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ackground & Aims: X-linked inhibitor of apoptosis pro-
ein (XIAP)-associated factor 1 (XAF1) is a novel tumor
uppressor and interferon (IFN)-stimulated gene. All-
rans retinoic acid (ATRA) exerts an antiproliferative ef-
ect on tumor cells through up-regulation of IFN regula-
ory factor 1 (IRF-1) and the downstream IFN-stimulated
enes. The aim of this study was to determine the effect
nd mechanism of ATRA on XAF1 expression and the
ole of XAF1 in ATRA-induced growth inhibition in colon
ancer. Methods: Gene expression is detected by re-
erse-transcription polymerase chain reaction and im-
unoblotting. The transcription activity of XAF1 pro-
oter is examined by luciferase reporter assay. The

ctivity of IFN regulatory factor binding element (IRF-E)
s assessed by electrophoretic mobility shift assay and
hromatin immunoprecipitation assay. Cell growth is
valuated by both in vitro and in vivo in nude mice
enografts. Results: IFN-alfa stimulates XAF1 promoter
ctivity in the colon cancer cells Lovo and SW1116
ose-dependently. An IRF-1 binding element (IRF-E–
AF1) is found in the -30 to -38 nucleotide region up-
tream of the ATG initiator codon of the XAF1 gene.
ite-directed mutagenesis of IRF-E–XAF1 abrogates na-
ive and IFN-induced promoter activity and binding ca-
acity. ATRA induces XAF1 expression both in vitro and

n vivo through interaction with IRF-E–XAF1. Overexpres-
ion of XAF1 increases cell susceptibility to ATRA-in-
uced growth suppression both in vitro and in vivo.
urthermore, the effect of ATRA on XAF1 expression is
ndependent of the promoter methylation and the sub-
ellular distribution of XIAP. Conclusions: XAF1 partici-
ates in ATRA-induced growth suppression through IRF-
–mediated transcriptional regulation.

nhibitor of apoptosis protein (IAP) is a protein family
acting through the inhibition of caspase activity.1

-linked IAP (XIAP) is a member of IAP that is ex-
ressed in all adult and fetal tissues with the exception of
eripheral blood leukocytes.2 XIAP binds directly to
aspases via 1 or more of its baculoviral inhibitory repeat

omains and may function as a competitive inhibitor of
aspase catalytic function.2,3 Overexpression of XIAP in
ancer cells induces resistance to apoptotic stimuli.3 Sup-
ression of XIAP by short-interfering RNA (siRNA) or
ntisense strategy sensitizes cancer cells to apoptosis.4,5

XIAP-associated factor 1 (XAF1) is a novel XIAP-
nteracting protein. It functions as an antagonist of
IAP by rescuing XIAP-suppressed caspase activity.6,7

he incubation of recombinant XIAP with caspase-3 in
he absence or presence of XAF1 showed that XAF1
locked the inhibitory activity of XIAP for caspase-3,
nd co-expression of XAF1 and XIAP induced nuclear
ranslocation of XIAP and inhibited XIAP-dependent
aspase-3 suppression. XAF1 was implicated as a tumor
uppressor based on the observation that expression was
ower in tumor including gastric and colon cancer cell
ines compared with normal tissues and that transient
xpression of XAF1 sensitized tumor cells to the pro-
poptotic effects of etoposide.6–9

Leaman et al10,11 have defined XAF1 as a novel IFN-
timulated gene (ISG) associated with interferon-� (IFN-
)–induced apoptosis in melanoma cells. XAF1 messen-
er RNA (mRNA) was up-regulated by IFN-alfa and
FN-� in all cells examined. Retinoic acid (RA) exerts
ifferent effects such as inhibition of proliferation, in-
uction of differentiation, and immunomodulation.12–15

oth RA and IFNs exert antiproliferative effects on
arious cell types. Several groups have reported a higher
nhibition of cell proliferation by a combination of RA

Abbreviations used in this paper: ATRA, all-trans retinoic acid; EMSA,
lectrophoretic mobility shift assay; IAP, inhibitor of apoptosis protein;
FN, interferon; IRF-1, interferon regulatory factor 1; IRF-E, interferon
egulatory factor binding element; ISG, interferon-stimulated gene;
TT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
CR, polymerase chain reaction; RA, retinoic acid; RLU, relative lucif-
rase unit; siRNA, short-interfering RNA; XAF1, X-linked inhibitor of
poptosis protein–associated factor 1; XIAP, X-linked inhibitor of ap-
ptosis protein.
© 2006 by the American Gastroenterological Association Institute

0016-5085/06/$32.00

doi:10.1053/j.gastro.2005.12.017



w
a
e
r
t

b
g
e
a
d

I
n
a
n
d
p
R
T
a
C
m
�
i

(
c
C
t
u
m
t
p
G
G
9
a
e
a

t
p
P
b
b

.
p
l
o
t
B

i
F
o
p
r
X
b
L
f
c
s
c
p
v
d
�
i
d

X
i
o
s
i
n
j
a
G
C
t
i
a
p
b
D
s
m
X
o
p

748 WANG ET AL GASTROENTEROLOGY Vol. 130, No. 3
ith IFN, compared with treatment by each agent
lone.15,16 However, the mechanism of this collaborative
ffect has not been elucidated fully. It has been shown
ecently that RA up-regulates interferon regulatory fac-
or 1 (IRF-1) gene expression in various cell lines.17–19

In this study, we identified a high-affinity IRF-1
inding element (IRF-E) in the promoter of the XAF1
ene. This element mediated the up-regulation of XAF1
xpression induced by both IFN and all-trans retinoic
cid (ATRA). Consequently, we defined XAF1 as a me-
iator of ATRA in suppressing colon cancer cell growth.

Materials and Methods

Reagents and Cell Culture

ATRA was purchased from Sigma (St. Louis, MO).
FN-alfa was purchased from Schering-Plough Company (In-
ishannon, Ireland). Goat anti-human XAF1 (C-16), goat
nti-human actin (I-19), rabbit anti-human IRF-1 (C-20),
ormal rabbit immunoglobulin (Ig)G, horseradish-peroxi-
ase–conjugated anti-goat IgG, and anti-mouse IgG were
urchased from Santa Cruz Biotechnology (Santa Cruz, CA).
abbit anti-human XIAP was purchased from Cell Signal
echnology (Beverly, MA). The colon cancer cell lines Lovo
nd SW1116 were obtained from American Type Culture
ollection (Rockville, MD) and maintained in RPMI 1640
edium supplemented with 10% fetal bovine serum, 100
g/mL streptomycin, and 100 u/mL penicillin in a humidified

ncubator at 37°C with an atmosphere of 5% CO2.

Reverse-Transcription Polymerase Chain
Reaction

RNA was reverse-transcribed to complementary DNA
cDNA) by Thermoscript reverse-transcription polymerase
hain reaction (PCR) system (Invitrogen Life Technologies,
arlsbad, CA) in accordance with the manufacturer’s instruc-

ions. PCR was performed using 2 �L of resulting cDNA, .3
nits of Hotstart DNA polymerase (Qiagen, Hilden, Ger-
any), forward and reverse primers, and deoxynucleoside

riphosphates in a final volume of 50 �L. The sequences of the
rimers were as follows: XAF1 forward: 5=-GCTCCAC-
AGTCCTACTG-3=; XAF1 reverse: 5=-ACTCTGAGTCTG-
ACAAC-3=. Hotstart PCR was performed for 33 cycles with
5°C denaturation for 30 minutes (first cycle), 94°C denatur-
tion for 45 seconds, 55°C annealing for 45 seconds, and 72°C
longation for 45 seconds and 10 minutes (final cycle). The
mplification product was of the expected sizes (262 bp).

Immunoblotting

Cell lysates (20 �g) were electrophoresed on dena-
uring sodium dodecyl sulfate–polyacrylamide gel electro-
horesis gel (5% stacking gel and 12% separating gel).
roteins were transferred to polyvinylidene difluoride mem-
ranes (PerkinElmer, Fremont, CA). Nonspecific binding was

locked with 10 mmol/L pH 7.6 Tris–HCl buffer saline plus (
05% Tween-20 containing 2% skim milk. The blots were
robed with primary anti-human XAF1 antibody (C-16) fol-
owed by the horseradish-peroxidase–conjugated anti-goat sec-
nd antibody. Antigen-antibody complexes were visualized by
he enhanced chemiluminescence (ECL) system (Amersham
iosciences, Little Chalfont, Buckinghamshire, England, UK).

Transient Transfection and Establishment
of Lovo Stable Transfectants Expressing
XAF-S and XAF-AS

Gene transfection and establishment of stably express-
ng cell lines were performed as we previously reported.20,21

or transient transfection, pcDNA3 construct encoding sense
r antisense human XAF1 gene (pcDNA3–XAF1-S and
cDNA3–XAF1-AS), pDs-red2-c1-XAF1 expressing XAF1-
ed fluorescent protein (RFP) fusion protein, or pEGFP-C1-
IAP expressing XIAP-GFP fusion protein (kindly provided
y Dr. Korneluk)7 were mixed with serum medium containing
ipofectAMINE2000 reagent (Invitrogen). RFP- or GFP-
used proteins were observed under a Zeiss Axioscop fluores-
ence microscope (Oberkochen, Germany). Nuclei were
tained with 1 �g/mL Hoechst 22358. To establish the stable
ell lines, Lovo cells transfected with empty pcDNA3 vector,
cDNA3–XAF1-S, or pcDNA3–XAF1-AS as mentioned pre-
iously were passaged at 1:15 (vol/vol) and cultured in me-
ium supplemented with Geneticin (G418, Sigma) at 1000
g/mL for 4 weeks. Stably transfected clones were selected by

mmunoblotting for XAF1 expression and maintained in me-
ium containing 600 �g/mL G418 for additional studies.

Generation of XAF1 Promoter-Luciferase
Constructs

We have identified the transcription starting site of the
AF1 gene located at –26 nt upstream of the ATG translation

nitiator codon (unpublished data) by the rapid amplification
f 5=-cDNA ends (5=-RACE) assay. We cloned a regulatory
egment of the 5=-flanking region of the XAF1 gene contain-
ng the core promoter region. pLUC107 contained –107�164
t segment of the XAF1 gene. The upstream nucleotide ad-
acent to the translation initiator ATG codon was defined here
s –1. The primers were as follows: pLUC107 forward: 5=-
ATCTCCTCCCTCCCTGAA-3=, reverse: 5=-GTCTCCAG-
TGCTTGTCCTC-3=. The Kpn I site was added into the 5=

erminus of the forward primers and the XhoI site was added
nto the reverse primer. Genomic DNA of a Lovo cell was used
s the template for PCR amplification with Hotstart Taq
olymerase. PCR products were visualized on 1% agarose gels
y ethidium bromide staining and purified using GFX PCR
NA and the Gel Band Purification Kit (Amersham Bio-

ciences). After digestion of both the pGL3basic vector (Pro-
ega, Madison, WI) and the PCR products with Kpn I and
hoI, the purified products were inserted in the forward

rientation upstream of a luciferase reporter gene of the
GL3basic vector to generate promoter/luciferase constructs

pLUC107).
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Luciferase Reporter Assay

For luciferase assay, the cells were transfected tran-
iently with pLUC107 by LipofectAMINE2000 as we previ-
usly reported.22 Serum- and antibiotic-free medium contain-
ng XAF1 promoter reporter plasmids and pRL-CMV vector
as mixed with LipofectAMINE2000 reagent and various cell

ines. Forty-eight hours later, the cells were mixed with 50 �L
f luciferase assay reagent (Promega). The firefly and renilla
uciferase activities were measured using the Dual-Luciferase
eporter system (Promega) with a model TD-20/20 Luminom-
ter (EG&G, Berthold, Australia). The firefly luciferase activity
alue was normalized to the renilla activity value. Promoter
ranscription activity was presented as the fold induction of
elative luciferase unit (RLU) compared with basic pGL3
ector control. (The RLU was the value of the firefly luciferase
nit divided by the value of the renilla luciferase unit.)

Electrophoretic Mobility Shift Assay

Double-strand XAF1 gene–specific DNA probe that
ontained the putative IRF-E sequence was 5=- GCCTGCAA-
AAACGAAACTCAACCGA-3=. The IRF-1 consensus probe

equence was: 5=-GGAAGCGAAAATGAAATTGACT-3=. Af-
er annealing, double-strand DNA probes were labeled with 5
Ci of �-32P-ATP (PerkinElmer Life and Analytical Sciences)

sing T4 polynucleotide kinase (Promega). For electrophoretic
obility shift assay (EMSA), total reaction mixtures containing

0 mmol/L Tris/HCl (pH 7.5), 1 mmol/L MgCl2, .5 mmol/L
ithiothreitol, .5 mmol/L ethylenediaminetetraacetic acid, 50
mol/L NaCl, 4% glycerol, and 50 �g of poly(dI-dC)-poly(dI-
)/mL, were incubated with 3 �g of nuclear extracts and various
nlabeled competing oligonucleotides for 10 minutes at room
emperature, followed by addition of 1 �L ([.5�2] � 105 counts
er minute) of the various 32P–end-labeled oligonucleotides.
amples were separated by electrophoresis on 8% nondenaturing
olyacrylamide gel, with detection of radioactive bands by auto-
adiography for 16–24 hours at �80°C.

siRNA Transfection

The siRNA duplexes consisted of 23 bp with a
-base deoxynucleotide overhang (Proligo, Singapore). The
equences of the FHL2 siRNA were as follows (sense strand):
iRNA 1, GGAAGCGAAAAUGAAAUUGACdTdT. The
ontrol siRNA, GL2 (CGUACGCGGAAUACUUCGA) was
irected against the luciferase gene. The cells were transfected
ith siRNA duplexes using Oligofectamine (Invitrogen) ac-

ording to the manufacturer’s instructions.

Chromatin Immunoprecipitation Assay

The chromatin-immunoprecipitation assays were per-
ormed according to the protocol provided by the chromatin-
mmunoprecipitation assay kit (Upstate Cell Signaling Solu-
ions, Lake Placid, NY). Briefly, cells were treated with 1%
ormaldehyde to cross-link proteins to DNA. After washing,
he cell pellets were resuspended in lysis buffer and sonicated

o yield an average DNA size of 500 bp. Sonicated extracts t
ubsequently were clarified by centrifugation and diluted with
hromatin immunoprecipitation dilution buffer. Twenty mi-
roliters of the diluted lysates was left as the input control.
ther lysates were precleared with protein A agarose/salmon-

perm DNA and then divided into 2 fractions and incubated
ith 5 �g of normal rabbit IgG or rabbit anti-human IRF-1

ntibody each. Protein A agarose/salmon-sperm DNA was
dded to each fraction and rotated at 4°C. After thoroughly
ashing, immunoprecipitated products were eluted using elu-

ion buffer. The cross-linked DNA–protein complexes were
eversed by heating at 65°C. DNA was purified by phenol/
hloroform extraction and ethanol precipitation. Quantitation
f the DNA from the XAF1 promoter regions was determined
y PCR using gene-specific primers as described later. Hot-
tart PCR amplification was performed using either immuno-
recipitated DNA, a control with rabbit IgG, or chromatin
nput that had not been immunoprecipitated. To ensure linear
mplification of DNA, pilot PCR reactions were performed
nitially to determine the optimal PCR conditions. In general,
amples were heated at 95°C for 30 minutes, followed by 34
ycles of 95°C for 1 minute, 55°C for 1 minute, and 72°C for
minute. After cycling, samples were incubated at 72°C for 7
inutes to permit completion of primer extension. The prim-

rs used were as follows: sense (–122 to –141) 5=-AT-
AAGGGGAACTCCTGAGC-3= and antisense (�11 to
30): 5=-GTTCCTGCACACCGAGAAGT-3=.

Site-Directed Mutagenesis Analysis

The QuikChange Site-Directed Mutagenesis Kit
Stratagene, La Jolla, CA) was used to generate constructs with
he mutation of the putative interferon regulatory element
IRF-E–XAF1, –30 to –38 nt). The primers of mutation
ere as follows: wild-type sequence: GCCTGCAAGAAAC-
AAACTCAACCGAAAGCC, –34 mutation: GCCTG-
AAGAAAAGAAACTCAACCGAAAGCC, –28 mutation:
CAAGAAACGAAACCCAACCGAAAGCCTGC. Briefly,
Luc-107 construct was PCR-amplified in the elongation pro-
ess using Pfu DNA polymerase with the earlier-described
ouble-strand primers. The incorporation of oligonucleotide
rimers generates a mutated plasmid containing staggered
icks. The product then is treated with DpnI endonuclease,
pecific for methylated and hemimethylated DNA, enabling
he parental DNA template to be digested (because DNA
riginating from Escherichia coli usually is dam methylated).
he nicked vector DNA carrying the desired mutations was
roliferated in Epicurian coli XL1-Blue supercompetent cells.
lasmid DNA was isolated and sequenced using the ABI
RISM 377 DNA Sequencer (Applied Biosystems, Inc., Foster
ity, CA), according to the manufacturer’s instructions, to
erify the prospected mutated sequence.

Analysis of Gene Methylation: Bisulfite DNA
Sequencing

DNA (�100 ng) was denatured with NaOH and

reated with sodium bisulfite for 16 hours (Sigma). Before
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equencing, all cytosine residues were deaminated and con-
erted to thymine residues by sodium bisulfite modification.
-methylcytosine residues were not altered by this treat-
ent. Fifty nanograms of bisulfite-modified DNA were

ubjected to PCR amplification of the XAF1 promoter
egion using primer sets: Bf (sense, 5=-GTTTTGTTTTTT-
GTTTGTAAGAAACG-3=) and Br (antisense, 5=-ATTTA-
ACCCTCCTACCCTTAAAAC-3=) for nucleotides from –59
t to �194 nt (253 bp). The PCR products were cloned into
GEM-T vectors (Promega) and 10 clones of each specimen
ere sequenced using an ABI PRISM 377 sequencer to deter-
ine the methylation status.

3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide Assay

Cytotoxicity was measured by 3-(4,5-dimethylthiazol-
-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells
rowing exponentially were plated onto 96-well plates at a
ensity of 10,000 cells/well for 18 hours. The cells then were
ransfected with expressing construct and treated with ATRA
or 48 hours. Fifty microliters of MTT stock solution (1
g/mL) was added to each well and the cells were incubated

urther at 37°C for 4 hours. The supernatant was replaced with
imethyl sulfoxide to dissolve formazan production. The ab-
orbance at wavelength 570 nm was measured with a micro–
nzyme-linked immunosorbent assay reader (Bio-Rad, Her-
ules, CA). The ratio of the absorbance of treated cells relative
o that of the control cells was calculated and expressed as a
ercentage of cell-growth suppression.

Tumorigenicity in Nude Mice

A nude mice xenograft experiment was performed as
e previously reported.21 Single-cell suspensions of stable
ovo/vector and Lovo/XAF1-S transfectants were trypsinized
nd collected. Cell viability was greater than 95% as deter-
ined by trypan blue exclusive staining. Cells (5 � 106) in a

1-mL volume of RPMI 1640 were inoculated subcutaneously
nto the right flank of 5- to 6-week-old female BALB/c-nu/nu
ice (Laboratory Animal Unit, The University of Hong
ong). Institution guidelines were followed in handling the

nimals. After the tumors became palpable, 15 mg/kg of
TRA or dissolvent control (corn oil, .3 mL) were given

ntraperitoneally once daily for 5 days. Doses and treatment
chedules were chosen based on preliminary experiments as-
essing tolerability and on previously published data.23,24 Mice
ere kept for an additional 6 weeks to assess tumor size. The
olumes of tumor were calculated as follows: V � (4/3) R12

2, where R1 is radius 1 and R2 is radius 2 and R1 	 R2. The
ommittee on the Use of Live Animals in Teaching and
esearch at the University of Hong Kong approved the pro-

ocol.

Statistical Analysis

Results obtained from triplicate luciferase and MTT ex-

eriments were expressed as the mean 
 SD. RLU with different I
reatments were compared using a 2-tailed Student t test and were
onsidered significant if P values were less than .05.

Results

Identification of XAF1 as an ISG

Leaman et al10,11 classified XAF1 as an ISG. To
onfirm their findings, we treated colon cancer cells,
ovo, and SW1116 with IFN-alfa. We showed that
AF1 expression was up-regulated at both mRNA and
rotein levels (Figure 1A, B). The effect of IFN-alfa was
ose dependent at the mRNA level (Figure 1A).
We have identified the transcription starting site at

26 nt of the XAF1 gene (data not shown). Thus, we
loned –107 to –164 nt segment that contained the
ranscription starting site of XAF1 into luciferase
eporter plasmid and named it pLUC107. Lovo and
W1116 cells transfected with this construct were
reated with or without IFN-alfa. As shown in Figure
C, the fold induction of RLU of pLUC107 in Lovo
nd SW1116 cells were 7.6 and 14, respectively.
FN-alfa increased pLUC107 activities to 61.7% and
7.1% (12.3 
 1.2 vs 7.6 
 .3 and 26.4 
 1.2 vs 14

.2, in Lovo and SW1116 cells, respectively) (P 	
05 compared with untreated control). To clarify the
ose effect, SW1116 cells transfected with pLUC107
ere treated with 0, 62.5, 125, and 250 units of

FN-alfa. The fold inductions of RLU were 12.1 

.2, 16.2 
 2.1, 26.8 
 .7, and 48.3 
 6.6, respec-
ively, suggesting that IFN-alfa up-regulated XAF1
romoter activity in a dose-dependent manner (Figure
D).

Identification of a High-Affinity IRF-E in the
Transcription Starting Site of XAF1

By searching the 5=-flanking sequence of XAF1
ene with TFsearch software (http://molsun1.cbrc.
ist.go.jp/research/db/TFSEARCH.html), we identi-
ed a putative IRF-E with 76.2% of identity to the
onsensus sequence at the –30 to –38 nt region of the
AF1 gene (Figure 2A, underlined sequence).25. This

equence was defined as IRF-E–XAF1. To confirm its
inding capacity, we first extracted nuclear protein of
W1116 cells with or without IFN-alfa (62.5 u/mL
or 12 h). An EMSA assay was performed to check
heir binding with 32P-labeled double-strand probe of
RF-E–XAF1. As shown in Figure 2B, a specific bind-
ng band was observed. Furthermore, increasing the
oncentration of IFN-alfa increased the binding activ-
ty slightly (Figure 2C). To verify the specificity of
inding, we incubated excessive amounts of unlabeled

RF-1 consensus probe before the incubation of nu-

http://molsun1.cbrc.aist.go.jp/research/db/TFSEARCH.html
http://molsun1.cbrc.aist.go.jp/research/db/TFSEARCH.html
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lear extract with IRF-E–XAF1 probe. We found that
onsensus IRF-1 probe blocked the binding com-
letely (Figure 2D). These results inferred the exis-
ence of a high-affinity IRF-E sequence in the 5=-

igure 1. Identification of XAF1 as an ISG. (A) SW1116 cells were
reated with 62.5, 125, and 250 U of IFN-alfa for 24 hours. XAF1
RNA expression was detected by reverse-transcription PCR. (B) Lovo
nd SW1116 cells were treated with IFN-alfa for 48 hours. XAF1
rotein expression was detected by immunoblotting. Glyceraldehyde-
-phosphate dehydrogenase and actin were used as the internal
ontrols. These figures are representative of 3 independent experi-
ents with consistent findings. (C) Lovo and SW1116 cells trans-

ected with pLUC107 were treated with or without 125 U/mL of
FN-alfa. Luciferase activities were measured 48 hours later. *P 	 .05
ompared with untreated control. (D) SW1116 cells transfected with
LUC107 were treated with various concentrations of IFN-alfa. Lucif-
rase activities were assayed 48 hours later. Promoter activity was
resented as the fold induction of the RLU compared with basic pGL3
ector control. All results are expressed as the mean of 3 indepen-
ent experiments 
 SD.
anking region of XAF1 gene. p
Site-Directed Mutation of IRF-E Abrogated
IFN-Induced XAF1 Promoter Activity

To clarify the function of the putative IRF-E
equence further, we generated 2 site-directed mutation
onstructs. One mutation site was outside of the IRF-E
egion (-28 nt), and another was located at the center of
he IRF-E element (-34 nt). Dual luciferase reporter assay

igure 2. Identification of a high-affinity IRF-E in the transcription
tarting site of XAF1. (A) List of consensus IRF-1 sequence and
nalysis of a putative IRF-E sequence within the XAF1 promoter. The
pstream nucleotide adjacent to the translation initiator ATG codon
as defined as –1. (B, C) SW1116 cells treated with IFN-alfa for 12
ours were subjected to an EMSA to check the binding to 32P-labeled
RF-E–XAF probe. Excessive amount of unlabeled probe was used as
old probe. (D) Nuclear protein of SW1116 cells with or without
FN-alfa (62.5 U/mL) treatment were extracted and bound to IRF-E–
AF probe. Excessive amount of nonlabeled IRF-1 consensus probe
as used as cold probe. These figures are representative of 2 inde-

endent experiments.
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howed that the transcription activities of both mutated
onstructs were lower than that of the wild-type control
Figure 3A, P 	 .05). The transcription activities of

igure 3. Site-directed mutation of IRF-E abrogates IFN-induced pro-
oter activity. (A) SW1116 and Lovo cells were transfected with wild-type

WT), –28 nt, or –34 nt mutant (MT) pLUC107 constructs and were
ssayed for luciferase activity 48 hours later. *P 	 .05 compared with
T. Fold induction of RLU was expressed as the mean of 4 independent
xperiments 
 SD. (B) Nuclear extract of SW1116 cells was bound to
2P-labeled WT, –28 nt, and –34 nt MT probes in an EMSA assay. This
xperiment was repeated twice with the same results. (C, D) SW1116
nd Lovo cells transfected with WT, –28 nt, and –34 nt MT pLUC107
onstructs were treated with or without IFN-alfa and assayed for lucif-
rase activities 48 hours later (#P 	 .05). These experiments were
epeated 3 times with the same results. Fold inductions of RLU were
xpressed as the mean of 3 independent experiments 
 SD.
ild-type, –28 mutant, and –34 mutant pLUC107 con- S
tructs were 7.6 
 .3, 4.4 
 .5, and 3.3 
 .6, respec-
ively, in Lovo cells, and 14 
 .2, 5.4 
 .3, and 4.8 

9 in SW1116 cells. These results indicated that both
ites were important in maintaining effective transcrip-
ion activity of XAF1. An EMSA assay showed that both
ite mutations eliminated the intrinsic and IFN-induced
inding to IRF-E–XAF1 probe (Figure 3B). Regarding
he transcription response to IFN-alfa, as shown in Fig-
re 3C and D, –28 nt site mutation did not or only
lightly eliminated the effect of IFN-alfa in both
W1116 and Lovo cells. However, –34 site mutation
brogated the effect of IFN-alfa completely. The tran-
cription activity of –34 mutant pLUC107 construct
ithout or with IFN treatment was 3.3 
 .6 vs 3.7 
 .4

n Lovo cells and 4.8 
 .9 vs 4.6 
 .4 in SW1116 cells,
espectively (P � .05 for both cell lines), suggesting that
RF-E–XAF1 conferred IFN-induced XAF1 transcrip-
ion.

ATRA Up-Regulated XAF1 Expression

To examine further if ATRA can up-regulate
AF1 transcription, we first treated Lovo and SW1116

ells with various concentrations of ATRA. We showed
hat XAF1 expression was up-regulated significantly
Figure 4A, B). We next transfected pLUC107 constructs
nto cells followed by treatment with 16.5 �mol/L of
TRA. The transcription activity of pLUC107 without

nd with ATRA treatment was 7 
 .5 vs 19 
 .7 and 15
1.2 vs 29 
 2.5 for Lovo and SW1116 cells, respec-

ively (Figure 4C, P 	 .05), suggesting that ATRA
ncreased XAF1 expression via transcriptional regula-
ion.

IRF-E Mediated ATRA-Induced XAF1
Expression

To elucidate the role of IRF-E in ATRA-induced
AF1 expression, we first checked the binding capacity

f IRF-E–XAF1 probe in the presence or absence of
TRA. We showed that ATRA increased the specific
inding of IRF-E–XAF1 probe significantly (Figure 5A).
econd, we examined the activity of IRF-E–XAF1 in
ivo by chromatin-immunoprecipitation assay using spe-
ific antibody against IRF-1. Normal rabbit IgG was
sed as the negative control. DNA associated with the
hromatin immunoprecipitated by these antibodies then
as amplified by PCR with primers specific for the

RF-E region of XAF1 promoter (–141/�30). As ex-
ected, no DNA fragments were detected when normal
gG was used (Figure 5B, lanes 2, 5, and 8). In contrast,
NA fragments with the expected size were detected
sing anti–IRF-1 antibody in Lovo (Figure 5B) and

W1116 cells (data not shown). In addition, we showed
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hat pretreatment with IFN-alfa and ATRA increased
he amount of immunoprecipitated DNA (Figure 5B).
his finding showed that IRF-E–XAF1 and IRF-1

ormed a complex at the XAF1 promoter to regulate
AF1 transcription positively. Third, we transfected
ild-type, –28 nt, and –34 nt mutated pLUC107 con-

tructs into SW1116 cells and measured the luciferase
ctivities. As shown in Figure 5C, –34 nt mutation but
ot the –28 nt mutation abrogated ATRA-induced tran-
cription activity of pLUC107. These findings suggested
hat IRF-E–XAF1 contributed to ATRA-induced XAF1
xpression.

Suppression of IRF-1-Abrogated ATRA-
Induced XAF1 Expression

To confirm further the role of IRF-1 in ATRA-
nduced XAF1 expression, we synthesized specific IRF-1
iRNA. Its effect in suppressing IRF-1 expression was
erified by immunoblotting assay (Figure 6A). We then
ransfected Lovo cells with control (GL2) or IRF-1

igure 4. ATRA up-regulated XAF1 transcription. (A, B) Lovo and
W1116 cells were treated with 16.5, 50, and 150 �mol/L of ATRA,
AF1 expression was detected 48 hours later by immunoblotting.
ctin was used as internal control. These figures were representative
f 3 independent experiments with identical results. (C) Lovo and
W1116 cells transfected with pLUC107 construct were treated with
6.5 �mol/L of ATRA for 48 hours. Luciferase activities were mea-
ured (*P 	 .05). Fold induction of RLU was expressed as the mean
f 3 independent experiments 
 SD.
iRNA and exposed the cells to ATRA subsequently. An p
igure 5. IRF-E mediated ATRA-induced XAF1 expression. (A)
W1116 cells were treated with dissolvent or 16.5 �mol/L of ATRA

or 12 hours. Nuclear extracts were prepared to detect the binding to
2P-labeled IRF-E–XAF1 probe. This experiment was repeated twice
ith the same results. (B) Chromatin immunoprecipitation analysis of

RF-E–XAF1 element from untreated (lanes 1–3), IFN-alfa (62.5 u,
anes 4–6), and ATRA (16.5 �mol/L, lanes 7–9) induced (24 h) Lovo
ells using antibody specific for IRF-1 (lanes 3, 6, 9) or rabbit IgG
ontrol (lanes 2, 5, 8). Input chromatins are shown in lanes 1, 4, and
. This experiment was repeated twice in both Lovo and SW1116
ells with similar results. (C) Wild-type (WT), –28 nt, and –34 nt mutant
MT) pLUC107 constructs were transfected into SW1116 cells for 8
ours, followed by treatment with dissolvent control or 16.5 �mol/L
TRA for an additional 48 hours and luciferase activity was measured.
P 	 .05. These experiments were repeated in both SW1116 and
ovo cells with consistent results. Fold induction of RLU was ex-

ressed as the mean of 3 independent experiments 
 SD.
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MSA assay showed that suppression of IRF-1 elimi-
ated the binding capacity of IRF-E–XAF1 (Figure 6B).
inally, we showed that suppression of IRF-1 through
NA interference abrogated ATRA-induced XAF1 ex-
ression. These findings further implicated the role of
RF-1/IRF-E–XAF1 complex in ATRA-induced XAF1
xpression.

XAF1 Participated in ATRA-Induced Cell-
Growth Suppression

To define the significance of ATRA-induced

igure 6. Suppression of IRF-1 abrogated ATRA-induced XAF1 expres-
ion. (A) Lovo cells were transfected with control (GL2) or IRF-1 siRNA
or 48 hours. IRF-1 expression was detected by immunoblotting with
ctin as the internal control. This experiment was repeated twice in
oth Lovo and SW1116 cells with identical results. (B) Lovo cells were
ransfected with GL2 or IRF-1 siRNA for 48 hours followed by treat-
ent with dissolvent or 16.5 �mol/L of ATRA for 12 hours. Nuclear
xtracts were prepared to detect the binding to 32P-labeled IRF-E–XAF1
robe in the presence or absence of consensus IRF-1 cold probe. This
xperiment was repeated twice in both Lovo and SW1116 cells with
imilar findings. (C) Lovo cells were transfected with GL2 or IRF-1
iRNA for 48 hours followed by treatment with dissolvent or 16.5
mol/L of ATRA for an additional 48 hours. XAF1 expression was
etected by immunoblotting. This figure is representative of 3 inde-
endent experiments with identical results.
AF1 expression, we examined the role of XAF1 in i
TRA-mediated suppression of cancer cell growth. We
ransfected Lovo and SW1116 cells with pcDNA empty
ector, XAF1-S, and XAF1-AS transiently, followed by
TRA treatment. Cell proliferation was evaluated by
TT assay. As shown in Figure 7A, proliferation of Lovo

ells transfected with empty vector, XAF-S, and AS were
5.8% 
 4%, 52.98% 
 2%, and 90.66% 
 1%,
espectively, whereas that for SW1116 cells were
6.24% 
 1%, 65.29% 
 2%, and 108.29% 
 2%,
espectively. It indicated that overexpression of XAF1
ncreased cell susceptibility to ATRA-mediated growth
uppression (P 	 .05) in both Lovo and SW1116 cells.
he suppression of XAF1 by transfection with antisense
onstruct reversed the effect of ATRA significantly or
ompletely (P � .05 for Lovo cells and 	.05 for
W1116 cells).

We established that Lovo cell transfectants stably
xpressed vector control (Lovo/vector), XAF1 sense
Lovo/XAF1-S), and XAF1 antisense (Lovo/XAF1-AS).
AF1 expression was confirmed by immunoblotting

Figure 7B). The response of stable transfectants to
TRA was evaluated. As shown in Figure 7C, the sus-

eptibility to ATRA-induced growth inhibition was
igher in Lovo/XAF-S than that of Lovo/vector. In con-
rast, Lovo/XAF-AS was resistant to ATRA-induced
rowth suppression with the inhibition rate only around
0% even at the highest ATRA concentration.

ATRA-Induced XAF1 Expression In Vivo

To validate the effect of ATRA on XAF1 ex-
ression in vivo, we inoculated Lovo/vector and Lovo/
AF1-S stable transfectants into BALB/c-nu/nu mice

nd treated them with ATRA after the formation of
umors. ATRA suppressed tumor growth significantly
ompared with vehicle control (Figure 8A1, A2, and
; P 	 .05). The growth rate of Lovo/XAF1-S trans-

ectant was significantly slower than that of Lovo/
ector (Figure 8A1, A3, and B; P 	 .05). In addition,
verexpression of XAF1 generated a synergized effect
ith ATRA in suppressing tumor cell growth (Figure
A, B; P 	 .05). In fact, 3 of 4 tumors formed by
ovo/XAF1-S transfectant were eliminated completely
y ATRA (Figure 8A4). We then detected XAF1
xpression in tumor tissues derived from Lovo/vector
ransfectant with or without ATRA treatment. As
hown in Figure 8C, ATRA induced XAF1 expression
n all mice. These findings confirmed the in vitro
ndings that ATRA induced XAF1 expression in co-
on cancer cells and XAF1 participated in ATRA-

nduced growth suppression.
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ATRA-Induced XAF1 Expression Was
Independent of the Translocation of XIAP
and Methylation of XAF1 Promoter

Liston et al7 reported that overexpression of
AF1 triggered a redistribution of XIAP from the

ytosol to nucleus, whereas Leaman et al10 reported
hat IFN treatment did not alter the subcellular dis-

igure 7. XAF1 participated in ATRA-induced cell growth suppression.
A) Lovo and SW1116 cells were transfected with pCDNA empty
ector, XAF1-S, and XAF1-AS construct for 8 hours, followed by the
reatment with dissolvent control or 150 �mol/L of ATRA for 48 hours.
ell proliferation was evaluated by MTT assay and expressed as a
ercentage to dissolvent control. *P 	 .05 compared with vector
ontrol. (B) XAF1 expression of Lovo/vector, Lovo/XAF1-S, and Lovo/
AF1-AS stable transfectants were detected by immunoblotting. Actin
as used as internal control. This figure is representative of 2 inde-
endent experiments with identical results. (C) Stable transfectants
f Lovo/vector, Lovo/XAF1-S, and Lovo/XAF1-AS were seeded into
6-well plates and exposed to 16.5, 50, and 150 �mol/L of ATRA for
8 hours. Cell proliferation was evaluated by MTT assay. All results
ere expressed as the mean of 3 independent experiments 
 SD.
ribution of XAF1 and XIAP. To test the effect of r
TRA, we transfected Lovo cells with RFP-XAF1 and
FP-XIAP constructs. We showed that XIAP was

ocated predominantly in the cytosol. Treatment with
TRA did not induce nuclear translocation of XIAP

Figure 9A1, A2). In contrast, XAF1 was located
ainly in the nucleus (Figure 9A3, and A4). Treat-
ent with ATRA did not alter its subcellular local-

zation either. Next, we extracted the cytosolic and
uclear fractions of Lovo cells for detection of XIAP
nd XAF1. Consistent with the earlier-described find-
ngs, XIAP accumulated in the cytosol and XAF1 was

igure 8. ATRA induced XAF1 expression in vivo. (A) Tumor formation
n mice inoculated with Lovo/vector (A1 and A2) and Lovo/XAF1 (A3
nd A4) transfectants and treated with vehicle control (corn oil, A1
nd A3) or ATRA (A2 and A4). (B) Tumor size of mice with different
reatments. The volumes of tumor were calculated as follows: V �
4/3) R12 R2, where R1 is radius 1 and R2 is radius 2 and R1 	 R2.
ata were the pooled average 
 SD of the tumor volumes for each of
animals per group, repeated twice. *P 	 .05. (C) XAF1 expression

n xenograft samples. Tumors derived from mice inoculated with
ovo/vector and treated without (A1) or with ATRA (A2) were excised
nd lysed. Expression of XAF1 was detected by immunoblotting. This
gure is representative of 2 independent experiments with similar

esults.
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ocalized at the nucleus with no changes after ATRA
reatment (Figure 8B).

To test if ATRA up-regulated XAF1 expression
hrough demethylation of the promoter, we first
earched the whole genomic DNA sequence of XAF1
sing the Methprimer technology (University of Cal-
fornia, San Francisco [UCSF]) (http://www.urogene.
rg/methprimer) and found that the XAF1 gene was
ot enriched in CpG dinucleotides. There were some
mall clusters of CpG sites in whole genomic DNA
hat did not fulfill the criteria for CpG islands. Similar
o the findings by Byun et al8 that the proximal CpG
ite methylation correlated with the silencing of
AF1 transcription, we found 8 CpG sites in the 5=
roximal region and exon 1 (nt –59 to �194). They
ere located at –33/–34, –22/–23, 17/18, 54/55, 63/
4, 71/72, 82/83, and 88/89, respectively. The se-
uence region spanning these 8 CpG sites was ampli-
ed by PCR using sodium bisulfite–modified DNA as
emplates, and 10 PCR clones were sequenced to
etermine methylation frequency at individual CpG
ites (complete methylation, 70%–100%; partial
ethylation, 10%– 60%; unmethylation, 0%). The

esults showed that no methylation occurred in 17 of
8 and 63 of 64 CpG sites in both Lovo and SW1116
ells, respectively. Partial or complete methylation
as found in other CpG sites in both cell lines.
reatment with ATRA did not alter the methylation
tatus of these CpG sites. k
Discussion

In this report, we provided several novel results
mportant for understanding the role and mechanism of
AF1 in tumor cell growth. XAF1 was modulated pos-

tively by ATRA and IFN through an IRF-E–mediated
ranscription regulation and participated in ATRA-in-
uced cell-growth inhibition.
XAF1 has been classified as an ISG in melanoma cells

ith mechanisms unknown.10,11 Our results confirmed
his observation in colon cancer cell lines. In addition, we
uccessfully identified a high-affinity and functional
RF-E in the proximal promoter of the XAF1 gene,
uggesting that IFN induced XAF1 expression directly
hrough transcription regulation. The IRF-E we identi-
ed was influential in regulating XAF1 transcription
ecause it was located close to or within the transcription
tarting area of the XAF1 gene. We have identified the
ranscription starting site of the XAF1 gene that is
ocated at –26 nt (adenosine) by a 5=-RACE assay (un-
ublished data). Through searching the database tran-
cription starting site database (http://dbtss.hgc.jp/
ndex.html) in which most genes possessed multiple
ranscription starting sites, we found that the XAF1
ranscription starting region was located at –4 to –40 nt.
ite-directed mutagenesis of both –28 and –34 nt down-
egulated the transcription activity of pLUC107 signif-
cantly, supporting the importance of this region in

Figure 9. ATRA did not alter the location
of XAF1 and XIAP. (A) Lovo cells were
transfected with pDs-red2-c1-XAF1 and
pEGFP-C1-XIAP separately for 12 hours,
followed by treatment with ATRA (150
�mol/L) for 48 hours. The locations of
XAF1 (red) and XIAP (green) were ob-
served under a fluorescent microscope
after counterstaining with Hoechst
22358 (blue) for 10 minutes. (B) Cyto-
solic and nuclear extracts of Lovo cells
with or without ATRA treatment (150
�mol/L) for 48 hours were prepared.
The expressions of XAF1 and XIAP were
detected by immunoblotting. These fig-
ures were representatives of 2 inde-
pendent experiments.
eeping XAF1 transcription activity.

http://www.urogene.org/methprimer
http://www.urogene.org/methprimer
http://dbtss.hgc.jp/index.html
http://dbtss.hgc.jp/index.html
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IFNs are the first family of human proteins to be
ffective in cancer therapy and are among the first re-
ombinant DNA products to be used clinically.26 IFNs
ediate antitumor effects either indirectly by modulat-

ng immunomodulatory and antiangiogenic responses or
irectly by affecting proliferation or cellular differentiation
f tumor cells.27–30 Similar to IFN, RA exerts profound
nfluences on cell growth and differentiation.16–18,31–33 Sev-
ral in vitro studies have shown that the combined
dministration of RAs and IFNs leads to a modulation in
he expression of some ISGs and an increased inhibition
f cell proliferation.34,35

One candidate mechanism for the cross-talk between
A and IFN is the up-regulation of IRF-1.35–40 RA is

apable of up-regulating IRF-1 expression in heterolo-
ous cancer cell types including myeloid leukemia, acute
romyelocytic leukemia, cervical squamous cancer, and
reast cancer cells,17–19,34,35 resulting in both the in-
uction of IFNs and ISGs.25,28 Our finding suggests
hat XAF1 is not only an ISG, but also an effector in
ediating the synergized antitumor effect of IFNs and
A.
Because RA-dependent up-regulation of IRF-1 appar-

ntly is not mediated by the classic pathway involving
uclear RA receptor,17,37,38 the induction of IRF-1 re-
uires a high dose of ATRA. It has been observed that
TRA dose-dependently suppressed the growth of cer-
ical carcinoma cells. The suppression of growth required
ustained activation of IRF-1, which was achieved by
igh-dose (10�4 mol/L) but not low-dose (10�6 mol/L) of
TRA.36 A low dose of ATRA only can induce transient
p-regulation of IRF-1. We consistently found that al-
hough a lower dose of ATRA (16.5 �mol/L) suppressed
he growth of Lovo/XAF1 stable transfectant (Figure
C), only a higher dose (50 �mol/L and 150 �mol/L) of
TRA suppressed tumor cell growth significantly when

ransfected with XAF1 transiently (Figure 7A and data
ot shown). Thinking about the low transfection effi-
iency of transient transfection (5%–15%), this finding
ndicated that both the induction of IRF-1 expression
nd overexpression of XAF1 are important in mediated
TRA-induced cell growth suppression, suggesting
AF1 as a prevailing effector of ATRA. This notion was

onfirmed further by an in vivo tumorigenicity experi-
ent.
As a tumor suppressor, overexpression of XAF1 in-

reased cell susceptibility to etoposide and tumor necro-
is factor–related apoptosis inducing ligand-induced apo-
tosis. Similarly, it increased ATRA-induced apoptosis
dentified by DAPI staining (data not shown). The only
ell-defined function pathway of XAF1 antagonizes the
ffect of XIAP. However, we cannot confirm the findings
f Liston et al7 that overexpression of XAF1 sequestered
IAP to the nucleus. Our result was consistent with the

eport by Leaman et al10 that IFN up-regulated XAF1
xpression without altering the localization of both
IAP and XAF1 proteins. It suggested that XAF1
ight mediate ATRA-induced cell growth suppression

n a mechanism other than interaction with XIAP. In
act, as an ISG, tumor necrosis factor–related apoptosis
nducing ligand expression also could be up-regulated by
oth RA and IFNs in cancer cells.39,40 Thus, overexpres-
ion of XAF1 might increase cell susceptibility to tumor
ecrosis factor–related apoptosis inducing ligand or other
SG-induced apoptosis. This hypothesis remains to be
larified in the future.

In conclusion, a high affinity of IRF-E close to the
ranscription starting site mediated IFN- and ATRA-
nduced XAF1 expression. XAF1 participated in ATRA-
nduced cell-growth suppression that might be indepen-
ent of the interaction with XIAP, implicating XAF1 to
e a putative target in the combined therapy of colon
ancer.
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