Table 2. Clinical data of patients with NAFLD/NASH and

chronic viral hepatitis.

NAFLD/NASH

Chronic viral hepatitis

Sex (male/female) 18/33 9/6

AST (lu/L)

78.7+6.9

53.3+9.4

NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis;
BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine
aminotransferase. Data are expressed as the mean * SE. “"P<0.01.
doi:10.1371/journal.pone.0082163.t002

study. To the best of our knowledge, this is the first report to
clucidate the potential role of hCLS in liver fibrosis in NASH. In
our mouse model, the number of microgranulomas was quite low
(0.180.03/mm? relative to that of hCLS (25.61+0.18/mm? (M.
Itoh et al. unpublished observations). It is, therefore, technically
difficult to examine the correlation of microgranulomas with the
histological scores. On the other hand, the number of micro-
granuloma in the human biopsies was 3.67+0.35/mm?, which
was much larger than that in MC4R-KO mice. This might be due
to the difference in species or the degree of steatosis. In this regard,
we do not exclude the possibility that microgranulomas are
involved in liver fibrosis in human NASH. In line with this, there
are several reports showing the increased number of microgranu-
lomas in NASH relative to simple steatosis and the correlation
between the number of microgranulomas and the extent of liver
fibrosis  [51,52]. Accordingly, it is interesting to know the
difference of the role of hCLS and microgranulomas in liver
fibrosis.

This study demonstrates for the first time that hCLS is a unique
histological feature correlated with liver fibrosis in our mouse
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model of NASH. We also observed increased number of hCLS in
the liver of NAFLD/NASH patients. Our data suggest that in the
development of NASH, macrophages constitute hCLS, where they
interact with dead hepatocytes and fibrogenic cells, thereby
accelerating inflammation and fibrosis in the liver. Collectively,
our data provide evidence that hCLS is involved in the
development of hepatic inflammation and fibrosis, thereby
suggesting its pathophysiologic role in disease progression from
simple steatosis to NASH.

Supporting Information

Figure S1 hCLS formation in mouse model of steatohe-
patitis. Sirius red (A) and I'4/80 (B) stainings in the liver of
MC4R-KO mice fed a high-fat diet (HFD) for 20 weeks. (C)
Correlation of fibrosis area with hCLS number. Sirius red (D) and
T4/80 (E) stainings in the liver from wildtype mice fed a HFD for
one year. Sirius red (I') and I4/80 (G) stainings in the liver from
wildtype mice fed a methionine and choline-deficient diet for 4
weeks. hCLS was indicated by arrows. Scale bars, 50 pm.

(PDF)
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Figure 4. hCLS in human NASH. (A-C) Representative liver sections stained with CD68 antibody in patients with NASH (A), simple hepatic
steatosis (B), and chronic viral hepatitis (C). Arrows indicate hCLS. (D) hCLS number in patients with NAFLD/NASH, and chronic viral hepatitis.
Correlation of hCLS number with scores for hepatic steatosis (E), lobular inflammation (F), ballooning degenetation (G), and fibrosis stage (H) in

patients with NAFLD/NASH. Scale bars, 50 um. ** P<<0.01.
doi:10.1371/journal.pone.0082163.g004
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Activating Transcription Factor 4

Links Metabolic Stress to
Interleukin-6 Expression in

Macrophages

Chronic inflammation is a molecular element of the
metabolic syndrome and type 2 diabetes. Saturated
fatty acids (SFAs) are considered to be an important
proinflammatory factor. However, it is still
incompletely understood how SFAs induce
proinflammatory cytokine expression. Hereby we
report that activating transcription factor (ATF) 4,

a transcription factor that is induced downstream of
metabolic stresses including endoplasmic reticulum
(ER) stress, plays critical roles in SFA-induced
interleukin-6 (//6) expression. DNA microarray
analysis using primary macrophages revealed that
the ATF4 pathway is activated by SFAs.
Haploinsufficiency and short hairpin RNA-based
knockdown of ATF4 in macrophages markedly

inhibited SFA- and metabolic stress~induced /6
expression. Conversely, pharmacological activation
of the ATF4 pathway and overexpression of ATF4
resulted in enhanced //6 expression. Moreover,
ATF4 acts in synergy with the Toll-like receptor-4
signaling pathway, which is known to be activated
by SFAs. At a molecular level, we found that ATF4
exerts its proinflammatory effects through at least
two different mechanisms: ATF4 is involved in SFA-
induced nuclear factor-kB activation; and ATF4
directly activates the //6 promoter. These findings
provide evidence suggesting that ATF4 links
metabolic stress and /6 expression in
macrophages.
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Chronic inflammation is a molecular element of the
metabolic syndrome and type 2 diabetes. Several
proinflammatory signaling pathways, including in-
terleukin 6 (IL-6) signaling, are shown to play essential
roles in the pathophysiology of the metabolic syn-
drome, type 2 diabetes, and subsequent cardiovascular
diseases (1-~3). As a causative factor of chronic in-
flammation, several lines of evidence support the role
of free fatty acids. Of note, saturated fatty acids
(SFAs), such as palmitate (Pal) and stearate, have been
shown to induce proinflammatory cytokine production
in various cell types, including macrophages (4,5).
However, the underlying mechanism of SFA-induced
proinflammatory cytokine expression is only partially
elucidated.

To date, we and others have demonstrated that Toll-
like receptor-4 (TLR4), a pathogen sensor expressed on
the cell surface, plays a critical role in the SFA-induced
proinflammatory cytokine expression (4-6). On the
other hand, multiple mechanisms are involved in the
SFA-induced cellular responses (1,7,8). Among them,
attention has been focused on the role of cellular met-
abolic stresses such as endoplasmic reticulum (ER)
stress and oxidative stress (1). Recent reports suggest
that the modulation of metabolic stress pathways may
alter high-fat diet-induced proinflammatory cytokine
expression as well as insulin resistance (9,10). There-
fore, it is of importance to clarify the molecular mech-
anism by which metabolic stresses affect
proinflammatory cytokine expression.

In this study, using DNA microarray and network
analyses in macrophages, we show that activating tran-
scription factor (ATF) 4, a basic leucine zipper tran-
scription factor, is potently induced by SFAs. We provide
evidence that ATF4 plays essential roles in II6 expression
induced by various metabolic stresses, including ER
stress. Furthermore, the ATF4 pathway has a synergistic
effect on the TLR4 signaling pathway, enhancing II6 ex-
pression. As a molecular mechanism, ATF4 is capable of
enhancing metabolic stress-induced nuclear factor-xkB
(NF-kB) activation and directly activating the II6 pro-
moter. Our data suggest that ATF4 is a novel link be-
tween metabolic stress and II6 expression in
macrophages.

RESEARCH DESIGN AND METHODS

Mice, Celis, and Reagents

Tlr4- and Atf4-deficient mice were provided by Dr. Shizuo
Akira (Osaka University, Osaka, Japan). Mice were
maintained on the C57BL/6 (B6) genetic background. All
animal experiments were performed in accordance with
the guidelines of Tokyo Medical and Dental University
(no. 2011-207C, no. 0130269A). Murine peritoneal and
bone marrow-derived macrophages (BMDMs) were pre-
pared as described (11). All primary cells used for in vitro
experiments were on the B6 background. Splenic CD11b-
positive cells were purified using anti-CD11b magnetic
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beads and LS-columns (Miltenyi Biotec, Bergisch
Gladbach, Germany). The RAW264 macrophage cell line
(RIKEN BioResource Center, Tsukuba, Japan) was
maintained in Dulbecco’s modified Eagle’s medium
(Nacalai Tesque, Kyoto, Japan) containing 10% FBS.
Palmitate (P5585), stearate (P4751), lipopolysaccharide
(LPS; P4391), lipid A (L5399), and a double-stranded
RNA-dependent protein kinase (PKR) inhibitor
(2-aminopurine; A3509) were purchased from Sigma-
Aldrich (St. Louis, MO). Fatty acids were solubilized in
ethanol, and conjugated with fatty acid-free and Ig-free BSA
at a molar ratio of 10:1 (fatty acid/albumin) in serum-poor
medium (0.5% FBS) (4). The vehicle control used was

a mixture of ethanol and BSA alone in place of fatty
acids. A PKR-like ER kinase (PERK) inhibitor
(GSK2606414) was obtained from EMD Millipore
(Calbiochem; Billerica, MA). A stearoyl-CoA desaturase 1
inhibitor (A939572) was from BioVision (Milpitas, CA).
Antibodies against ATF4 (sc200), RelA (sc372), ATE3
(sc188), B-actin (sc47778), and Lamin A/C (sc20681)
were from Santa Cruz Biotechnology (Dallas, TX). Anti-
bodies against IxBa (catalog #9242), eukaryotic initiation
factor-2a (elF2q; catalog #9722), and phospho-elF2a
(catalog #9721) were from Cell Signaling Technology
(Danvers, MA). An antibody against ATF6 (IMG273) was
from Imgenex (San Diego, CA).

Microarray, Network, and Pathway Analyses

Total RNAs were extracted from thioglycollate-elicited
peritoneal macrophages using the RNeasyMini Kit
(Qiagen, Valencia, CA). Microarray analysis was per-
formed on biological duplicate samples using Affymetrix
GeneChip Mouse Genome 430 2.0 Arrays according to
the manufacturer’s instructions (12). Genes with an av-
erage fold change >1.8 and labeled as both “present (P)”
and “increased (I)” were considered to be differentially
upregulated. Affymetrix probe IDs were converted to
unique Entrez IDs. Protein networks were built running
the Markov clustering algorithm using the functional and
physical interaction scores from STRING 9.0 with an
inflation parameter of 2.0. Markov clustering has been
used by many groups to build protein complexes or
families based on protein-protein interactions (13,14).
The results were visualized in Cytoscape software (15).
Pathway and gene ontology analyses were performed
using the Reactome functional protein interaction data-
base (http://www.reactome.org/).

Nuclear Cytoplasmic Fractionation

The cells were collected in ice-cold PBS, resuspended in
buffer A (10 mmol/L HEPES-KOH at pH 7.8, 10 mmol/L
KCl, 0.1 mmol/L EDTA, 1 mmol/L dithiothreitol, 0.5
mmol/L phenylmethylsulfonyl fluoride, and protease
inhibitors) and incubated on ice for 5 min. The cells were
then spun down, and the cytoplasmic fraction was aspi-
rated to separate tubes. The nuclear fraction was then
lysed in buffer C (50 mmol/L HEPES-KOH at pH 7.8,
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420 mmol/L KCl, 0.1 mmol/L EDTA, 5 mmol/L MgCl,,
1 mmol/L dithiothreitol, 0.5 mmol/L phenylmethylsulfonyl
fluoride, and protease inhibitors) at 4°C for 30 min. The
lysate was clarified by centrifugation, and the supernatant
was collected.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation was performed using
the MAGnify Chromatin Immunoprecipitation System
(49-2024; Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions with some modifications. In
brief, thioglycollate-elicited peritoneal macrophages were
cross-linked with 1% (w/v) formaldehyde for 10 min and
lysed in the buffer provided. Nuclear extracts from 3 X 10°
to 1 X 107 cells were used per immunoprecipitation
reaction. Sonicated nuclear extracts were immunopreci-
pitated for 2 h at 4°C with anti-ATF4 (sc200x, 3 pg),
anti-RelA (sc372, 3 pg), or IgG isotype negative control
(sc2027, 3 pg) antibodies (Santa Cruz Biotechnology).
DNA was eluted and purified as previously described
(16). Eluted DNA was quantified with quantitative PCR
using SYBR GREEN chemistry (StepOne Plus; Applied
Biosystems, Foster City, CA).

RNA Purification, Reverse Transcription, and Real-
Time PCR Amplification

RNA was purified using Sepasol (30486-56; Nacalai
Tesque), according to the manufacturer’s instructions.
Total RNA (1.25 pg) was reverse-transcribed using

a ReverTraAce (FSQ-201; Toyobo, Osaka, Japan). Ten
nanograms of ¢cDNA were used for real-time PCR am-
plification with SYBR GREEN detection protocol in

a thermal cycler (StepOne Plus; Applied Biosystems).
Data were normalized to the 36B4 levels and analyzed
using the comparative threshold cycle method (12).
Primer sequences are listed in Supplementary Table 1.

Plasmid Construction, Transfection, and Knockdown
Experiments

An expression vector encoding murine ATF4 was con-
structed by inserting PCR-amplified cDNA fragment
encoding ATF4 between the EcoRI and BamHI sites of the
pcDNA3.1Myc-His3 expression vector. For generation of
the ATF4 5’ untranslated region (UTR) luciferase re-
porter plasmid, the 285 base pairs of murine ATF4 5’
UTR was amplified by PCR and was inserted into the
HindIII site of the pGL3 control vector (E1741; Promega,
Madison, WI). The rat II6 promoter luciferase reporter
plasmid and various truncated constructs (17) were gifts
from Dr. Toshihiro Ichiki (Kyushu University, Fukuoka,
Japan). The II6 promoter construct containing mutant
ATF/cAMP-responsive element-binding protein site was
generated from the JI6 promoter construct 2 by the in-
verse PCR-based site-directed mutagenesis using

KOD plus DNA polymerase (KOD201; Toyobo). The
thymidine-kinase promoter renilla luciferase reporter vector
was purchased from Promega. All transfection experi-
ments were performed using Lipofectamine LTX reagent
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(A12621; Invitrogen) according to the manufacturer’s
protocol. Retrovirus-mediated knockdown of ATF4

was performed as previously described (18). The

target sequences for short hairpin (sh) ATF4 were
5'-TCCCTCCATGTGTAAAGGA-3’ (shATF4 1) and
5'-CTCTGTTTCGAATGGATGA-3" (shATF4 2), respectively.
As a negative control, shGFP was used as described
previously (18).

Luciferase Assay

For the ATF4 5’ UTR luciferase assay, RAW264 macro-
phages seeded on 24-well plates were transiently
cotransfected with 30 ng renilla and 600 ng firefly lu-
ciferase reporter plasmids. For the II6 promoter lucifer-
ase assay RAW264 macrophages were transiently
cotransfected with 50 ng renilla and 250 ng firefly lu-
ciferase reporter plasmids. Twenty-four hours after
transfection, cells were collected and luciferase activity
was measured with a dual-luciferase reporter assay sys-
tem (Promega) according to the manufacturer’s protocol.
All data were normalized for transfection efficiency by
the division of firefly luciferase activity by renilla lucif-
erase activity.

NF-xB RelA DNA-Binding Activity Assay

Ten micrograms of nuclear extracts was used to de-
termine RelA (p65) DNA-binding activity using an
ELISA-based assay (TransAM 40096; Active Motif,
Carlsbad, CA), according to the manufacturer’s instruc-
tions. In brief, kB oligonucleotide-coated plates (in

a 96-well format) were incubated for 1 h with the nuclear
extracts. Specificity was achieved by incubation with anti-
RelA primary antibodies for 1 h. Horseradish peroxidase—
conjugated secondary antibodies were used for the
detection of RelA bound to the xB sequences.

ELISA

ELISA of mouse IL-6 was performed using Mouse IL-6
Quantikine ELISA Kit (R&D Systems, Minneapolis, MN),
as described previously (19).

Statistical Analysis

Data were expressed as the mean = SEM. P values were
calculated using two-tailed Student t tests.

RESULTS

ATF4 Pathway Is Activated by SFAs in the Absence of
TLR4

In an attempt to identify novel mechanisms underlying
the SFA-induced inflammatory responses, we performed
DNA microarray analysis of palmitate-stimulated peri-
toneal macrophages obtained from TIr4-deficient and
wild-type mice. A total of 122 genes were upregulated by
palmitate in both TIr4-deficient and wild-type macro-
phages (Fig. 14). We next performed Markov clustering
of these genes using STRING database (20), which pro-
duced several clusters (Fig. 1B). Pathway analysis using
the Reactome database (21) identified two large clusters
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Figure 1—The ATF4 pathway is activated by SFAs in the absence of TLR4. A: Venn diagram showing genes induced by palmitate (Pal) in
a TLR4-independent manner. Tlird** and Tir4™'~ peritoneal macrophages were treated with 500 pmol/L Pal or BSA (Veh) for 8 h.

B: Network analysis of the 122 genes in the overlap in A on the STRING 9.0 database interaction network, followed by Markov clustering
algorithm. C: Pathway analysis of the clusters formed in B using the Reactome database. D: Activation of ATF4 translation by Pal.
RAW264 cells were transiently transfected with the ATF4 5’ UTR luciferase construct. Cells were stimulated with 500 pmol/L Pal,

20 pmol/L Sal (used as a positive control) or Veh for 8 h ("P < 0.05, n = 3). E: Western blotting of cytoplasmic (for P-elF2a, elF2q, and
beta-actin) and nuclear (for ATF4, RelA, and lamin A/C) fractions of TIr4*'* and Tir4™'~ peritoneal macrophages. Cells were stimulated
with 500 pmol/L Pal or Veh for 8 h. Representative blots (feft) and quantitative results (right) are shown (*P < 0.05, n = 5). F: NF-«B
activity assay. TIr4*"* and Tir4™'~ peritoneal macrophages were treated with 500 pmol/L Pal or Veh for 4 h. NF-«xB p65/RelA activity in
the nuclear extract was measured (P < 0.01, n = 3). IKK, inhibitor of nuclear factor B kinase; kB, inhibitor of nuclear factor «B; SCF,
Skp1-cullin-F-box protein; B-TrCP, B-transducin repeat-containing protein.

in which target genes for ATF4 and NF-«B were enriched  through the characteristic upstream open reading frames

(Fig. 10). Indeed, several signaling pathways that can in the 5" UTR (24). Using ATF4 5’ UTR luciferase assay,
induce ATF4 were significantly enriched in gene ontology ~ we confirmed that ATF4 translation was activated by
analysis (Supplementary Fig. 1). palmitate in RAW264 macrophage-like cell lines (Fig. 1D).
ATF4 is induced following phosphorylation of elF2«;,  In line with this, palmitate increased ATF4 protein levels
which is mediated by eIF2a kinases (i.e., the heme- and the expression of target genes, such as tribbles

regulated elF2a kinase, PKR, PERK, and the general con- homolog-3 (T7ib3) and c/ebp homologous protein (Chop,
trol nonderepressible 2) under metabolic stresses such as  also known as Ddit3) (25), in peritoneal macrophages, at

ER stress, oxidative stress, and amino acid deprivation least in part, independent of TLR4 (Fig. 1E, and Sup-
(22). Previous reports showed that at least two of the plementary Fig. 2D). We also observed that other
elF2a kinases, PKR and PERK, are activated by SFAs branches of the unfolded protein response were activated

(9,23). Consistently, pharmacological inhibitors of PKR by palmitate in the absence of TLR4 (Supplementary
and PERK suppressed palmitate-induced activation of the  Fig. 2C and D). Intriguingly, we found that, even in Tlr4-
ATF4 pathway (Supplementary Fig. 24 and B), suggesting  deficient macrophages, palmitate increased the expression
that PKR and PERK are likely to be involved in SFA- of some proinflammatory cytokines, such as II6 and
induced eIF2a phosphorylation. When elF2a is phos- tumor necrosis factor (Tnf), to a lesser extent than wild-
phorylated, ATF4 translation is preferentially upregulated  type macrophages (Supplementary Fig. 2D). Consistent
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with this, nuclear protein levels and activity of RelA
(p65), a transcriptional activating subunit of NF-«B,
were increased by palmitate in both wild-type and
Tlr4-deficient macrophages (Fig. 1E and F). These results
suggest that the ATF4 pathway, as well as the NF-kB
pathway, is activated in macrophages by palmitate in the
absence of TLR4.

In addition, we confirmed that stearate, another SFA,
also activated the ATF4 pathway in RAW264 macro-
phages (Supplementary Fig. 34). By contrast, un-
saturated fatty acids such as oleate and eicosapentaenoic
acid did not activate the ATF4 pathway (Supplementary
Fig. 3B). Notably, eicosapentaenoic acid effectively sup-
pressed palmitate-induced activation of the ATF4 path-
way (Supplementary Fig. 3B). We also found that
pharmacological inhibition of fatty acid desaturation
resulted in upregulation of ATF4 target genes (Supple-
mentary Fig. 3C) (26,27), suggesting that intracellular
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SEAs, not unsaturated fatty acids, play a role in the ATF4
pathway activation. Although further studies are re-
quired, our results are consistent with previous reports
showing that altered membrane lipid composition may
activate unfolded protein response pathways through
several mechanisms, including calcium depletion (28) and
direct activation of ER membrane sensors (29).

ATF4 Is Required for /I6 Expression in Response to
Metabolic Stresses

In contrast to NF-kB (30), the role of ATF4 in the in-
flammatory pathway is not yet fully characterized. Be-
cause Atf4-null mice are mostly embryonic or neonatal
lethal (31), in this study we used primary macrophages
obtained from Atf4-haploinsufficient mice. We found
that BMDMs from Atf4-haploinsufficient mice were de-
fective in palmitate-induced mRNA expression of 116
(Fig. 24). Tnf expression was only marginally attenuated
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Figure 2—ATF4 is required for //6 expression in response to metabolic stresses. A and B: Atf4** and Atf4*'~ BMDMs were treated
with 500 pmol/L palmitate (Pal) or BSA (Veh). A: Expression levels of proinflammatory cytokines at the indicated time points (*P < 0.05,
*P < 0.01, n = 3). B: IL-6 levels in the culture media obtained from 24-h treated samples (**P = 0.0094, n = 3). C and D: Atf4*"* and
Atf4*'~ peritoneal macrophages were treated with 1 wg/mL tunicamycin (Tu) or DMSO (Veh). C: Expression levels of proinflammatory
cytokines at the indicated time points (*P < 0.05, **P < 0.01, n = 3). D: IL-6 levels in the culture media obtained from 24-h treated

samples (P = 0.0006, n = 3). E and F: Expression levels of proinflammatory cytokines were measured at the indicated time points.
E: Atf4** and Atf4*'~ peritoneal macrophages were treated with 1 umol/L thapsigargin (“P < 0.01, n = 3). F: Atf4*"* and Atf4*'~ peritoneal
macrophages were treated with 10 ng/mL lipid A (n = 3). G: Atf4*"* and Atf4*'"~ mice were intraperitoneally injected with Tu 1 mg/kg or DMSO
(Veh). Sixteen hours after injection, expression levels of Atf4 and proinflammatory cytokines were examined in the spleen and the liver
(*P < 0.05, *P < 0.01, n = 5).
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in Atf4-haploinsufficient macrophages. Consistently,
Atf4-haploinsufficient macrophages showed decreased
secretion of IL-6 in the media (Fig. 2B). Similarly, Atf4-
haploinsufficient peritoneal macrophages showed atten-
uated II6 expression induced by ER stressors, such as
tunicamycin (Fig. 2C and D) and thapsigargin (Fig. 2E),
compared with wild-type macrophages. To test the im-
portance of ATF4 in RAW264 macrophages, we knocked
down Atf4, which was confirmed by quantitative PCR and
Western blotting (Supplementary Fig. 4A and B). Atf4
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knockdown reduced SFA-induced (Supplementary Fig.
4C) or ER stress—induced (Supplementary Fig. 4D) II6
expression. On the other hand, in macrophages treated
without these stressors, there was no significant differ-
ence in lipid A (a bona fide TLR4 ligand)-induced
proinflammatory cytokine expression between the geno-
types (Fig. 2F). To test the in vivo functional role of
ATF4, we activated the ATF4 pathway by intraperitoneal
injection of tunicamycin (Fig. 2G). Sixteen hours after
the injection, tunicamycin treatment potently induced
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Figure 3— Activation of the ATF4 pathway exaggerates /6 expression in synergy with the TLR4 pathway. A and B: Expression levels of
proinflammatory cytokines were measured. A: BMDMs were pretreated with 1 pmol/L thapsigargin (Tg) or DMSO (Veh) for 2 h, then
stimulated with 10 ng/mL lipid A or PBS (Veh) for 4 h (**P < 0.01, *P < 0.001, n = 3). B: Peritoneal macrophages were pretreated with
1 ng/mL tunicamycin (Tu) or DMSO (Veh) for 2 h, then stimulated with 10 ng/mL lipid A or PBS (Veh) for 4 h (*P < 0.01, **P < 0.001,n = 3).
C: RAW264 macrophages were pretreated with 0.3 pmol/L Tg or DMSO (Veh) for 2 h, then stimulated with 10 ng/mL lipid A or PBS (Veh)
for 4 h. IL-6 levels in the culture media were measured by ELISA (**P = 0.0017, n = 4; #below the lower limit of quantification). D: Atf4**
and Atf4*~ BMDMs were pretreated with 1 wmol/L Tg or DMSO (Veh) for 2 h, then stimulated with 10 ng/mL lipid A or PBS (Veh) for 4 h.
Expression levels of proinflammatory cytokines were measured (*P = 0.0182, n = 3). E: RAW264 macrophages were treated with 20 pmol/L
Sal or DMSO (Veh) for 4 h. ATF4 protein levels in the nucleus was determined by Western blotting. Representative blots (top) and
quantitative results (botfom) are shown (*P < 0.01, n = 4). F and G: Expression levels of proinflammatory cytokines were measured.
F: RAW264 macrophages were treated with Sal (10, 50, 100 pmol/L) or 1 pmol/L Tg or DMSO (Veh) for 4 h (P < 0.01, **P < 0.001,n =3).
G: BMDMs were pretreated with 50 pmol/L Sal or DMSO (Veh) for 4 h, then stimulated with 10 ng/mL lipid A or PBS (Veh) for 4 h (**P <
0.001, n = 3). H: BMDMs were pretreated with Sal 20 and 50 pmol/L or DMSO (Veh) for 4 h, then stimulated with 10 ng/mL lipid A or PBS
(Veh) for 4 h. IL-6 levels in the culture media were measured (**P < 0.001, n = 3). / and J: RAW264 macrophages were transiently
transfected with expression vectors encoding murine ATF4 (ATF4oe) or empty vectors (Mock or M). I: Twenty-four hours after transfection,
ATF4 protein levels in the nucleus were determined by Western blotting. Representative blots (top) and quantitative results (bottom) are
shown (*P < 0.01, n = 4). J: Twenty-four hours after transfection, cells were stimulated with 100 ng/mL LPS or PBS (Veh) for 4 h. Ex-
pression levels of proinflammatory cytokines were measured (P < 0.05, *P < 0.01, n = 3). Gadd34, growth arrest and DNA damage-
inducible gene 34; Grp78, glucose-regulated protein 78.
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Atf4 and II6 mRNA expression in the spleen and liver
from wild-type mice, which was significantly decreased in
those from Atf4-haploinsufficient mice. Tnf expression
was not significantly decreased. We obtained a similar
result using purified CD11b-positive splenic macrophages
(Supplementary Fig. 5). In this study, we observed no
apparent difference in LPS-induced II6 mRNA expression
between the genotypes (data not shown). These obser-
vations suggest that ATF4 plays a critical role in the
metabolic stress—induced proinflammatory cytokine ex-
pression in vitro and in vivo.

ATF4 Pathway Enhances /I6 Expression in Synergy
With the TLR4 Pathway

We next examined the impact of the ATF4 pathway
activation on proinflammatory cytokine expression in
cells under metabolic stresses. Pretreatment of various
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macrophages with ER stressors markedly enhanced the
lipid A-induced mRNA expression and secretion of
IL-6 (Fig. 3A-C and Supplementary Fig. 64). The ex-
pression levels of Tnf were also affected to a lesser
extent (Fig. 3A and B). Similar results were obtained
using murine embryonic fibroblasts (MEFs) (Supple-
mentary Fig. 6C). Although the magnitude varied, the
patterns of gene expression in response to ER stressors
and TLR4 agonists were similar among cell types. No-
tably, this enhancement was significantly attenuated in
Atf4-haploinsufficient macrophages (Fig. 3D), ATF4
knockdown RAW?264 macrophages (Supplementary
Fig. 6B), and Atf4-deficient MEFs (Supplementary Fig.
6C). These observations suggest that the ATF4 path-
way has a synergistic effect on the TLR4 signaling
pathway.
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Figure 4—ATF4 is involved in NF-«B activation in response to metabolic stresses. A and B: Western blotting of nuclear exiracts from

peritoneal macrophages. Representative blots (leff) and quantitative results (right) are shown (*P < 0.05, n = 4-5). A: Cells were treated
with 500 pmol/L palmitate (Pal) or BSA (Veh) for 6 h. B: Cells were treated with 1 umol/L thapsigargin (Tg) or DMSO (Veh) for 2 h. C: Earlier
kinetics of Pal-induced changes in the NF-«xB pathway. Western blotting of cytoplasmic (for IkBa and elF2«) and nuclear (for ATF4, RelA,
and lamin A/C) fractions from peritoneal macrophages treated with 500 pmol/L Pal for indicated times. Representative blots (leff) and

quantitative results (right) are shown (P < 0.05, n = 4). D: NF-«B activity assay. Atf4*'* and Atf4*'~ peritoneal macrophages were treated
with 500 pwmol/L Pal or BSA (Veh) for 4 h. NF-xB p65/RelA activity in the nuclear extract was measured (*P = 0.0295, n = 3). E: A chromatin
immunoprecipitation assay using Atf4™* and Atf4*'~ peritoneal macrophages. Cells were treated with 500 wmol/L Pal or BSA (Veh) for 4 h
(*P = 0.0349, n = 3). Chromatin was immunoprecipitated and quantitated by PCR analysis of the region neighboring an NF-«B site on the

116 promoter. IkBa, inhibitor of nuclear factor kBa.
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In addition to the eIF2a-ATF4 branch, ER stress
activates two other branches of the unfolded protein
response: the inositol requiring enzyme 1o X-box binding
protein 1 (XBP1) and ATF6 branches, the former of
which is also involved in proinflammatory cytokine ex-
pression (32). To specifically stimulate the ATF4 path-
way, we used salubrinal (Sal), an inhibitor of elF2a
phosphatase complex (33). Pretreatment of BMDMs with
Sal resulted in upregulation of ATF4 (Fig. 3E) and its
target genes, whereas its effect on XBP1 splicing was
minimal (Fig. 3F). Moreover, pretreatment with Sal po-
tently enhanced the lipid A-induced mRNA expression
and secretion of IL-6 in BMDMs (Fig. 3G and H) and
RAW?264 macrophages (Supplementary Fig. 6D and E).
We also examined the effect of amino acid deprivation,
another metabolic stress known to activate the ATF4
pathway (34), on II6 expression. Pretreatment with
azetidine, a proline analog, significantly enhanced the
lipid A-induced II6 expression (Supplementary Fig. 6F).
Transient overexpression of ATF4 showed similar effects
in RAW264 macrophages (Fig. 3I and J). These obser-
vations confirm that, in addition to the previously

lwasaki and Associates 159

characterized XBP1 pathway, the ATF4 pathway is also
involved in the regulation of metabolic stress-induced
proinflammatory cytokine expression. Of note, a recent
report showed that the ATF4 pathway was attenuated
following the low-dose treatment of TLR4 ligands in
cultured macrophages (34). Collectively, it is conceivable
that there is a bidirectional crosstalk between the ATF4
and TLR4 pathways.

ATF4 Is Involved in NF-«B Activation in Response to
Metabolic Stresses

We next aimed to clarify the molecular mechanism of the
SEA-induced II6 expression through the ATF4 pathway.
First, we examined the effect of ATF4 on palmitate-
induced NF-kB activation, because our microarray analysis
revealed that the NF-kB pathway was activated in TIr4-
deficient macrophages (Fig. 1B and (). In this study, we
found that the nuclear protein levels and activity of RelA
were increased by palmitate even in the absence of TLR4
(Fig. 1E and F). Interestingly, Atf4 haploinsufficiency
markedly reduced nuclear protein levels of RelA induced
by palmitate or thapsigargin in peritoneal macrophages
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Figure 5—ATF4 directly activates the //6 promoter. A: The evolutionarily conserved region of the /l6 promoter. B: The /I6 promoter lu-
ciferase (Luc) assay in RAW264 macrophages. Cells were transiently transfected with expression vectors encoding murine ATF4 (mATF4)
or empty vectors (Mock). Twenty-four hours after transfection, cells were stimulated with 100 ng/mL LPS for 24 h (*P = 0.0154, n = 3).
C: A chromatin immunoprecipitation assay using peritoneal macrophages. Cells were treated with BSA for 4 h (Veh), palmitate (Pal) (500
wmol/L) for 4 h, or thapsigargin (Tg) (1 pmol/L) for 2 h followed by lipid A (LipA) (10 ng/mL) for 4 h (*P < 0.05, P < 0.01, n = 3). Chromatin
was immunoprecipitated and quantitated by PCR analysis of the region containing the ATF/CREB site on the /I6 promoter. //6 exon 2 and the
Trib3 promoter were used as negative and positive control loci, respectively. D: Schematic representation. WT, wild type.
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(Fig. 4A and B). We next examined the kinetics of cyto-
plasmic IkBa degradation, a well-recognized event prior
to nuclear translocation of RelA (30), and found no ap-
parent difference in cytoplasmic IkBa protein levels be-
tween the genotypes (Fig. 4C). Moreover, we observed
that NF-kB activity induced by palmitate was signifi-
cantly attenuated in Atf4-haploinsufficient macrophages
relative to wild-type macrophages (Fig. 4D). Consistently,
a chromatin immunoprecipitation assay showed de-
creased recruitment of RelA to the II6 promoter region in
Atf4-haploinsufficient macrophages (Fig. 4E). Because
the transcriptional activity of RelA can be regulated by
multiple mechanisms (30), further studies are required to
elucidate how ATF4 affects RelA activity. Although

a previous report showed that phosphorylation of elF2a
leads to NF-kB activation in MEFs (35), our data provide
novel evidence that ATF4 is involved in metabolic stress—
induced NF-kB activation in macrophages.

ATF4 Directly Activates the /I6 Promoter

On the basis of its potent proinflammatory effect, we
next examined whether ATF4 directly activates II6 tran-
scription. The consensus binding sequence of ATF4 is
identical to that of the cAMP response element (CRE)
(36). The Ii6 promoter contains an evolutionarily con-
served region in which a putative ATF4-binding sequence
is located in the vicinity of the NF-kB-binding site

(Fig. 5A). We, therefore, performed the II6 promoter lu-
ciferase assay using RAW264 macrophages. The lucifer-
ase activity was increased by treatment with LPS, which
was further enhanced by ATF4 overexpression (Fig. 5B).
The effect of ATF4 overexpression was abolished when
transfected with the promoter construct containing a
mutant CRE. Interestingly, the mutation in the CRE also
markedly inhibited the LPS-induced activation of the II6
promoter. Consistently, experiments with a series of
truncated II6 promoter constructs showed marked re-
duction of the promoter activity in the absence of CRE
(Supplementary Fig. 5), suggesting that the CRE is in-
dispensable for the LPS- and ATF4-induced activation of
the Il6 promoter. To confirm the direct recruitment of
ATF4 to the IlI6 promoter region, we performed a chro-
matin immunoprecipitation assay using peritoneal mac-
rophages. Signals from the promoter region containing the
CRE were significantly increased upon treatment with
palmitate or thapsigargin plus lipid A (Fig. 5C). These data
suggest that ATF4 directly activates the II6 promoter.

DISCUSSION

In this study, we demonstrated that ATF4 is induced
downstream of metabolic stresses caused by SFAs and ER
stressors. ATF4 exerts its proinflammatory effects
through at least two different mechanisms: direct acti-
vation of the II6 promoter and involvement in NF-kB
activation (Fig. 5D). According to previous reports, other
members of ATF/CREB family of transcription factors
are also involved in positive (e.g., XBP1) or negative
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(e.g., ATE3) regulation of II6 expression (18,32). Of note,
these factors may be induced downstream of TLR4 stim-
ulation even independent of ER stress (18,32). By con-
trast, our results suggest that ATF4 is minimally involved
in the TLR4 signaling in unstressed cells. Considering that
the ATF4 pathway is activated under a variety of meta-
bolic stresses, ATF4 would constitute a critical link be-
tween metabolic stresses and II6 expression.

Furthermore, our observations that the ATF4 pathway
acts in synergy with the TLR4 pathway raise a possibility
that metabolic stresses affect innate immune response.
Consistent with several previous reports (4-6), our
results suggest that TLR4 is required for proinflammatory
effects of SFAs. Importantly, the current study also
identifies the ATF4 pathway as a novel mechanism of SFA-
induced proinflammatory cytokine expression that is
induced even in the absence of TLR4. Given that SFAs
activate both TLR4 and various metabolic stress pathways
upstream of ATF4 (1,4-9), the cross talk between these
pathways would be important for better understanding of
the molecular mechanism of SFA-induced proin-
flammatory cytokine expression. Collectively, our findings
raise the possibility that ATF4 plays a role in the patho-
physiology of chronic inflammation in the metabolic
syndrome and type 2 diabetes.
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Abstract

Hepatocyte growth factor (HGF) has an inhibitory effect on human HepG2 hepatoma cell proliferation.
6™NK9 4h an ERK-dependent
manner, leading to the inhibition of cellular proliferation. Here, new insight suggests that Skp2, an SCF complex

Previously, it was shown that HGF treatment downregulated Id1 and upregulated p1

component and potential prognosticator in cancer, is downregulated by injection of HGF into established HepG2
xenograft tumors. The downregulation was evident at both the mRNA and protein level and in an ERK-dependent
manner. Critically, high expression of Skp2 restored HGF-inhibited cell proliferation, indicating that the inhibitory
effect of HGF required the downregulation of Skp2. However, downregulation was not involved in the HGF-
induced upregulation of a CDK inhibitor, p27*!, a known SCF-Skp2 target. Instead, data revealed that Skp2
regulated Myc activity, which has oncogenic potential in the generation of hepatocellular carcinoma. Elevated
expression of Skp2 or a mutant that is unable to associate with the SCF complex was capable of activating Myc,
suggesting that Skp2 does not act on Myc as a component of the SCF complex, and thus functions as an activator of
Myc independent of its role in ubiquitination. Furthermore, Skp2 regulated Id1 expression by regulating Myc
activity, and the regulation of Skp2 is involved in the activity of p16 promoter through regulation of Id1 expression.
Overall, these mechanistic findings provide the first evidence that ERK-dependent downregulation of Skp2 reduced
Myc activity, leading to HGF-induced inhibition of cell proliferation through decreased Id1 expression.

Implications: This study elucidates the molecular details of HGF-induced inhibition of cellular proliferation in
liver cancer cells. Mol Cancer Res; 1-11. ©2013 AACR.

Introduction

Hepatocyte growth factor (HGF) is a pleiotropic glyco-
protein produced by stroma cells and associated with heparin
in a wide variety of tissues. Its high affinity receptor c-Met is
encoded by the c-met protooncogene and is widely expressed
in epithelial cells (1). Binding of HGF activates the tyrosine
kinase activity of c-Met, leading to cell proliferation, scat-
tering, enhanced motility and so on, and thus HGF plays a
key role in tumor—stroma interactions. Aberrant activation
of c-Met, which can be induced through its mutation and/or

Authors' Affiliations: 'Department of Biological Sciences, Graduate
School of Bioscience and Biotechnology and 2Department of Regenerative
Medicine, Tokai University School of Medicine, Isehara, Japan; 3pDepart-
ment of Inorganic Materials, Graduate School of Engineering, Tokyo
Institute of Technology

Note: Supplementary data for this article are available at Molecular Cancer
Research Online (http://mcr.aacrjournals.org/).

Corresponding Author: Toshiaki Tanaka, Department of Biological
Sciences, Graduate School of Bioscience and Biotechnology, Tokyo
Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama, 226-
8501, Japan. Phone: 81-45-924-5702; Fax: 81-45-924-5771; E-mail:
ttanaka@bio.titech.ac.jp

doi: 10.1158/1541-7786.MCR-12-0718

©2013 American Association for Cancer Research.

overexpression, causes many kinds of tumors (2). Recent
efforts to find substances that inhibit the activation of c-Met
are thus expected to lead to suppression of the malignant
transformation of cells. However, HGF has an opposing
effect on the regulation of cell proliferation in accordance
with cell type: it promotes the proliferation of some tumor
cells, but suppresses that of others (3, 4). This opposing
effect is considered to depend on differences in the down-
stream pathways of c-Met (3-5). Thus, elucidation of the
pathways responsible for the effect is expected to lead to new
drugs for the suppression of tumor growth.

The binding of HGF to ¢-Met induces the phosphory-
lation of several tyrosine residues on c-Met followed by the
recruitment of various signal transducers and adaptors such
as Grb2 and Gabl, leading to activation of two major
signaling pathways, the extracellular signal-regulated kinase
(ERK), and phosphoinositide 3-kinase (PI3K)/Akt path-
ways (6, 7). We previously showed that HGF treatment of
human HepG2 hepatoma cells inhibited cell proliferation by
arresting the cell cycle at Gy (8). This effect was overcome by
partial inhibition of the ERK pathway with a low concen-
tration of the MEK inhibitor PD98059, but not by inhi-
bition of the PI3K pathway (7), showing that strong acti-
vation of ERK is essential for the inhibitory effect of HGF,
but activation of the PI3K/Akt pathway is not. The strong
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activation of ERK by HGF upregulated expression of a Cdk
inhibitor, p16™, which led to a redistribution of other Cdk
inhibitors, p21 and p27, from Cdk4 to Cdk2, resulting in low
phosphorylation of pRb and G arrest (8, 9). Because the
upregulation of p16 expression is crucial to the G arrest, we
studied the mechanism responsible for it, and found that
transcription factor Ets upregulates p16 through downregula-
tion of a repressor protein for Ets, Id1 (10). The expression of
Id1 is shown to be regulated at the transcription level (10), but
the regulatory mechanism remains to be elucidated.

S-phase kinase-associated protein 2 (Skp2) is an F-box
protein in the SCF complex, which consists of Skp1, Cullin,
Rbx1 and an F-box protein (11), and is responsible for the
ubiquitination and degradation of many kinds of proteins as
an E3 ubiquitin ligase. F-box protein functions as the variable
substrate-recognition component of the complex. More than
70 F-box proteins are present in the human genome and each
is thought to have specific substrates and functions. Thus, the
kinds and doses of F-box proteins define the functions of the
SCEF complex in cellular processes such as the cell cycle, signal
transduction, and transcription. The SCF complex including
Skp2 (SCESke2y regulates G;-S, the point responsible for
defining the progression/arrest of a cell cycle, by regulating
the degradation of substrates such as Cdk inhibitors (12).
p275"P", which induces cell-cycle arrest at G;-S with inhi-
bition of Cdk2/4/6, is a representative Cdk inhibitor sup-
pressed by SCF2 (13, 14). Overexpression of Skp2 leads to
malignant progression of tumors through acceleration of p27
proteolysis (15, 16), implicating p27 in the function of Skp2
in tumor progression. In contrast, clinical research indicates
the absence of an inverse correlation between Skp2 and p27
expression in some human sarcomas (17), suggesting that
Skp2 hasa p27-independent role in some cancer cells. In fact,
afew reports have shown that Skp2 activates the transcription
factor Myc through ubiquitination by SCE*"2, Jeading to
upregulation of target genes involved in cell proliferation
such as Cdc2 (18, 19). Also, a recent report showed that Skp2
upregulates expression of the RhoA gene, which has a role in
cell invasion, by regulating Myc activity independently of the
SCF complex (20). Hence, Skp2 seems to function as a
regulator in tumorigenesis and cancer progression through
various mechanisms.

We previously showed that HGF treatment of HepG2
hepatoma cells leads to suppression of cell proliferation
through a redistribution of the Cdk inhibitors p21 and
p27. Also, we showed that HGF treatment induces upre-
gulation of p27 expression (9). In this study, we first
examined the expression of Skp2, as the amount of p27
may be regulated via protein degradation with SCF*2, We
found that Skp2 expression is downregulated by injection of
HGF into established tumors from HepG2 cells in mice. We
conducted a detailed analysis of the role and mechanism of
the downregulation with cultured HepG2 cells, and found
that the downregulation occurs in an ERK-dependent man-
ner at the mRNA and protein level, but this downregulation
is not involved in the upregulation of p27 expression. We
then examined the effect of the downregulation on the
transcriptional activity of Myc, which has important roles

in hepatocarcinoma (21, 22). We found that the down-
regulation reduces Myc activity, and Skp2 functions as an
activator of Myc independently of its role in ubiquitination.
Finally, analysis of Id1, which is involved in the regulation of
HepG2 cell proliferation, showed that the reduction in Myc
activity caused by the Skp2 downregulation decreases Id1
expression, leading to activation of pl6 promoter. We
revealed in this study that the downregulation of Skp2
expression, which leads to a reduction in Myc activity, is
crucial to the inhibitory effect of HGF on the proliferation of
HepG2 hepatoma cells. Another hepatoma cell line, HuH?7,
proliferation of which is suppressed by HGF in an ERK-
dependent manner, also showed ERK-dependent down-
regulation of Skp2 and Idl suggesting that some cancer
cells, other than HepG2 cells, arrest their proliferation by
HGF in the same mechanism as HepG2 cells.

Materials and Methods

Cell culture

HepG2 cells and HuH7 cells were provided by Dr. S.
Taketani and Dr. N. Kitamura, respectively, and have been
described previously (7-10). Cells were cultured as previ-
ously described (9).

Reverse transcriptase-PCR

Total RNA was purified with ISOGEN (Nippon Gene)
according to the manufacturer's instructions. cDNA syn-
thesis was as described previously (10, 23). PCR was con-
ducted with pairs of specific oligonucleotide primers (Skp2:
5'-CCTGTCTGTGCCTCCCTG-3 and 5'-CTGAGTG-
ATAGGTGTTGG-3, p27°*": 5'-ATGTCAAACGTGC-
GAGTGTC-3' and 5-ACGTTTGACGTCTTCTGAG-
G-3'). p16™* and GADPH were amplified with primers
as described previously (9). PCR products were resolved on
a 1.5% agarose gel and visualized with ethidium bromide
staining.

Antibodies and immunoblotting

Detailed antibodies were described in Supplementary
Data. Cell lysates were prepared as described previously
(10). Equal amounts of protein in the precleared cell lysates
(20-70 pg total protein) were resolved by SDS-PAGE on a
12% gel after heat denaturation. Immunoblotting was con-
ducted as described previously (9, 24).

Established tumors originating from HepG2 cells
Nonobese diabetic/severe combined immunodeficiency
(NOD/SCID) mice were purchased from Oriental Yeast
Co., Ltd. Animal experiments were carried out in accordance
with the institutional guidelines of Tokai University (Ise-
hara, Japan). To deplete NK cells in the mice, 200 UL of
1 mg/mL anti-asialo GM1 antiserum (Wako Pure Chemical
Industries, Ltd) was administered every 4 da(xys. The mice
were inoculated subcutaneously with 5 x 10 HepG2 cells
into the dorsal flanks. After establishment of tumors, HGF
or PBS in a total volume of 200 UL was injected directly into
the tumor tissues (100—130 mm?>) for 7 consecutive days.
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Tumor tissues were harvested after sacrifice of the mice and
the lysates were prepared as described (10).

Construction of a Skp2 expression plasmid

Skp2 ¢DNA 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 (pTAL-SEAP) was used as a background
value. All values were normalized with activity of fS-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 mRINA 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, HuH7, 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 mRINA (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-B-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 mRINA 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 a-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 ImageJ software and graphed.
Each value represents the mean & S.D. (0 = 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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Figure 2. High expression of Skp2
has no effect on p27, but restores Skp2
cell proliferation suppressed with
HGF. A, Western blot analysis to
detect p27 in cells with high o-Tubulin
expression of Skp2. All bands in
analysis with anti-p27, Skp2, and
a-tubulin antibodies, respectively, B 18
were acquired from a single film
exposure. Full-length blots are 16 %
presented in Supplementary —HGFMock
Fig. S$5. B, time course analysis of 14
proliferation in cells transfected = sefioe ~HGF/Skp2
with Skp2 in the absence or =}
presence of HGF. Cells were % .
prepared as described in (A) and g == +HGF/Mock
cell numbers were counted at the o {0 -
indicated times. Each value g +HGF/Skp2
represents the mean + S.D. £ s
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of triplicate determinants. The
results are representative of three
independent experiments. 6

i

24 48 72
Hours of treatment with HGF

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
obrtained 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

www.aacrjournals.org

Mol Cancer Res; 2013

- 177 —

OF5



OF6

Li et al.

o - 4
® = N A O

e
)

Relative Myc activity

o o
NS

+HGE  +HGF/PD98059
B HGF 0 24 24 (h)
PD98059 - - +

c-Myc

Skp2

o-Tubulin

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. Ali 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 PD98059 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.

Myc 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 (SCFS*P?), 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 ¢ 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 celis 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 ¢ test.
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protein (Fig. 4B), suggesting that ubiquitination of Myc by
SCFS%P? s 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 t test. B, Western blot analysis to detect c-Myc in 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
Myec 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 Idl, whose the mRNA and
protein are downregulated by HGF, is involved in the antd-
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 that Id1 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 Id1 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 p/6 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. GE, lane 3, 4, and 8). These results
supported that Skp2 regulates Id1l 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
expression. Endogenous and exogenous Skp2 were detected with anti-Skp2 antibody and their positions are indicated with * and **, respectively. Theresultis
representative of three independent experiments. B and C, Western blot analysis to assess effect of Skp2 knockdown (B) or c-Myc knockdown (C) on
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 { test. E, effect of Id1 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- SCF-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 targets 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 IdI 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
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