERK-dependent down- previously showed that Id1 is downregulated by HGF (10),
regulation of Skp2 (Fig. 1D) and Id1 (Supplementary Fig. which leads to inhibition of HepG2 cell proliferation, we
S6), suggesting that some other cancer cells arrest their propose the model displayed in Fig. 7 to illustrate the
Mol Cancer Res; 11(11) November 2013 Molecular Cancer Research

—525—



HGF Reduces Myc Activity through Decrease in Skp2

HGF

Figure 7. Schematic model of the involvement of Skp2 downregulation in
the HGF-induced inhibition of cell proliferation. HGF treatment of the cells
downregulates Skp2 expression in an ERK-dependent manner, leading
to a reduction in Myc activity. The reduction in Myc activity induces a
decreaseinld1, which leads to the activation of a transcription factor, Ets.
The activated Ets upregulates p16 expression, which eventually induces
inhibition of proliferation in HepG2 hepatoma cells.

involvement of the downregulation of Skp2 in the inhibition
of the cell proliferation by HGF. Treatment with HGF
downregulates Skp2 expression in an ERK-dependent man-
ner, leading to reduced transcriptional activity of Myc. The
reduction in Myc activity decreases 1d1 expression, which
leads to the activation of a transcription factor, Ets. The
activated Ets upregulates pl6 expression, which results in
inhibition of proliferation in HepG2 hepatoma cells. How-
ever, the detailed mechanism of how Skp2 affects Myc
activity remains to be elucidated. As Myc activity is generally
regulated in the balance of Myc/Max/Mad complexes, we
conducted immunoprecipitation assays to analyze the Myc/
Max complex, which is the transcription-active form, in the
absence or presence of HGF. We found that the amount of
Myc/Max complex is not altered even in the presence of
HGF (Supplementary Fig. S9), suggesting that Skp2 affects
Myc activity not through disruption of the balance of the
complexes.

It was previously reported that Skp2 activates the tran-
scription factor c-Myc via ubiquitination as a component of
SCF*"2_ which leads to the upregulation of a subset of target
genes involved in cell proliferation (18, 19). In contrast, a
recent report showed that ubiquitination of c-Myc by the
SCF complex is not involved in Myc's activation by Skp2,
and this activation upregulates a target gene, RhoA, in cell
invasion, through a novel transcription complex consisting
of Myc-Skp2-Miz1-p300 (20). In the present study, our data
suggested that Skp2 functions as a transcriptional activator of
Mpyc rather than a component of the SCF complex in HGF
signaling in HepG2 cells (Fig. 5). Thus, in addition to the
upregulation of RhoA in cell invasion, it is possible that the
Myc-Skp2-Mizl-p300 transcription complex is involved in
the regulation of cell proliferation through upregulation of
Id1 expression.

We showed that Skp2 is downregulated at the mRNA
level in an ERK-dependent manner in HepG2 cells treated
with HGF (Fig. 1). Previous reports showed that transcrip-
tion factor E2F regulates Skp2 expression at the mRNA level
in an Akct-dependent manner in other types of cells (34).
Although it was previously shown that the inhibitory effect
of HGF on the proliferation of HepG2 cells is independent
of Akt signaling (7), E2F seemed to be a candidate tran-
scription factor responsible for the Skp2 expression in HGF
signaling, because we found that HGF treatment of HepG2
cells reduces the levels of E2F1, and E2F activity (data not
shown). To address whether E2F regulates Skp2 expression
in HGF signaling, we constructed another HepG2 cell line,
in which E2F1 is induced by addition of IPTG. Induction of
E2F1 was successfully activated an E2F-responsive promot-
er, but had no effect on Skp2 expression (data not shown).
This result indicated that the regulatory mechanism of Skp2
downregulation induced by HGF is different from that in
Akt signaling.

It is generally recognized that the amount of p27 protein,
which is predominantl{ regulated by degradation through
ubiquitination by SCE**P?, is responsible for the suppression
of cell proliferation (14). The effect of p27 on the prolifer-
ation of HepG2 cells was shown in a previous report, in
which Bl-integrin-mediated downregulation of p27
through upregulation of Skp2 accelerated the proliferation
(26). As HGF weatment of HepG2 cells upregulates p27
protein, we had expected the upregulation to contribute to
the suppression of cell proliferation by HGF. However, in
the present study, our data showed that partial inhibition of
the strong ERK activation, which restores both the amount
of Skp2 and cell proliferation suppressed by HGF, has no
effect on the upregulation of p27 induced with HGF (Fig.
1B). Our data also showed that high expression of Skp2
restores the cell proliferation suppressed by HGF without
affecting the upregulation of p27 (Fig. 2). These results
indicate that the upregulation of p27 does not contribute to
the suppression of HepG2 cell proliferation by HGEF.
Accumulating data suggest that p27 has another role in
regulating cell motility and migration independent of its cell-
cycle role. p27 increases the stability of actin stress fibers by
binding to and inhibiting RhoA in cytoplasm, which resules
in an increase in cell motility (35). As HGF treatment
increases the motility of HepG2 cells, leading to cell scat-
tering, the upregulation of p27 might contribute to the
increased cell motility with HGF. The significance of the
upregulation of p27 expression in HepG2 cells treated with
HGF remains to be elucidated.

It was previously shown that the overexpression of Myc in
the liver induces the formation of hepatocellular tumors (36,
37), and its inactivation results in regression of the tumors
and differentiation of the tumor cells into normal liver cells
such as hepatocytes (21), indicating the importance of Myc
activity for hepatocarcinogenesis. Accumulating evidence
also indicates an important role for Myc activation in the
progression of hepatomas (22, 38, 39). We showed here that
endogenous Myc activity is regulated by Skp2 in a hepatoma
cell line. Thus, it is likely that Skp2 has an important role in
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hepatocarcinoma through the regulation of Myc activity.
Another report suggested suppression of Myc-induced hepa-
tocarcinogenesis by HGF: hepatocarcinogenesis was indu-
ced in transgenic mice expressing c-Myc, but not in trans-
genic mice expressing c-Myc in combination with HGF
(40). The suppression might be caused by downregulation of
Skp2. While we showed that HGF treatments of two
hepatoma cell lines, HepG2 and HuH7, downregulate Skp2
mRNA in the presence of HGF, further studies of Skp2 in
liver tumors and other hepatoma cells would be required to
elucidate the involvement of Skp2 in Myc-induced hepa-
tocarcinogenesis, and its suppression via downregulation of

Skp2.
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Qualitative Rather than Quantitative Changes Are Hallmarks
of Fibroblasts in Bleomycin-Induced Pulmonary Fibrosis
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Pulmonary fibrosis is characterized by accumulation of activated fibroblasts that produce excessive
amounts of extracellular matrix components such as collagen type I. However, the dynamics and acti-
vation signatures of fibroblasts during fibrogenesis remain poorly understood, especially in vivo. We
examined changes in lung tissue cell populations and in the phenotype of activated fibroblasts after acute
injury in a model of bleomycin-induced pulmonary fibrosis. Despite clustering of collagen type I-
producing fibroblasts in fibrotic regions, flow cytometry-based quantitative analysis of whole lungs
revealed that the number of fibroblasts in the lungs remained constant. At the peak of inflammation,
fibroblast proliferation and apoptosis were both increased, suggesting that the clustering was not merely
a result of proliferation, but also of fibroblast migration from nearby alveolar walls. Parabiosis experi-
ments demonstrated that fibroblasts were not supplied from the circulation. Comprehensive gene
expression analysis of freshly isolated fibroblasts revealed a detailed activation signature associated with
fibrogenesis, including changes in genes responsible for migration and extracellular matrix construction.
The Spp1 gene, which encodes osteopontin, was highly up-regulated and was an identifying characteristic
of activated fibroblasts present at the sites of remodeling. Osteopontin may serve as a useful marker of
profibrotic fibroblasts. These results provide insights into the cellular and molecular mechanisms
underlying pulmonary fibrosis and provide a-foundation for development of specific antifibrotic therapies.

(Am J Pathol 2013, 183: 758—773; http://dx.doi.org/10.1016/].ajpath.2013.06.005)

Fibrosis is a common pathological feature of chronic inflam-
mation. In response to injury, activated fibroblasts accumulate
in damaged tissue and irreversibly deposit excessive amounts
of extracellular matrix (ECM) components, which severely
impair organ function.' In the lungs, the most common fibrotic
disease is idiopathic pulmonary fibrosis, which is characterized
by a histological pattern of usual interstitial pneumonia in-
cluding bronchiolization and honeycombing. Because means
for early diagnosis and effective therapies are lacking for
idiopathic pulmonary fibrosis, patients have a median survival
of only 2.5 to 3.5 years after diagnosis.”

Within fibrotic lesions, fibroblastic cells are activated
by cytokines and growth factors such as TGF-B, often
expressing «-smooth muscle actin (¢-SMA) and adopting

Copyright © 2013 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ajpath.2013.06.005

a myofibroblast phenotype. As the major producers of ECM
components such as collagen type I, myofibroblasts play
acentral role in the pathogenesis of fibrosis.>* Myofibroblasts
derive from several types of progenitor cells, depending on
the organ and experimental model. Although resident fibro-
blasts have been considered the major progenitors of myofi-
broblasts in the lungs, the extent of the contribution of
other cell populations, such as epithelial cells or fibrocytes,
remains a matter of debate.” % Hoyles et al’ found that resi-
dent fibroblast-specific deletion of the high-affinity type II
TGF-B receptor attenuated bleomycin-induced lung fibrosis,

Supported by the Japan Science and Technology Agency (CREST
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demonstrating the important role of resident fibroblasts in
their model. Rock et al'® recently used genetic lineage
labeling to demonstrate that type II alveolar cells and
Scgblal-positive cells (mainly bronchiolar Clara cells) in the
alveoli and bronchioles did not become myofibroblasts
through epithelial—to-mesenchymal transition in bleomycin-
induced lung fibrosis. They also showed that NG2-expressing
pericyte-like cells (which are sources of myofibroblasts in
some fibrosis models'""'?) were not major progenitors of
myofibroblasts in the lungs. Nonetheless, there remains
a need to clarify the role of resident fibroblasts as myofibro-
blast progenitors in the lungs.

Resident fibroblasts, which comprise 30% to 40% of tissue
cells in the lungs, form scaffolds for alveoli by secreting
ECM components.'? Despite the prevalence of these cells in
the alveoli and despite their postulated roles in pulmonary
fibrosis, the in vivo properties of resident fibroblasts in both
their normal and activated states remain poorly understood.
Fibroblasts lack specific surface markers, and stromal cell
heterogeneity in lung has not been well characterized. Earlier
studies have often isolated fibroblasts by their adhesiveness
to plastic dishes, which in itself can affect the phenotype of
fibroblasts.'* In addition, the histological approaches that are
commonly used in fibrosis studies have limited parameters
and resolution for the quantitative analysis of single cells. For
these reasons, it remains largely unknown how fibroblasts
generate fibrotic lesions and contribute to organ fibrosis. To
develop novel therapies for pulmonary fibrosis that specifi-
cally suppress fibroblast activation, accumulation, and ECM
deposition, a more detailed picture of how these processes
occur is required.

In the present study, we analyzed qualitative and quan-
titative changes in fibroblast populations in a model of
bleomycin-induced lung fibrosis. Fibroblasts were identified
using collagen type I, alpha 2 (Colla2) reporter mice, in
which collagen type I-expressing fibroblasts are labeled with
EGFP.">!'® Flow-cytometric analysis of cells from enzy-
matically dissociated lung tissue taken during bleomycin-
induced lung fibrosis revealed phenotypic changes without
a change in overall fibroblast numbers. Although fibroblast
proliferation increased, this was countered by a similar
increase in apoptosis. On the other hand, gene expression
profiles of freshly isolated fibroblasts generated by next-
generation DNA sequencing revealed a detailed gene signa-
ture for profibrotic cells. Specifically, the gene encoding
osteopontin (OPN) was highly up-regulated, suggesting that
OPN may serve as an activation marker of lung fibroblasts.

Materials and Methods
Mice

Colla2-GFP (C57BL/6 background for >10 generations)
and ROSA-CAG-SCATS3.1 mice were generated in previous
studies.'®'” ROSA-CAG-SCAT3.1 mice were generated
with BDF1-derived ES cells and backcrossed to C57BL/6

The American Journal of Pathology m ajp.amjpathol.org

mice for at least two generations.!” The properties of Fuc-
ciG1-#639 and FucciS/G2/M-#474 mice (both C57BL/6
background) are to be published elsewhere. CS7BL6/J mice
were purchased from Japan SLC (Hamamatsu, Japan) or
CLEA Japan (Tokyo, Japan). Animal experiments were
performed on 6~ to 12-week—old mice. Mice were bred and
maintained in specific pathogen-free facilities at the
University of Tokyo. All animal experiments were per-
formed in accordance with the guidelines of the Animal
Care and Use Committee of the University of Tokyo.

Intratracheal Instillation

Mice were anesthetized with pentobarbital. Bleomycin
sulfate (1.25 to 2.5 mg/kg dissolved in 50 pL of saline
solution; Toronto Research Chemical, Toronto, ON,
Canada) or 50 pg lipopolysaccharide from Salmonella
minnesota R595 (Enzo Life Sciences, Farmingdale, NY)
were instilled intratracheally by oropharyngeal aspiration.'®

BrdU

Bromodeoxyuridine (BrdU; 0.8 mg in 200 pL saline;
Sigma-Aldrich, Tokyo, Japan; St. Louis, MO) was injected
intraperitoneally at 24 hours before sacrifice. Mouse
drinking water was supplemented with 0.8 mg/mL BrdU for
this 24-hour period. For long-term BrdU pulse experiments,
mice were injected with 0.8 mg BrdU i.p. after bleomycin
treatment and given 0.8 mg/mL BrdU-containing drinking
water until analysis.

Tissue Dissociation

Mice were anesthetized with pentobarbital. After perfusion
with 5 mL of PBS via the right ventricle, the trachea was
cannulated. Pulmonary airspaces were lavaged three times
with 1 mL PBS each time. Either the left or right lobes of the
lungs were harvested for flow cytometry. The lobes were cut
into small pieces and digested in protease solution [0.2%
collagenase (Wako Pure Chemical Industries, Osaka, Japan),
0.1 mg/mL Dispase II (Roche, Basel, Switzerland), and 2000
U/mL DNase I (Merck, Darmstadt, Germany) in RPMI
medium (Sigma-Aldrich)] for 60 minutes at 37°C with trit-
uration by micropipette every 20 minutes. After being passed
through a 70-pm strainer (BD Biosciences, San Diego, CA),
cells were washed and resuspended in RPMI medium (Sigma-
Aldrich) containing 10% fetal bovine serum. Peripheral blood
cells were treated with red blood cell lysis buffer before
analysis by flow cytometry.

Hydroxyproline Assay

Lung hydroxyproline content was measured as described
previously.'®*® In brief, mice were sacrificed and the left
lungs were harvested. The lungs were minced and suspended
in up to 800 pL of ultrapure water, after which 800 plL of
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12 N HCI was added and the mixture heated for 24 hours at
110°C. The resulting acid hydrolysates was filtrated through
a 0.45-um filter, and 25 pl. was transferred to new tubes.
Next, 25 uL of 6 N NaOH, 50 pL of citric acetate buffer (5%
citric acid, 7.24% sodium acetate, 3.4% NaOH, 1.2% glacial
acetic acid, pH 6.0), and 400 pL of chloramine T solution
(564 mg of chloramine T, 4 mL of H,0, 4 mL of n-propanol,
and 32 mL of citric-acetate buffer) were added, and
the mixture was incubated for 20 minutes at room tempera-
ture. Next, 400 pL of Ehrlich’s solution (4.5 g of
4-dimethylaminobenzaldehyde, 18.6 mL of n-propanol, and
7.8 mL of 70% perchloric acid) was added, and the mixture
was incubated for a further 15 minutes at 65°C before the
absorbance (optical density ODsso) of the solution was
measured. The reagents were purchased from Wako Pure
Chemical Industries, Sigma-Aldrich Japan, and Tokyo
Chemical Industry (Tokyo, Japan).

Flow Cytometry

Cell suspensions were incubated with anti-CD16/32 anti-
body to block nonspecific binding, followed by PerCP-
Cy5.5 anti-CD31, phycoerythrin (PE)-Cy7 anti-EpCAM,
and allophycocyanin (APC)-Cy7 anti-Terl119 antibodies
from Biolegend (San Diego, CA) and APC anti-CD45.2
antibody from BD Biosciences (San Jose, CA). For a-SMA
and cleaved caspase 3 intracellular staining, cells were fixed
with Cytofix/Cytoperm buffer (BD Biosciences) for 20
minutes before incubation with APC anti-a-SMA antibody
(R&D Systems, Minneapolis, MN) and anti-cleaved caspase
3 (Cell Signaling Technology, Danvers, MA), followed by
incubation with Alexa Fluor 647 anti-rabbit IgG (Life
Technologies, Tokyo, Japan; Carlsbad, CA) for cleaved
caspase 3. BrdU incorporation was examined using a BrdU
flow kit (BD Biosciences). For intracellular OPN staining,
single-cell suspensions were cultured in 10% fetal bovine
serum—RPMI medium (Sigma-Aldrich) at 37°C with or
without the protein transport inhibitor brefeldin A (BFA) for
6 hours, after which adherent cells were collected using
trypsin—EDTA. After a washing, the cells were fixed with
Cytofix/Cytoperm buffer (BD Biosciences) and then stained
with goat anti-OPN primary antibodies (R&D Systems),
followed by Alexa Fluor 647 anti-goat IgG as secondary
antibody (Life Technologies). Antibody-labeled cells were
washed twice before analysis with a Gallios flow cytometer
(Beckman Coulter, Brea, CA). For analysis of cells from
SCATS3.1 mice, the FL10 filter was switched to 525BP. Cell
sorting was performed on FACSAria (BD Biosciences).
Flow cytometry data were analyzed using FlowJo version
7.6.5 software (Tree Star, Ashland, OR).

Immunohistochemistry

Lungs were fixed with 4% paraformaldehyde—PBS for 6
hours at 4°C, treated with 30% sucrose for cryoprotection,
and then embedded in TissueTek optimal cutting temperature
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compound (Sakura Finetek Japan, Tokyo, Japan). For OPN
staining, lungs were filled through the trachea with BFA
containing 10% fetal bovine serum-RPMI medium (Sigma-
Aldrich) and were incubated in the same medium at 37°C for
6 hours, before paraformaldehyde fixation. Frozen sections
(6 um thick) were stained with PE anti-EpCAM (Bio-
Legend), APC anti—a-SMA (R&D Systems), anti-collagen
type I (Cosmo Bio, Tokyo