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A B S T R A C T

Chronic inflammation is one of the main causes of cancer, yet the molecular mechanism

underlying this effect is not fully understood. In this study, we identified FAT10 as a poten-

tial target gene of STAT3, the expression of which is synergistically induced by NFkB co-

stimulation. STAT3 binding stabilizes NFkB on the FAT10 promoter and leads to maximum

induction of FAT10 gene expression. Increased FAT10 represses the transcriptional activity

of the tumor suppressor p53, a protein that accelerates the protein degradation of FAT10.

This FAT10-p53 double-negative regulation is critical in the control of tumorigenesis, as

overexpressed FAT10 facilitates the tumor progression in the solid tumor model. In conclu-

sion, transcriptional synergy between STAT3 and NFkB functions to put weight on FAT10 in

the mutually inhibitory FAT10-p53 regulatory loop and thus favors tumorigenesis under in-

flammatory conditions.

ª 2014 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction generated to protect the body against infection, but provide
Chronic inflammation is one of main risk factors for cancer

(Coussens and Werb, 2002; Trinchieri, 2012). It contributes

many aspects of carcinogenesis, including cellular prolifera-

tion, survival, angiogenesis, and metastasis. Tissue injury or

microbial infection at local sites activates immune cells to

produce inflammatory cytokines, including tumor necrosis

factor-a (TNF-a), Interleukin-1b (IL-1b), and IL-6. These inflam-

matory cytokines produced during acute inflammation aid the

healing and regeneration of injured tissue, but sustained pro-

duction of these cytokines triggers the accumulation of DNA

damage and abnormal tissue healing (Grivennikov et al.,

2010; Lu et al., 2006). Therefore, inflammatory conditions are
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a niche for cancer development by promoting proliferation

or protecting malignant cells from cell death.

In addition to inflammatory cytokines, the transcription

factors that mediate the expression of inflammatory effectors

are also strongly implicated in carcinogenesis (Li et al., 2011a).

During inflammation, secreted cytokines, such as IL-6, IL-10,

or IL-17, transmit an intracellular signal through STAT3 and

activate the expression of genes that function in cell cycle pro-

gression, survival, and stress responses (Aggarwal et al., 2006;

Trinchieri, 2012). The tumorigenic effect of STAT3was initially

proposed from the effects of constitutively active STAT3 in

nude mice and in human cancers (Bromberg et al., 1999; Xu

et al., 2009). An aberrantly active form of STAT3 is commonly
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found in various human cancer cell lines and primary tumors,

including those of the prostate, breast, head, and neck. Tu-

mors with higher STAT3 expression tend to be more aggres-

sive (Mathews et al., 2010). On the other hand, NFkB initiates

the transcriptional activation of inflammatory genes, pro-

survival genes, and proliferation-promoting genes (DiDonato

et al., 2012; Grivennikov and Karin, 2010b). Interestingly,

STAT3 and NFkB are specifically activated by different groups

of inflammatory cytokines, yet co-regulate similar groups of

anti-apoptotic, pro-angiogenic, and proliferative genes, with

diverse regulatory mechanisms (Grivennikov and Karin,

2010b; Yu et al., 2009). For example, activated STAT3 and

NFkB independently bind to cognate DNA elements in the

Bcl2/VEGF promoter through direct DNA-protein interactions,

and synergistically enhance target gene expression (Lee et al.,

2011; Yu et al., 2009). Activated STAT3 also increases the nu-

clear retention of NFkB through p300-mediated acetylation

of RelA/p65 (Lee et al., 2009). Depending on the relative

amount or activity of each transcription factor under a given

condition, the expression profiles of inflammatory mediators

or oncogenes alter significantly, which determines the physi-

ological status of the responding cells.

Due to their regulatory roles in the progression of inflam-

mation and carcinogenesis, it is important to identify the

physiological target genes of STAT3 and NFkB that contribute

to inflammation-mediated carcinogenesis. Using a combined

approach ofmicroarray analysis and computational programs

that scan for STAT3 target genes, we have identified potential

candidate genes that are overexpressed in both cancer and in-

flammatory conditions. FAT10 is an 18 kDa protein that is

overexpressed in various cancers, including liver, colon,

gastrointestinal, and gynecological tumors (Lee et al., 2003).

FAT10 is primarily induced by inflammatory cytokines, TNF-

a, but the presence of secondary cytokines, such as IFN-g,

can increase FAT10 expression further (Lukasiak et al., 2008).

In this paper, we demonstrate that IL-6-activated STAT3 func-

tions to synergistically enhance NFkB-mediated FAT10

expression, thus facilitating FAT10-mediated p53 inhibition,

and therefore shifting the balance to favor inflammation-

mediated tumorigenesis.
2. Materials and methods

2.1. Plasmids and siRNA

A full-length form of human FAT10 and p53 cDNAwere cloned

into the pFLAG-CMV1 (SigmaeAldrich, Saint Louis, MO). For

non-conjugating mutant form of FAT10, the last two amino

acids of FAT10 were changed from GG to AA (Raasi et al.,

2001). For the p53 non-functional mutant, a point mutation

(CGC[Arg] / CAC[His]) at 175 residues was introduced using

site-directed mutagenesis (Ory et al., 1994). To generate

pFAT102.0kb-luc reporter plasmid, genomic DNA that spans

�2.0 kbwþ209 bp region of FAT10 promoters was PCR ampli-

fied from the genomic DNA of HepG2 and subcloned into the

pGL3-basic vector (Promega, Madison, WI). Deletion mutants

of pFAT102.0kb-luc were generated as listed in Table S1.

STAT3 shRNAs were cloned into pSilencer 2.1 U6-neo vector
(Ambion, Austin, TX). An artificial p53RE-containing reporter

plasmid (p53RE-luc) was from Dr. Jene Choi (Song et al.,

2010). SiRNAs used were synthesized by GenePharma

(Shanghai, China) (Table S2).

2.2. In silico screening

Publically available microarrays were obtained from the NCBI

Gene Expression Omnibus (GEO) database. For datasets from

inflammation in the colon, lung, and liver, a total of 113 arrays

from GSE4183, GSE9452, GSE10616, GSE8581, GSE1871,

GDS1239 and GSE6764 were used. For the cancer dataset, a to-

tal of 153 arrays from the colon (GSE4183 and GDS2609), lung

(GSE6044), and liver (GSE6764 and GSE14323) were used. Each

dataset was normalized by GC-RMA for each GSE series and

then by a quantile normalization method (Wu et al., 2004). A

total of 130 genes with more than two fold induction,

compared to control, in both inflammation and cancer data-

sets were selected. To identify genes that have a similar

expression pattern to STAT3, we constructed another expres-

sion datamatrix by combining 566 Affymetrix CEL files related

to inflammation in diverse tissues, whichwas first normalized

by GC-RMA for each GSE series and then by a quantile normal-

ization method. Given the expression data matrix X, we eval-

uated a permutation P-value that is given by

1
Nþ 1

XK

k¼1

�
1
�
ski > si

�þ 1
�

where si ¼ 1=
��yi �meanðyiÞ

��2
(similarity between the expres-

sion pattern of gene i and STAT3), yi¼xi � xSTAT3, and ski is

the permuted similarity by randomly permuting the columns

of xi. The permutation P-value was then corrected by the Ben-

jaminieHochberg FDR controlling procedure (Benjamini and

Hochberg, 1995). Further analysis for the STAT binding within

candidate gene promoter regions was performed using STAT-

Finder program (Oh et al., 2009).

2.3. Cell culture and transfection

All cells except HepG2 and TC-1 were maintained in DMEM

with 10% fetal bovine serum (FBS)(Hyclone, Logan, UT).

HepG2 and TC-1 were cultured in MEM and RPMI1640 with

10% FBS, respectively. Plasmids were transfected by an Effec-

tene transfection reagent (Qiagene, Hilden, Germany),

following the manufacturer’s instructions. For cytokine stim-

ulation, rhIL-6 (10 ng/ml) plus IL-6sR (10 ng/ml), TNF-a (10 ng/

ml), IL-1b (10 ng/ml), or IFN-g (10 ng/ml) were treated as indi-

cated (all from R&D Systems, Minneapolis, MN).

2.4. Chromatin immunoprecipitation (ChIP)

Cells were fixed in 1% formaldehyde for 20min andwere lysed

in sonication buffer (50 mM HEPES [pH 7.9], 140 mM NaCl,

1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1%

SDS with protease inhibitors). DNA was fragmented using a

Vibra Cell Sonicator with a microtip (VC 130 PB; Sonics,

Newton, CT), with an average size of 200bp. For immunopre-

cipitation, STAT3 or p65 antibodies (Santa Cruz Technology)

and Protein G Plus/Protein A-Agarose beads (Calbiochem,

Merck KGaA, Darmstadt, Germany) were used. Stepwise
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washing stepswere performed twice with TSE-1 (0.1% SDS, 1%

Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM TriseHCl [pH

8.1]), TSE-2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM

NaCl, 20 mM TriseHCl [pH 8.1]), Buffer-3 (0.25 M LiCl, 1% NP-

40, 1% deoxycholate, 1 mM EDTA, 10 mM TriseHCl [pH 8.1])

and TE buffer. After reversal of the cross-linking in 65 �C for

9 h and DNA precipitation, enriched DNA was analyzed by

quantitative PCR. Primer information is provided in Table S3.

STAT3 and NFkB specific binding were normalized with input

control.

2.5. RNA isolation and analysis

Total RNA was extracted from cell lines and mouse solid tu-

mors using RNAiso reagent (Takara Bio, Shiga, Japan). For

cDNA synthesis from RNA, 1 mg of total RNA was reverse-

transcribed with oligo-dT primer using ImProm-II Reverse

Transcription System (Promega). Quantitative real-time PCR

was performed with StepOne plus (Applied Biosystems) using

SYBR-Premix Ex Taq (Takara). Primer information is provided

in Table S4.

2.6. Reporter assay

HepG2, Huh7, HCT116, or HEK293 cells in 24-well plates were

transfected with p53RE-luc, p21WAF1/CIP1-luc, or various

FAT102.0kb-luc plasmids (300 ng) together with pRL-bActin

(30 ng) for normalization of transfection efficiency. FLAG-p53

and/or FLAG-FAT10were co-transfected in some experiments.

Dual luciferase assay was performed according to the manu-

facturer’s instructions (Promega).

2.7. Immunoblot analysis

Cells were lysed in RIPA lysis buffer (50 mM TriseHCl [pH7.5],

150mMNaCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDSwith

protease inhibitors). Total cell lysates (40 mg per sample) were

used for electrophoresis in SDS-polyacrylamide gels. After

Protein transfer from SDS-PAGE to nitrocellulose membrane

(0.45 mm pore size, Whatman International Ltd., Kent, UK)

and skim milk blocking, antibodies against the FLAG epitope

(Sigma), STAT3 (Transduction Laboratories, Lexington, KY),

p-STAT1 and 3 (Cell Signaling Technology, Danvers, MA),

STAT1 and 3 (Santa Cruz Technology), p53 (Cell Signaling

Technology), cleaved caspase-3 (Cell Signaling Technology)

and FAT10 (ENZO Life Science Int Inc, Plymoth Meeting, PA)

were used. Immunoreactive signals were detected by

enhanced chemiluminescence with horseradish peroxidase

(Pierce Biotechnology, ThermoFisher Scientific, Waltham,

MA). Protein band intensity was quantified by using the

ImageJ program (Schneider et al., 2012).

2.8. MTT assay

TC-1 cells in 24-well plates were incubated with 0.5 mg/ml

Thiazolyl Blue Tetrazolium Bromide (MTT, Sigma) dissolved

in PBS for 3hr in 37 �C. After removal the MTT solution,

150 ml of isopropanol : DMSO (9:1) solution was used for incu-

bation for 15 min in 37 �C. MTT value was measured by ELISA

in 560 nm and 690 nm (reference).
2.9. Apoptosis assay

HCT116 cells were resuspended in 1� Binding buffer (10 mM

Hepes [pH 7.4], 140 mM NaCl, 2.5 mM CaCl2) and were stained

with FITC-conjugated anti-Annexin V antibody (BD biosci-

ences, Franklin Lakes, NJ) and PI (SigmaeAldrich) for 20 min

at room temperature. Apoptotic cells were then analyzed by

Flow cytometry (FACSCalibur, Becton Dickinson, San Jose,

CA).

2.10. Mouse experiments

To induce acute inflammation, 100 mg of LPS (Escherichia coli

strain 0111:B4, Difco, Detroit, MI) was injected into C57BL/6J

mice (8 weeks of age) intraperitoneally in 100 ml PBS. 0, 3 and

6 h after LPS injection, mice were sacrificed by cervical dislo-

cation and the livers were harvested for RNA extraction. For

the solid tumor model, 1 � 106 TC-1 cells (mouse lung epithe-

lial cell line) were subcutaneously injected into the C57BL/6J

mice (5 weeks of age) in 100 ml PBS (Seo et al., 2011). Tumor

size was measured on days 5, 10, 15 and 20 after injection. Af-

ter 20 days, mice were sacrificed and tumor mass was

measured. For the FAT10 over-expressing TC-1 cell line, a

puromycin-resistant gene cassette from the pKO Select Puro

V810 vector (Lexicon Genetics Inc, The Woodlands, TX) was

subcloned into the pFLAG-FAT10 vector, then transfected

into the TC-1 cells. Puromycin (5 mg/ml) was used to stably

select FAT10-overexpressing TC-1 cells. Approval of the study

protocol was obtained from the POSTECH Institutional Animal

Care andUse Committee. All animal experimentswere carried

out according to the principles of the NIH Guide for the Care

and Use of Laboratory Animals.

2.11. Statistical analysis

All data were presented as mean � S.E.M and were represen-

tative of at least two-independent experiments with triplica-

tion. Statistical differences were calculated using unpaired,

two-tailed student’s t-test with Prism 5 software (GraphPad

Software inc., La Jolla, CA). In general, p values less than 0.05

were considered significant.
3. Results

3.1. In silico selection of FAT10 as a potential target
gene of STAT3

To identify potential regulatory genes that link inflammation

and carcinogenesis, we searched STAT3 target genes that

are highly induced during both inflammation and cancer

(Figure 1A). For this purpose, we specifically used datasets

derived from the colon, liver, and lung, where inflammation

exhibited a strong clinical correlation with tumor progression.

Since it has previously been reported that STAT3 expressions

positively correlate with their target gene expressions

(Hutchins et al., 2012; Lassmann et al., 2007; Narimatsu

et al., 2001), expression signatures of those genes that were

significantly induced in both chronic inflammation and can-

cer were compared to that of STAT3 (Figure 1B). Among the

http://dx.doi.org/10.1016/j.molonc.2014.01.007
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Figure 1 e In silico screening of STAT3 target genes induced under conditions of inflammation and cancer. (A) Schematic diagram of the in silico

screening. Microarray datasets from chronic inflammation (black circles) and cancers (gray circles) in colon, liver, and lung tissues were used.

Overlapping genes were analyzed for expressions and STAT binding sites in their promoter regions. (B) Correlated expression of 112 genes (dot)

with STAT3. Genes with P-values less than 0.01 were selected for further analysis. (C) Prediction of STAT binding sites in the promoter region

(from L2.0 kb to D0.5 kb) using STAT-Finder program. The black bars at the bottom indicate the predicted STAT binding sites which is

conserved in the six mammalian species, a posterior probability, higher than 0.8. (D) Expression of candidate genes during acute inflammation

were analyzed in the liver of mice injected (i.p.) with 100 mg of LPS. qRT-PCR analysis normalized with b-actin. (E) Left, FAT10 expression was

analyzed with qRT-PCR after IL-6 (10 ng/ml, 0, 1, and 3 h) stimulation in HepG2 cells, with pretreatment with DMSO or AG490 (100 mM,

12hr). Right, SOCS3 expression after 1hr of IL-6 (10 ng/ml) stimulation. *P < 0.05, **P < 0.01 and ***P < 0.001 by Student’s t-test.
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genes that show a similar expression profile to STAT3, a total

of seven genes that exceeded a cut-off P-value of less than

10�2 were examined for the presence of STAT binding sites

in their promoter regions (Figure 1C). Among them, FAT10

was the most likely target gene of STAT3, as it contains a total

of three STAT binding sites in its proximal and distal promoter
regions. Expression of FAT10 was also dramatically induced

by lipopolysaccharide (LPS)-initiated inflammatory condition

in themouse liver (Figure 1D). Upon stimulation by inflamma-

tory cytokine IL-6, about two-fold induction of FAT10 gene

expression was routinely observed after 6 h of stimulation.

This induction was significantly reduced by AG490 treatment,

http://dx.doi.org/10.1016/j.molonc.2014.01.007
http://dx.doi.org/10.1016/j.molonc.2014.01.007
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an inhibitor of JAK2 tyrosine kinase that phosphorylates

STAT3 as well as STAT1 (Gorina et al., 2005) (Figure 1E). Based

on these data, we selected FAT10 for further analysis.

3.2. FAT10 was synergistically induced by co-treatment
of pro-inflammatory cytokines IL-6 and TNF-a

It has previously been reported that FAT10 expression is

strongly induced by pro-inflammatory cytokines TNF-a or

IFN-g (Lukasiak et al., 2008). In contrast to these cytokines,

IL-6 stimulation exhibited slight FAT10 induction (Figure 2A).

However, when cells were co-treated with IL-6 and TNF-a,

FAT10 expression was synergistically increased (Figure 2B).
Figure 2 e Synergistic induction of FAT10 by combination treatment of p

treated with IL-6, TNF-a, or IFN-g (10 ng/ml each) for 0, 3, and 6 h, then F

RT-PCR of FAT10 expression with IL-6, and/or TNF-a stimulation (10

expression with IL-6 and TNF-a stimulation in HepG2 cells. (C) Kinetics

(10 ng/ml each) in HepG2 cells. *P-value between TNF-a and IL-6, #P-valu

induction with IL-6, and/or TNF-a stimulation (10 ng/ml each) in HepG2

TNF-a (10 ng/ml) stimulation. Endogenous FAT10 and GAPDH were de

NFkB activation after IL-6 and/or TNF-a stimulation (10 ng/ml each) by im

b and IkBa proteins as well as degradation of IkBa were examined. Tyr705

significant, *,#P < 0.05 and **,##P < 0.01, and ***P < 0.001 by Student’s
IFN-g was not induced in this culture condition (Fig. S1).

Time-course analysis of FAT10 mRNA expression demon-

strated that FAT10 reached a maximum steady induction at

12e15 h after TNF-a treatment (Figure 2C). Under IL-6 and

TNF-a co-stimulation, a maximum stable induction was

observed at a similar time point after stimulation, but the

fold induction was significantly increased. Similarly, a syner-

gistic effect was detected when FAT10 proteins were

measured. Although FAT10 protein was barely detectable at

basal or IL-6 alone stimulated cells, a slightly increased

FAT10 protein by TNF-a stimulation was significantly

enhanced by IL-6 co-stimulation (Figure 2D). To test the effect

of the constitutive STAT3 for sustaining the FAT10 expression,
ro-inflammatory cytokines, IL-6 and TNF-a. (A) HepG2 cells were

AT10 expression was analyzed with qRT-PCR. (B) Left,Quantitative

ng/ml each) for 6 h in HepG2 cells. Right, RT-PCR of FAT10

of FAT10 mRNA induction with IL-6, and/or TNF-a stimulation

e between IL-6 plus TNF-a and IL-6 (D) Kinetics of FAT10 protein

cells. (E) Cells were transfected with FLAG-STAT3C for 12hr, before

tected by immunoblot analysis. (F) Comparison of the STAT3 and

munoblot analysis. For NFkB activation, phosphorylations of IKKa/

phosphorylation in STAT3 was used for STAT3 activation. n.s, not

t-test.

http://dx.doi.org/10.1016/j.molonc.2014.01.007
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we then analyzed FAT10 expression at longer time points after

TNF-a stimulation. As shown in Figure 2E, transient NFkB acti-

vation by TNF-a stimulation was sufficient to enhance and

sustain the FAT10 production. This result suggests that IL-6-

mediated STAT3 activation helps to strengthen the TNF-a-

mediated NFkB transcriptional induction of FAT10.
Figure 3 e Transcriptional synergy depends on the distal STAT binding si

construct, the 2.2 kb genomic DNA fragment of the FAT10, with predicte

with pFAT102.0kb-luc was measured after IL-6 and/or TNF-a stimulation

various reporter constructs, as indicated, and the synergistic FAT10 promo

6 h. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test.
To investigate whether this synergistic effect by co-

stimulation of IL-6 and TNF-a was caused by the enhanced

activation of NFkB, phosphorylation of IKKa/b and IkBa were

examined in the whole cellular lysates (Figure 2F)

(Oeckinghaus et al., 2011). IL-6 normally induces the phos-

phorylation of STAT3 after 15e30 min of stimulation. Neither
te in the FAT10 promoter. (A) Left, Diagram of the pFAT102.0kb-luc

d STAT and NFkB binding sites. Right, FAT10 promoter activation

(10 ng/ml each) for 6 h. (B, C) HepG2 cells were transfected with

ter activation was measured after IL-6 and/or TNF-a stimulation for

http://dx.doi.org/10.1016/j.molonc.2014.01.007
http://dx.doi.org/10.1016/j.molonc.2014.01.007
http://dx.doi.org/10.1016/j.molonc.2014.01.007
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the phosphorylation of IKKa/b and IkBa nor the degradation of

IkBa was detected after IL-6 stimulation. In contrast, both the

IKKa/b and IkBa phosphorylation and the degradation of IkBa

were similarly observed after treatment with TNF-a alone

and along with IL-6, at 15 min, 30 min, and 1 h of stimulation,

respectively. The rapid induction of IkBa protein after
Figure 4 e Stable recruitment of p65 to the distal STAT-NFkB cluster in

TNF-a. Top,Diagram of the human FAT10 locus with PCR primers (D1, D

the FAT10 promoter was determined by ChIP analysis in the HepG2 cells,

the distal (D2) and proximal (P) region of hFAT10 promoter. SOCS3 was

distal (D1, D3) and proximal (P) region of FAT10 promoter. IkBa were us

p65 to the distal (C) or proximal (D) region of FAT10 promoter in the STAT

a for 30 min (E) STAT3 binding to the distal (D2) region of FAT10 promo

input control. n.s, not significant, *P < 0.05 and **P < 0.01 by t-test.
degradation indicates the presence of positive IkBa regulation

by TNF-a, as previously reported (Brown et al., 1993;

Yamamoto et al., 2003). These results suggest that the

transcriptional synergy between IL-6 and TNF-a in FAT10 in-

duction occurs after the activation step of transcription

factors.
the FAT10 promoter and transcriptional synergy induced by IL-6 and

2, D3, and P) used in this study. Relative binding of STAT3 or p65 to

stimulated with IL-6 and/or TNF-a for 30 min (A) STAT3 binding to

used as a positive control for STAT3 binding. (B) p65 binding to the

ed as a positive control for NFkB binding. (C, D) Relative binding of

3 silenced HepG2 cells. Cells were stimulated with IL-6 and/or TNF-

ter after STAT3 silencing. All samples were normalized to intergenic

http://dx.doi.org/10.1016/j.molonc.2014.01.007
http://dx.doi.org/10.1016/j.molonc.2014.01.007
http://dx.doi.org/10.1016/j.molonc.2014.01.007
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3.3. Transcriptional synergy between IL-6 and TNF-a
depends on the distal STAT binding site in the FAT10
promoter region

To investigate the transcriptional synergy between IL-6 and

TNF-a in the FAT10 induction, A 2.2 kb genomic DNA fragment

spanning the promoter and 50 UTR of human FAT10 was used.

This fragment (pFAT102.0kb-luc) was sufficient to exhibit the

transcriptional synergy between IL-6 and TNF-a (Figure 3A).

In the FAT10 promoter, there are three STAT binding sites,

together with at least five NFkB binding sites with affinity

scores exceeding the cut-off value (>0.9) (Figure 3A). Among

them, the STAT binding site (STAT1) located in the distal pro-

moter region was flanked by four NFkB binding sites (NFkB1-4),

while another STAT binding site (STAT3), near the transcrip-

tion start site (TSS), partly overlapped with the NFkB binding

site (NFkB5). To identify DNA element in the promoter region

that is responsible for the synergistic FAT10 induction, we
Figure 5 e STAT3 and STAT1 compensate for FAT10 expression. Top, Di

D3, and P) used in this study. Relative binding of STAT1 or STAT3 to the F

stimulated with IL-6 and/or TNF-a (10 ng/ml each) for 30 min (A) ChIP an

promoter with STAT1 or STAT3 after stimulation with indicated cytokine

binding. (B) ChIP analysis of distal STAT binding region (D2) of FAT10

with IL-6 (10 ng/ml) for 30 min. STAT3 silencing was confirmed by wester

intergenic input control. (C) Left, quantitative RT-PCR of FAT10 expressio

STAT1 and/or STAT3 silenced HepG2 cells. Right, relative STAT1 and S

n.s, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001 by Student
generated a series of deletion constructs and evaluated their

contribution to gene expression in the presence of IL-6 and/

or TNF-a stimulation. When the distal STAT-NFkB binding

cluster was deleted (pFAT10-1.0kb-luc or pFAT10-2.0kb del

STAT1- NFkB 1-4-luc), both individual IL-6- or TNF-a-induced

induction of FAT10 expression, as well as the synergistic in-

duction by IL-6 and TNF-a co-treatment, were completely

blocked (Figure 3B). In contrast, a reporter construct

(pFAT10-2.0kb del STAT3-NFkB5-luc) that lacks the proximal

STAT-NFkB cluster exhibited normal TNF-a-induced promoter

activity as well as the synergistic induction by IL-6 co-treat-

ment (Figure 3B). These results suggest that the STAT-NFkB

cluster in the distal region, but not in the proximal region, is

important in the regulation of TNF-a-mediated FAT10 induc-

tion, as well as in IL-6-mediated synergistic induction.

To confirm the role of distal STAT-NFkB cluster in the IL-6-

mediated synergistic induction of FAT10, another construct

(pFAT10-2.0kb del STAT1-luc) that lacks the distal STAT binding
agram of the human FAT10 locus with PCR primer regions (D1, D2,

AT10 promoter was determined by ChIP analysis in the HepG2 cells,

alysis of distal (D2) and proximal (P) STAT binding region of FAT10

s in HepG2 cells. SOCS3 was used as positive control for STAT3

promoter with STAT1 or STAT3 after STAT3 silencing, stimulated

n blotting by STAT3 antibody. All ChIP samples were normalized to

n after IL-6 and/or TNF-a stimulation (10 ng/ml each) for 3 h in the

TAT3 expressions after STAT1 and/or STAT3 silencing were shown.

’s t-test.
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Figure 6 e Overexpressed FAT10 suppresses transcriptional activity of p53 and accelerates tumorigenesis. (A, B) HepG2 cells were transfected

with reporter construct of artificial p53-responsive element (A, p53RE-luc), or p53-responsible natural promoter (B, p21WAF1/CIP1-luc), and

luciferase activity was determined 12 h after IL-6 and/or TNF-a stimulation (10 ng/ml each). Bottom panels show endogenous FAT10 expression

at each condition. (C) Huh7 and HCT116 cells were transiently transfected with expression plasmids of FLAG-p53 or FLAG-FAT10, and

transcriptional activity of p53 was measured by reporter construct with an artificial p53-responsive element (p53RE-luc). V5-LacZ plasmid was

used as a transfection control. (D, E) HEK293 (D) or MEF (E) cells were transiently transfected with increasing amounts of FLAG-FAT10

plasmids, and transcriptional activity of p53 was measured. Endogenous p53 was measured by western blot analysis. (F) HepG2 cells were

transfected with control or FAT10-specific siRNAs, and transcriptional activity of p53 was measured (top). Endogenous FAT10 expression was

determined (bottom). (G) HCT116 cells were transfected with control or FAT10-specific siRNAs and treated with 30 mM RITA for 12 h to induce
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sitewasgenerated,anditseffectonFAT10promoteractivitywas

examined after stimulation (Figure 3B). This deletion construct

shows comparable levels of TNF-a-induced promoter activity

as the pFAT102.0kb-luc plasmid. However, IL-6-mediated syner-

gistic induction of TNF-a-dependent FAT10 promoter activity

was completely impaired. In contrast, individual deletion of

the NFkB binding sites in the distal STAT-NFkB cluster did not

affect either TNF-a-induced FAT10 promoter activation or the

synergy between TNF-a and IL-6 (Figure 3C). However, NFkB

binding in the distal STAT-NFkB cluster was critical to mediate

TNF-a-dependent FAT10 promoter activation, as total alteration

of distal NFkB binding sites blocks FAT10 induction completely

(Fig. S2). These results indicate that the STAT3 binding in the

FAT10 promoter region is essential to mediate transcriptional

synergy between TNF-a and IL-6.

3.4. Stable recruitment of p65 to the distal STAT-NFkB
cluster depends on STAT3 binding in the distal STAT
binding site in the FAT10 promoter region

To identify the transcription factors responsible for control-

ling the transcriptional synergy of FAT10 induction, both

STAT3 and NFkB (p65) binding to the proximal and distal

STAT-NFkB cluster of the FAT10 promoter were investigated

using ChIP assay. Under IL-6 stimulation, activated STAT3

was mainly recruited to the distal STAT-NFkB cluster but not

to the proximal STAT- NFkB cluster, and its binding was

further increased by co-treatment with TNF-a (Figure 4A).

Similarly, TNF-a-activated NFkB binding in the FAT10 pro-

moter was mainly observed in the distal STAT-NFkB cluster

(Figure 4B). As observed for STAT3 binding, NFkB binding to

the distal STAT-NFkB cluster was further increased by co-

stimulationwith IL-6, suggestingmolecular crosstalk between

STAT3 and NFkB in the promoter region of FAT10, which ex-

plains the transcriptional synergy between TNF-a and IL-6.

To confirm this transcriptional synergy, we silenced STAT3

expression and measured NFkB binding in the promoter re-

gion of FAT10 under IL-6- and/or TNF-a�stimulated condi-

tions (Figure 4C and D). When STAT3 was silenced, both

TNF-a-induced NFkB binding and the IL-6-mediated synergis-

tic bindings of NFkB in the distal STAT-NFkB cluster were

significantly diminished. Silencing of STAT3 was indepen-

dently confirmed by measuring its recruitment to the distal

STAT-NFkB cluster (D2) in FAT10 promoter, and to the pro-

moter of SOCS3, a known STAT3 target gene (Figure 4E). These

data suggest that activated STAT3 plays critical roles in the
apoptosis. Flow cytometry analysis was then performed with annexin V and

shown. Right, the graph shows the mean D/L standard deviations of apopt

were measured by RT-PCR (Left) and western blot analysis (Right), respect

null cells. RT-PCR primers were designed to specifically detect mRNAs o

FAT10 (GG to AA) were similarly degraded by p53 overexpression, in a d

Transcriptional activity of p53 (WT) or p53 (R175H) mutant was determine

FAT10 degradation by p53 (WT) or p53 (R175H) mutant was tested in HC

FAT10 by exogenous p53 was shown in the HCT116 p53-null cells. Cells

expression of exogenous p53 and FAT10 proteins was detected. Bottom, ba

imageJ programs. (L) Control- or FAT10-overexpressing TC-1 cells were i

day 5, 10, 15, 20. Ctrl (n[ 5), FAT10 (n[ 6). (M) Tumor mass was measur

(N) Cleaved caspase-3 was detected in the sacrificed mouse tumors. *P <
transcriptional induction of FAT10. STAT3 binding in the

distal STAT-NFkB cluster might facilitate the recruitment of

NFkB to the adjacent DNA element, thereby enabling the for-

mation of a stable transcriptional complex on the promoter

of the FAT10 gene to activate synergistic gene induction.

3.5. STAT3 and STAT1 compensate each other for
FAT10 expression

Since IL-6 activates both STAT1 and STAT3 (Dawn et al., 2004),

we next examined the contribution of STAT1 in the transcrip-

tional induction of FAT10 genes. Upon IL-6 stimulation, STAT1

binding to the distal STAT-NFkB cluster but not to the prox-

imal STAT-NFkB cluster was observed, but its binding was

relatively weaker than STAT3 binding (Figure 5A). Further-

more, unlike STAT3, synergistic recruitment of STAT1 to the

distal STAT-NFkB cluster after co-stimulation with TNF-a

was not detected. However, STAT1 binding to the promoter re-

gion of FAT10 was significantly enhanced when STAT3 was

silenced, indicating that STAT1 and STAT3 compete for pro-

moter binding, and STAT1 substitutes STAT3 when STAT3 is

limited (Figure 5B). In support of this finding, FAT10 expres-

sion was hardly affected by individual knockdown of STAT1

or STAT3, and was efficiently repressed only when both pro-

teins were silenced (Figure 5C). It is noteworthy to mention

that the endogenous STAT3 level was increased when

STAT1 was silenced, and the endogenous STAT1 was

increased when STAT3 was silenced. Although it has previ-

ously been reported that STAT1 and STAT3 compete for the

opposite function in the tumorigenesis, it seems STAT1 and

STAT3 compensate for FAT10 expression in our system

(Huang et al., 2002; Souissi et al., 2012; Xu et al., 2009).

3.6. Overexpressed FAT10 suppresses transcriptional
activity of p53 and accelerates tumorigenesis

FAT10 controls diverse cellular processes, such as apoptosis,

cell cycle, and immune responses, by covalently modifying

its target proteins (Ren et al., 2011). Recently, the tumor sup-

pressor p53 has been identified as a target substrate of

FAT10, and its transcriptional activity is increased by FAT10

conjugation (Li et al., 2011b). However, under the inflamma-

tory conditions that induce FAT10 expression, we observed

that transcriptional activity of p53 was decreased, measured

by the luciferase activity of an artificial p53-reporter construct

(Figure 6A), or of the natural promoter of p21WAF1/CIP1, a target
PI double-staining. Left, one of the three independent experiments is

otic cells. (H) Exogenously over-expressed FAT10 mRNA and protein

ively, with increased FLAG-p53 overexpression in the HCT116 p53-

f Flag-FAT10 or Flag-p53. (I) WT or conjugation-mutant forms of

ose-dependent manner in the HCT116 p53-null cells. (J) Left,

d by luciferase assay with p53RE-luc in HCT116 p53-null cells. Right,

T116 p53-null cells. (K) Top, Proteasome-dependent degradation of

were treated with CHX (50 mg/ml) or MG132 (20 mM) for 3 h, and

nd intensity was determined from three-independent experiments by

njected subcutaneously and growth of the solid tumor was measured at

ed after scarification at day 20. Dashed lines indicate the median value.

0.05, **P < 0.01 and ***P < 0.001 by Student’s t-test.
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Figure 7 e Proposed model of STAT3 and its target gene FAT10 in

the regulation of carcinogenesis. At steady-state, tumor suppressor

p53 is counter-balanced by FAT10. Under inflammatory situation,

transcriptional synergy between STAT3 and NFkB boosts FAT10

production, which overcomes the inhibition by p53 and inhibits p53.
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gene of p53 (Figure 6B). To investigate whether FAT10 directly

alters transcriptional activity of p53, exogenous FAT10 was

transiently expressed in Huh-7, HCT116, HEK293 or MEF cells,

and the transcriptional activity of p53 was measured without

further stimulation (Figure 6C,D and E). Since it is already

known that p53 represses endogenous FAT10 expression

(Zhang et al., 2006), we used Flag-tagged FAT10, whose expres-

sion is controlled under a CMV promoter, and is independent

to p53. In every cell tested, transiently expressed Flag-FAT10

reduced transcriptional activity of exogenous Flag-p53 or

endogenous p53, without significant alterations on p53 pro-

tein levels. When FAT10 was silenced, p53 transcriptional ac-

tivity was increased, at both basal and cytokine stimulated

conditions (Figure 6F). In support of this finding, FAT10

silencing significantly increased the cellular apoptosis

(Figure 6G), at both basal and p53 stimulated conditions. To

specifically activate transcriptional activity of p53, we used

RITA (reactivation of p53 and induction of tumor cell

apoptosis) (Issaeva et al., 2004).

In this set of experiments, we routinely observed that pro-

tein levels of exogenous Flag-FAT10 were significantly low-

ered in the p53-overexpressing cells (Figure 6C). To confirm

this phenomenon, cells were transfected with increasing

amounts of Flag-p53, and both mRNA and protein levels of

Flag-FAT10 were measured (Figure 6H). With increasing Flag-

p53 expression, Flag-FAT10 protein rapidly disappeared, while

transfected Flag-FAT10 mRNA was not significantly affected.

This result indicates that degradation of FAT10 protein might

be regulated in a p53-dependent manner. For this p53-

mediated FAT10 degradation, conjugation activity of FAT10

was not required, as the non-conjugating form of the FAT10

mutant (FAT10AA) was similarly affected by p53 (Figure 6I).

Fattylation was intact, as FAT10 forms high molecular weight

conjugates and E1 and E2 ligases responsible for fattylation of

target proteins, USE1 and UBA6, were expressed (Fig. S3). Also,

p53-mediated FAT10 degradation requires the transcriptional

activity of p53, as the transcriptionally inactive p53 (R175H)

mutant failed to degrade FAT10 protein (Figure 6J). Treatment

with MG132, a 26S proteasome inhibitor, abolished the inhib-

itory effect of overexpressed p53 on FAT10 protein, indicating

that the proteasome-dependent degradation of FAT10 protein

was mediated by p53 protein (Figure 6K). These results all

together suggest that p53 induces the expression of a cellular

factor that controls the protein stability of FAT10.

To investigate the involvement of FAT10 in the tumorigen-

esis, we finally generated a FAT10-overexpressing TC-1mouse

lung cancer cell, and tested its effect in the solid tumormouse

model. FAT10 over-expression itself did not significantly

affect cell proliferation, but repressed p53 transcriptional ac-

tivity in TC-1 cells, as observed in other cells (Fig. S4). Empty

vectors and FAT10-overexpressing TC-1 cells were then sub-

cutaneously administered to C57BL/6J mice, and tumor

growth was examined over two weeks. In FAT10-

overexpressing TC-1 cells, more facilitated tumor growth rela-

tive to the empty vector-transfected control cancer cells was

observed (Figure 6L and M). Consequently, less cleavage of

caspase-3 were observed in the tumors derived from the

FAT10-overexpressing TC-1 injected mice (Figure 6N). Taken

together, these data indicates that the maintenance of the

balanced levels of FAT10 and p53 is important for fine-tuned
regulation of p53, and overexpressed FAT10 functions to

repress the transcriptional activity of p53, thereby augment-

ing tumor growth and tumorigenesis.
4. Discussion

In this study, we demonstrated that transcriptional synergy

between STAT3 and NFkB functions to boost FAT10 expres-

sion, a gene that negatively balances cellular levels of p53

and thereby controls the p53-mediated tumorigenesis

(Figure 7). We and others showed that FAT10 and p53 are

mutually inhibitory, withmultiple layers of negative regulato-

ry loops functioning at various levels of transcription and pro-

tein degradation. Under inflammatory conditions that STAT3

is active, or in a cellular condition that constitutively active

STAT3 is present, transient NFkB activation mediated by in-

flammatory cytokines might lead to massive FAT10 produc-

tion, which is sufficient to repress p53 activity and thereby

favors tumorigenesis.

Due to the close link between chronic inflammation and

the progression of cancer, the molecular mechanisms of

inflammation that favor carcinogenesis have been actively

searched (Aggarwal et al., 2006; Kundu and Surh, 2012;

Kuraishy et al., 2011). Among them, the over-activation of

STAT3 and NFkB plays a critical role in the transition between

inflammation and carcinogenesis, as multiple lines of evi-

dences support this possibility. First, constitutive forms of

both STAT3 and NFkB are frequently observed in human can-

cers (Grivennikov and Karin, 2010a; Yu et al., 2009). Second,

there are multiple levels of crosstalk between STAT3 and

NFkB, which strengthens signaling activity derived from

them. For example, independent binding of STAT3 and NFkB

to their cognate DNA elements synergistically enhances target

gene expression, as reported in Bcl-2 or VEGF (Lee et al., 2011;

Yu et al., 2009). Unphosphorylated STAT3 physically interacts

with NFkB through direct proteineprotein association, and

aids transcription of NFkB target genes, such as RANTES

(Yang et al., 2007). In addition, STAT3-mediated signaling ac-

tivity is required to maintain constitutive NFkB level, which
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up-regulates anti-apoptotic genes and oncogenes, thus help-

ing the initiation and maintenance of cancer (Lee et al., 2009).

It has previously been suggested that STAT3 and NFkB

functions as a p53 repressor, since the blockage of STAT3 or

NFkB activity up-regulates p53 and p53-mediated apoptosis

in human cancers (Niu et al., 2005; Tergaonkar et al., 2002).

However, the molecular mechanism that explains this phe-

nomenon has not been adequately proposed. Here, we pro-

pose that FAT10 might be a molecular link that explains the

inhibitory effect of STAT3 and NFkB on p53 activity. However,

further study is required in order to figure out the detailed

inhibitory mechanisms of FAT10 on p53.

FAT10 is a diubiquitin-like protein, and is reported to be

over-expressed in the various human cancers, like liver, colon,

and gastrointestinal tumors. These tumors are also reported

with constitutively activated form of STAT3 (Ji et al., 2009;

Lee et al., 2003; Xu et al., 2009). FAT10 is known to induce

the lowmolecular mass polypeptide 2 (LMP2), an immunopro-

teasome subunit, which increases IkBa degradation, and re-

sults in enhanced NFkB activation (Gong et al., 2010).

Furthermore, FAT10 silencing increased apoptosis induced

by TNF-a, indicating that FAT10 works in anti-apoptotic pro-

cesses (Ren et al., 2011). In this report, we also reported that

FAT10 plays essential role in the maintenance of the normal

range of p53 activity.

Although there is a report indicating that FAT10 conjuga-

tion increases p53 activity in some conditions (Li et al.,

2011b), we have demonstrated that FAT10 and p53 are mutu-

ally inhibitory. Upon transient stimulation with inflammatory

signals, FAT10 is temporarily induced but soon returns to its

basal level due to its p53-FAT10 double negative loop. A

similar mode of regulation is also reported in the IKKb-depen-

dent NFkB signaling pathways driven by inflammatory sig-

nals. This double negative regulation makes NFkB signaling

temporary, to allow effective control of the acute phase

response during inflammation, but to prevent sustained

NFkB signaling that might lead to carcinogenesis (Gudkov

et al., 2011).

Using an in silico screening strategy, we aimed to identify

novel target genes of STAT3 that might link inflammation

and tumorigenesis. Towards this end, we initially selected a

group of genes that are co-expressed in both inflammation

and cancer conditions. Then, we used two criteria to select

STAT3 target genes; first, we compared their gene expression

signature with that of STAT3, and second, we searched their

promoter sequences for STAT3 binding sites. This approach

was quite effective, but due to signaling redundancy of JAK2

kinase and similarity in the DNA binding sequences, our in sil-

ico screening approach could not distinguish between STAT1

and STAT3 effectively. Nonetheless, transcriptional synergy

of FAT10 induced by IL-6 and TNF-a co-stimulation was

limited to only STAT3, and not STAT1, even though IL-6 acti-

vates both STAT1 and STAT3. When STAT3 expression is

blocked, STAT1 occupies the STAT binding region of the

FAT10 promoter and controls its expression. This result is

somewhat surprising, since STAT1 and STAT3 are reported

to antagonizing each other (Hu and Ivashkiv, 2009; Souissi

et al., 2012;Wang et al., 2011). Since STAT1 generally promotes

apoptosis via induction of the pro-apoptotic gene, such as Bax,

and STAT3 induces anti-apoptotic genes, such as Bcl-xL and
Bcl-2 (Liu et al., 2010; Wang et al., 2012), STAT1 and STAT3

have been proposed to compete for tumorigenesis. However,

our finding provides a substitute role of STAT1 and STAT3 in

the regulation of FAT10, which balances with the tumor sup-

pressor p53 for proper control of inflammation and tumori-

genesis. Therefore more extensive research has to be

performed to fully understand the composite contribution of

STAT family members in the regulation of inflammation and

cancer progression.
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