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Human Arm protein lost in epithelial cancers, on
chromosome X 1 (ALEXT) gene is transcriptionally
regulated by CREB and Wnt/B-catenin signaling
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The aberrant activation of Wnt signaling is a key process in colo-
rectal tumorigenesis. Canonical Wnt signaling controls transcrip-
tion of target genes via p-catenin and T-cell factor/lymphoid
enhancer factor family transcription factor complex. Arm protein
lost in epithelial cancers, on chromosome X 1 (ALEXT) is a novel
member of the Armadillo family which has two Armadillo repeats
as opposed to more than six repeats in the classical Armadillo fam-
ily members. Here we examine cis-regulatory elements and trans-
acting factors involved in the transcriptional regulation of the
ALEX1 gene. Site-directed mutations of a cyclic AMP response ele-
ment (CRE) and an E-box impaired the basal activity of human
ALEX1 promoter in colorectal and pancreatic cancer cell lines.
Moreover, overexpression of CRE-binding protein (CREB) increased
the ALEX1 promoter activity in these cell lines, whereas knock-
down of CREB expression decreased the expression level of ALEX1
mRNA. Interestingly, luciferase reporter analysis and quantitative
real-time RT-PCR demonstrated that the ALEX7 promoter was
up-regulated in a CRE-dependent manner by continuous activation
of Wnt/p-catenin signaling induced by a glycogen synthase
kinase-3 inhibitor and overexpression of p-catenin. These results
indicate that the CRE and E-box sites are essential cis-regulatory
elements for ALEX1 promoter activity, and ALEXT expression is
regulated by CREB and Wntk/p-catenin signaling. (Cancer Sci 2010;
101: 1361-1366)

W nt signaling is important for embryonic development,
stem cell maintenance, and turnorigenesis.(l’2 Two

Armadillo (Arm) family members, B-catenin and adenomatous
polyposis coli (APC), are essential components of the Wnt sig-
naling pathway. B-Catenin is mainly localized to the plasma
membrane in normal colon mucosa, whereas the cytoplasmic
B-catenin is phosphorylated by the degradation complex com-
posed of casein kinase I, glycogen synthase kinase-3f3
(GSK-3B), APC, and AXIN, and subsequently degraded by the
ubiquitin—proteasome pathway. In over 80% of colorectal can-
cers, P-catenin aberrantly accumulates in the cytoplasmic and
nuclear regions due to inactivating mutations in APC, forming a
complex with the T-cell factor/lymphoid enhancer factor
(TCE/LEF) family of transcription factors, leading to activation
of the Wt signaling pathway.** To elucidate the role of the
Wht signaling in tumor development and stem cell maintenance,
numerous candidate target genes of the B-catenin/TCF have
been identified.”"

The cyclic AMP response element (CRE)-binding pro-
tein/activating transcription factor (CREB/ATF) belon(%s to the
basic region/leucine zipper transcription factor family.®™ Tradi-
tionally, it has been believed that CREB dimers bind to CRE
sites under basal conditions, but they are inactive; and that
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activation of CREB is mediated by phosphorylation at a specific
serine residue. This phosphorylation promotes the association of
CREB with the transcriptional co-activator CREB-binding pro-
tein and its paralogue p300, leading to activation of its target
genes through histone modification and recruitment of an active
transcription complex.(g) It is noteworthy that CREB synergisti-
cally or predominantly activates some of its target genes through
B-catenin via CRE sites.*~'"

Arm protein lost in epithelial cancers, on chromosome X
(ALEX; also known as Armadillo repeat containing, X-linked
[ARMCX]) is a novel member of the Arm family which has one
or two Arm repeats as opposed to more than six repeats in the
classical Arm family members.'* The ALEX family, consisting
of at least three variants (ALEXI, ALEX2, and ALEX3), is clo-
sely localized on chromosome Xq21.33—q22.2.""® Human
ALEX]I is composed of four exons with the coding region resid-
ing entirely in a single exon and encodes a predicted protein of
453 amino acids which is highly conserved between humans and
mice (95% amino acid similarity)."'? ALEX] mRNA is widely
expressed in human tissues but is dramatically reduced or even
undetectable in several human carcinoma cell lines and tissues,
sug%esting that ALEX1 may play a role as a tumor suppres-
sor.'? However, the regulatory mechanism of the ALEX] gene
in normal and cancer cells remains largely unknown. Here we
examined the transcriptional regulation of the ALEX] gene in
human cancer cell lines and found that ALEX] expression is
regulated by CREB and Wnt/B-catenin signaling.

Materials and Methods

Cells and culture conditions. Human colon cancer cell lines
HCT116 and SW480 were obtained from DS Pharma Biomedi-
cal (Osaka, Japan) and the Cell Resource Center for Biomedical
Research, Tohoku University (Sendai, Japan), respectively.
Human pancreatic cancer cell line PANC-1 was provided by the
RIKEN Cell Bank (Tsukuba, Japan). HCT116 and SW480 cells
were cultured in DMEM (Invitrogen, Tokyo, Japan) and PANC-
1 cells were cultured in RPMI-1640 (Invitrogen) supplemented
with 10% heat-inactivated FBS (Invitrogen) in a 5% CO, atmo-
sphere at 37°C.

Plasmid constructs and transfection. The putative promoter
region of the human ALEXI] gene from —1933 to +487 was
amplified by PCR and subcloned into the pCR-Blunt II-TOPO
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plasmid (Invitrogen). An approximately 2400-bp DNA fragment
containing the ALEX] promoter sequence was inserted into the
EcoRV and HindIIl site of the pGL4.10 plasmid (Promega,
Tokyo, Japan). The luciferase reporter plasmids driven by
deleted mutant types of ALEX] promoter were generated by the
same PCR-based method. Point mutations at potential TCF/
LEF-binding element (TBE(s)), CRE, and E-box sites were
introduced by PCR-based site-directed mutagenesis with Prime-
STAR polymerase (Takara Bio, Shiga, Japan).

Full-length open reading frames for human ALEX] and
CTNNBI genes (accession nos NM_016608 and NM_001904,
respectively) were amplified by PCR and inserted into the Xhol
site of pCAGIPuro plasmid (kindly provided by Dr. H. Niwa,
RIKEN), designated as pCAGIPuro/ALEX1 and pCAGIP-
uro/B-catenin, respectively. The plasmid containing the com-
plete sequence of human ALEX] gene and the cDNA derived
from HCT116 cells which expresses both wild-type and Ser*-
deleted B-catenin were used as templates for the amplification of
ALEXI and CTNNBI genes, respectively."'® The pCAGIP-
uro/EGFP plasmid (kindly provided by Dr. H. Niwa, RIKEN)
encoding enhanced green fluorescence protein (EGFP) was used
as a control.

Human TCF4 (also known as TCF7L2), AN-TCF4, and CREB
(CREBA isoform; accession no. NM 004379) genes were ampli-
fied by PCR and inserted into the EcoRI site of pCAGIPuro
plasmid. Two dominant-negative mutants of the CREBA gene,
CREB®**"™ (KCREB) and CREB®!'** (CREBM1 and mCREB)
in which Arg®®’” and Ser''? is converted to Leu and Ala, respec-
tively, were generated by PCR-based site-directed mutagenesis.

Plasmid transfections were performed by Lipofectamine 2000
or Lipofectamine LTX (Invitrogen) according to the manufac-
turer’s instructions. Primer sequences used for cloning and
mutagenesis are available in Table S1 (Supporting information).

Luciferase reporter assay. The luciferase reporter assay was
performed using the Dual-Glo Luciferase Assay System (Pro-
mega) according to the manufacturer’s instructions. A total of
5000 cells were plated in a 96-well plate. After overnight cul-
ture, cells were transfected with 100 ng of the expression plas-
mid of Firefly reporter gene driven by human ALEX! promoter
and 50 ng of Renilla luciferase control plasmid (pGL4.74; Pro-
mega) using Lipofectamine LTX and cultured for 48 h. TOP-
flash and FOPflash reporter plasmids (Millipore, Tokyo, Japan),
which contain six wild-type and six mutated TBE sites, respec-
tively, were used to evaluate [-catenin/TCF-dependent tran-
scriptional activity. To activate Wnt/B-catenin signaling, cells
were treated for 48 h with 6-bromoindirubin-3"-oxime (BIO)
(Merck, Tokyo, Japan), at a final concentration of 5 uM, 4 h
post transfection. As a control, the cells were treated with
deionized distilled water and 5 pM 1-mehyl-6-bromoindirubin-
3’-oxime (MeBIO) (Merck), respectively. Firefly and Renilla
luciferases were measured by using the 1420 Multilabel Counter
ARVO MX. The experiment was performed in triplicate and
repeated at least three times.

Quantitative real-time RT-PCR. Total RNA was extracted by
RNeasy mini kit (Qiagen, Tokyo, Japan) according to the manu-
facturer’s instructions. First-strand cDNA was synthesized from
1 pg of total RNA using Transcriptor Reverse Transcriptase
(Roche Diagnostics, Tokyo, Japan) in a total volume of 20-uL
reaction mixtures. Quantitative real-time RT-PCR was per-
formed using the Power SYBR Green PCR Master Mix (Applied
Biosystems, Tokyo, Japan) and the MX3000P Real-time PCR
System (Stratagene, La Jolla, CA, USA) according to the manu-
facturers’ instructions. Primer sequences are available in
Table S1 (Supporting information).

siRNA transfection. PANC-1 cells were transfected with the
ON-TARGETplus Non-Targeting Control siRNA or siRNAs tar-
geting CREB using DharmaFECT1 siRNA Transfection
Reagent (Thermo Fisher Scientific, Lafayette, CO, USA), and
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cultured for 48 h. Quantitative real-time RT-PCR was per-
formed using the Rotor-Gene SYBR Green PCR kit (Qiagen)
and the Rotor-Gene Q PCR system (Qiagen). The following two
ON-TARGETplus siRNAs targeting CREB were used: siRNAI,
GAGAGAGGUCCGUCUAAUG; and siRNA2, GCCCAGC-
CAUCAGUUAUUC.

Chromatin immunoprecipitation (ChIP). ChIP assay was car-
ried out in accordance with a previous report with several modi-
fication."” Immunoprecipitation was carried out with
Dynabeads Protein G (Invitrogen) and polyclonal anti-CREB
antibody (#9197; Cell Singling Technology, Danvers, MA,
USA). The primer pair used to amplify ALEX] and cyclin D1
promoter sequences containing the putative CRE, and ALEX]
3’-distal region sequence were as follows: ALEXI promoter,
5’-GCTGCTGATGGGAGTGGTA-3" and 5-CGGACCAAAC-
GAAGACTAGG-3"; cyclin D1 promoter, 5-CTCCCGCTCCC-
ATTCTCT-3" and 5-ACTCTGCTGCTCGCTGCTAC-3"; and
ALEX] 3'-distal, 5-ATGTGCAGCATGAGTCCAAG-3" and
5’-ATTCCCATGGCCACCAGTA-3".

Indirect immunofluorescence. The cells were washed in PBS,
fixed in 100% methanol at —20°C for 5 min and in 4% parafor-
maldehyde in PBS at room temperature for 30 min, and per-
meabilized with 0.2% Triton X-100 in PBS at room
temperature for 15 min. Permeabilized cells were washed three
times with PBS, treated with 3% bovine serum albumin in PBS
for 30 min, followed by incubation with antihuman [-catenin
antibody at 1:250 dilution at room temperature for 1 h. After
washing three times in PBS, the cells were incubated with Rho-
damine-conjugated antimouse IgG antibody (Chemicon) at
1:100 in PBS at room temperature for 1 h. Finally, the cells
were mounted in Vectashield Mounting Medium with DAPI
(4’,6’-diamidino-2-phenylindole; Vector Laboratories, Burlin-
game, CA, USA). The images were obtained using a Axiovert
200M fluorescent microscope (Carl Zeiss Microlmaging,
Tokyo, Japan).

Statistical analysis. Statistics were performed using the
Mann—-Whitney U-test for the expression analysis and luciferase
reporter assay. A P-value less than 0.05 was considered to be
statistically significant.

Nucleotide sequence accession numbers. The sequences of
human TCF4 gene and human ALEX] promoter cloned in this
study have been deposited in the DDBJ/EMBL/GenBank data-
bases under accession numbers AB440195 and AB440194,
respectively.

Results

CREB regulates human ALEX1 promoter activity. To identify
candidates for cis-regulatory elements involved in the regulation
of ALEX] gene expression, we carried out a computational
search for transcription factor binding sites, and found a CRE-
B/ATF binding site, CRE, and a basic helix-loop-helix tran-
scription factors-binding site, E-box, at the proximal region of
the transcription start site of human ALEXI gene (Fig. la),
which are highly conserved between humans and mice. In addi-
tion, six consensus TCF/LEF-binding element (TBE) sites (site
nos 8, 9, 10, 11, 12, and 13) and seven imperfect TBE sites (site
nos 1, 2, 3,4, 5, 6, and 7) are located in the upstream and geno-
mic regions of human ALEXI gene, respectively (Fig. la).
Luciferase reporter analysis showed that human ALEXI pro-
moter (—1933 to +487), which included a CRE, an E-box, and
eight TBE sites, was active in HCT116, SW480, and PANC-1
cells. The site-directed mutations of each CRE and E-box dra-
matically impaired the luciferase activities in HCT116, SW480,
and PANC-1 cells, whereas the mutations of eight TBE sites
slightly up-regulated the ALEX] promoter activity (Fig. 1b). In
addition, co-transfection with a wild-type CREB expression vec-
tor induced approximately 4.3-, 2.0-, and 2.1-fold increase in
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Fig. 1. The cyclic AMP response element (CRE) site and CRE-binding

protein (CREB) are involved in human Arm protein lost in epithelial
cancers, on chromosome X 1 (ALEXT) regulation. (a) A schematic
representation of the genomic structure of the ALEX1 gene on human
chromosome X. Open and filled boxes represent the exons of the
ALEX1 gene and the ORF encoding the ALEX1 protein, respectively.
The bent arrow indicates the transcription start site of the ALEX1
gene. The positions of consensus (CTTTGA/TA/T and A/TA/TCAAAG)
and imperfect TCF/LEF-binding element (TBE)s are indicated by filled
and open reverse triangles, respectively, and numbered. An open
diamond and circle represent the putative CRE (TGACGTG) and E-box
(CACGTG) site, respectively. The open and closed arrows indicate the
primers used for promoter and intron 3-exon 4 regions of the ALEXT
gene, respectively. (b) In the left diagram, open reverse triangles
represent wild-type TBE sites, and filled reverse triangles represent
mutated TBE sites. Open and filled diamonds represent the wild-type
and mutant type of CRE, respectively. Open and filled circles represent
the wild-type and mutant type of E-box, respectively. The right bar
graph represents the relative luciferase activities in HCT116, SW480,
and PANC-1 cells transfected with the reporter plasmid driven by
wild-type and a series of site-directed mutant type of the ALEX1
promoter. Error bars indicate the SD. (c) Luciferase reporter assay of
HCT116, SW480, and PANC-1 cells co-transfected with wild-type ALEXT
promoter-driven reporter plasmid and the expression plasmid of the
indicated genes. Error bars indicate the SD. (d) Quantitative real-time
RT-PCR analysis of endogenous CREB and ALEXT mRNA expression in
PANC-1 cells transfected with control siRNA and siRNAs targeting
CREB. Relative expression level of CREB and ALEXT mRNA for each
sample was normalized against the expression level of GAPDH mRNA.
The average of two independent experiments is shown.
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Fig. 2. Glycogen synthase kinase-3 (GSK-3) inhibitor induces human
Arm protein lost in epithelial cancers, on chromosome X 1 (ALEXT)
expression. Luciferase reporter assay of PANC-1 cells treated
with/without a GSK-3 inhibitor, 6-bromoindirubin-3"-oxime (BIO), or
an inactive analog of BIO, 1-mehyl-6-bromoindirubin-3’-oxime
(MeBIO). The bar graph represents the mean ratios between the
luciferase activities from TOPflash and FOPflash reporter (TOP/FOP
ratio) (a), and relative activities driven by wild-type ALEXT promoter
(0). (b) Indirect immunofluorescense analysis for B-catenin with PANC-
1 cells treated with control solvent, MeBIO, and BIO. Nucleus was
stained with DAPI. (d) Quantitative real-time RT-PCR analysis of
endogenous ALEXT mRNA expressed in PANC-1 cells treated with BIO
or MeBIO for 24 and 48 h. Relative expression level of ALEXT mRNA
for each sample was normalized against the expression level of
GAPDH mRNA. Error bars indicate the SD. *P < 0.05 compared to
control and MeBIO-treated cells.

ALEXI promoter activities in HCT116, SW480, and PANC-1
cells, respectively (Fig. 1c), whereas knockdown of CREB
expression using two specific siRNAs decreased the ALEX]
mRNA level in PANC-1 cells (Fig. 1d). These data indicate that
both the CRE and E-box sites are essential cis-regulatory ele-
ments for basal promoter activity of the ALEX] gene, and CREB
up-regulates the ALEX] promoter activity.

Continuous activation of p-catenin up-regulates ALEX1
expression. The consensus TBE sequence recognized by the
B-catenin/TCF complex locates in the proximal promoter
regions of several known target genes of canonical Wnt signal-
ing(6’7’14). To determine whether ALEX] gene expression is reg-
ulated by Wnt/B-catenin signaling, we examined the expression
level and promoter activity of the ALEX/ gene in GSK-3 inhibi-
tor-treated PANC-1 cells. PANC-1 cells exhibited low levels of
-catenin expression and B-catenin/TCF transcriptional activity
(Figs 2a, 3a), and detectable level of endogenous ALEX] mRNA
by RT-PCR. Activation of the B-catenin/TCF target promoter
(TOPflash) and cytoplasmic and nuclear accumulation of [3-cate-
nin were markedly induced by GSK-3 inhibitor BIO, but not by
MeBIO (a kinase-inactive analog of BIO) (Fig. 2a,b). The lucif-
erase activity of ALEX] promoter-driven reporter plasmid was
also increased in BIO-treated PANC-1 cells 24 h and 48 h post
treatment in comparison to that in solvent-treated control and
MeBIO-treated PANC-1 cells (Fig. 2c). In addition, quantitative
real-time RT-PCR revealed an increase of endogenous ALEX]
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mRNA by BIO-treatment (Fig. 2d). Lithium chloride, which is
known to function as a GSK-3 inhibitor, also induced an
increase of ALEX] mRNA (data not shown). These results
demonstrate that activation of Wnt/p-catenin signaling by GSK-
3 inhibition up-regulates the promoter activity and gene expres-
sion of ALEX].

Furthermore, to validate whether cytoplasmic and nuclear
accumulation of B-catenin using genetic mutant also activates
the ALEXI gene, we generated the stable clones of PANC-1
cells expressing the degradation-resistant B-catenin mutant with
a deletion of Ser*’, which is a phosphorylation site for GSK-3p
priming, designated as PANC-1/B-catenin-AS45. As a result,
two PANC-1/B-catenin-AS45 clones showed higher expression
levels of B-catenin protein and activation of the target promoter
of B-catenin/TCF compared with those in the control PANC-
1/empty and PANC-1/EGFP clones (Fig. 3a,b). Quantitative
real-time RT-PCR and luciferase reporter analysis revealed sig-
nificant elevations of endogenous mRNA expression and pro-
moter activity of ALEX] in the PANC-1/f-catenin-AS45 clones
(Fig. 3c,d), indicating that ALEXI gene is regulated by Wnt/
[-catenin signaling.

Regulation of ALEXT gene expression by p-catenin is CRE
dependent. Since comparable induction by BIO was obtained
using the ALEX] promoter-driven reporter plasmids with/with-
out intron 3-exon 4 region containing five TBE sites (+2156 to
+3946; Fig. 4a), we used the ALEX] promoter-driven reporter
plasmid without intron 3-exon 4 region to elucidate a regula-
tory region required for B-catenin stimulation. A series of 5’
deletions and site-directed mutations of TBE sites exhibited lit-
tle impairment in response to Wnt/B-catenin signaling induced
by BIO (Fig. 4b). Furthermore, the activation of the ALEX]
promoter was suppressed by the overexpression of the N-termi-
nal deletion mutant of TCF4 (AN-TCF4) known to block the
transcriptional activity of B-catenin due to lack of the [B-cate-
nin binding domain (Fig. 4c). Previous studies have reported
that transcription factors, including CREB, are capable of
recruiting B-catenin;''>~'" thus, we evaluated the effect of
the CRE site on [-catenin-mediated transactivation of the
ALEXI promoter by luciferase reporter assay. Interestingly, the
mutation of the CRE site resulted in almost complete loss of
induction by BIO (Fig. 4b). These data suggest that the CRE
site plays an important role in mediating B-catenin-dependent
transcriptional activation of the ALEX] promoter, whereas the
TBE sites play only a minor role although TCF4 may contrib-
ute to this activation.

The transcriptional relevance of CREB in regulating the
ALEXI expression in the PANC-1/empty and the PANC-1/
B-catenin-AS45 clones was further confirmed by ChIP assay
(Fig. 4d). To further investigate whether CREB mediates activa-
tion of the ALEX] promoter by B-catenin, wild-type CREB and
two dominant-negative mutants, CREB®**™™ and CREBS!''"A,
were overexpressed in BIO-treated PANC-1 cells. The luciferase
reporter analysis for the ALEXI promoter showed that the
response to B-catenin was enhanced by the wild-type CREB but
was suppressed by a DNA-binding defective mutant CREBR**"-
(Fig. 4c), indicating that CREB, at least in part, mediates the
transcriptional activation of the ALEX] gene by Wnt/f-catenin
signaling. Surg)risingly, a Ser'' phosphorylation-defective
mutant CREB®''* enhanced the activation of the ALEX! pro-
moter by BIO, suggesting that BIO-induced activation of the
ALEXI promoter is independent of the phosphorylation of
CREB at Ser''” which is important for transcriptional activation
of several CREB target genes.

Discussion

Arm family members exert diverse functions through interac-
tions of their Arm repeat domain with several binding partners.
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Fig. 3. Overexpression of the constitutive-active mutant type of
B-catenin induces human Arm protein lost in epithelial cancers, on
chromosome X 1 (ALEXT) expression. (a) Western blot analysis for
B-catenin was performed with the cell lysate from stably transfected
PANC-1/empty, PANC-1/EGFP, PANC-1/B-catenin-wt, and PANC-1/f-
catenin-AS45 clones. B-Actin protein served as an internal control. (b)
Luciferase reporter assay of stably transfected PANC-1 clones
transfected with reporter constructs. The bar graph represents the
mean ratios between the luciferase activities from TOPflash and
FOPflash reporter (TOP/FOP ratio). The error bars represent the SD.
*P < 0.05 compared to each control clone (empty nos 1 and 2, and
EGFP nos 1 and 2). (c) Luciferase reporter assay of each stably
transfected PANC-1 clone transfected with wild-type ALEXT promoter-
driven reporter plasmid. The bar graph represents the relative
luciferase activities, and the error bars represent the SD. *P < 0.05
compared to each control clone (empty nos 1 and 2, and EGFP nos 1
and 2). (d) Quantitative real-time RT-PCR analysis of endogenous
ALEXT mRNA of stably transfected PANC-1 clone. The relative level of
ALEXT mRNA expression for each sample was normalized against the
expression level of GAPDH mRNA. *P < 0.05 compared to each control
clone (empty nos 1 and 2, and EGFP nos 1 and 2).
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ALEX]I and its homologs are not classical members of the Arm
family and represent a new family of proteins with less than six
Arm repeats. Here we revealed the cis-regulatory elements and
trans-acting factors involved in the transcriptional regulation of
the ALEX] gene. First, we demonstrated that potential CRE and
E-box sites were essential cis-regulatory elements for basal tran-
scription of the human ALEX] gene. A CRE and an E-box are
known to be occupied by the CREB/ATF family and the basic
helix-loop-helix family of transcription factors, respectively.
Since overexpression and knockdown of CREB altered the
ALEX] promoter activity, CREB may play an important role in

Iseki et al.

Fig. 4. Cyclic AMP response element (CRE)-site and CRE-binding
protein (CREB)-mediated activation of human Arm protein lost in
epithelial cancers, on chromosome X1 (ALEXT) promoter by the
glycogen synthase kinase-3 (GSK-3) inhibitor. (a) Luciferase reporter
assay of PANC-1 cells transfected with wild-type ALEX17 promoter-
driven reporter plasmid with/without the intron 3-exon 4 region
containing five TBE sites (+2156 to +3946). The bar graph represents
the relative luciferase activities. (b) The left diagram is shown as
described in the legend for Figure 1(b). The right bar graph
represents the relative luciferase activities in control, 1-mehyl-6-
bromoindirubin-3’-oxime (MeBIO)-, and 6-bromoindirubin-3’-oxime
(BIO)-treated PANC-1 cells transfected with the reporter plasmid
driven by wild-type, a series of 5" deleted type, or a series of the site-
directed mutant type of human ALEXT promoter. The error bars
indicate the SD. (c) Luciferase reporter assay of PANC-1 cells co-
transfected with wild-type ALEXT promoter-driven reporter plasmid
and expression plasmid of the indicated genes. The bar graph
represents the mean ratios between the luciferase activities in PANC-1
cells treated with BIO and MeBIO (BIO/MeBIO ratio), and the error
bars represent the SD. *P < 0.05 compared to control (empty). (d)
Chromatin immunoprecipitation followed by quantitative real-time
PCR was carried out with normal rabbit IgG or anti-CREB antibody
using the PANC-1/empty clone 1 and PANC-1/B-catenin-AS45 clone 1.
Sequences of cyclin D1 promoter and 3’-distal region of the ALEXT
gene were used as a positive and negative control for CREB binding,
respectively.

regulating ALEX1 gene expression. In addition, ChIP assay also
supported the role of CREB in transcriptional activation of
the ALEX] gene via binding to the proximal promoter region
including the CRE site. However, the response of the ALEX]
promoter to CREB induction was not diminished by the CRE
mutation (Fig. S1, Supporting information). Several genes have
been found to be regulated by CREB via multiple CRE sites,
and point mutations in one CRE site alone are not enough to
impair its promoter activity. Luciferase reporter analysis using a
series of 5" deletions of the ALEX] promoter-driven vector sug-
gests that at least the proximal promoter region (=122 to +487)
contains a CREB response sequence (Fig. S1, Supporting infor-
mation). In the case of the ALEX] gene, CREB might regulate
via multiple CRE sites which are uncovered in this paper. Fur-
ther studies are needed to identify transcription factors regulat-
ing ALEX] gene expression through the E-box site. Second, we
showed that Wnt/B-catenin signaling up-regulated ALEX gene
expression and transcriptional activation of the ALEXI gene by
B-catenin mediated by the CRE site. It is believed that f-catenin
binds DNA indirectly through the interaction with a member of
the TCF/LEF family because B-catenin does not possess a
DNA-binding domain."® However, a genome-wide analysis of
[-catenin occupancy revealed a lack of consensus TBE motif in
16% of target genes,'” suggesting that B-catenin binds to this
group of targets indirectly through a nonconsensus TBE motif or
an unrelated factor-binding site. In fact, the transcription factors
FOXO, Pitl, and Propl recruit B-catenin to their target gene pro-
moters. ">~ Furthermore, recent studies have provided evi-
dence supporting the importance of CRE sites in Wnt signaling,
since interaction with CREB is required for -catenin to activate
the cyclin D1 and cyclooxygenase-2 promoter.'%*” In this
report, a GSK-3 inhibitor and B-catenin up-regulated ALEX]
gene expression (Figs 2,3). Importantly, BIO-induced activation
of the ALEX1 promoter was little affected by the mutations of
TBE sites, but almost completely abolished by the mutation of
the CRE site (Fig. 4a). Moreover, overexpression of CREB
enhanced BIO-induced ALEXI promoter activation (Fig. 4b).
Taken together, ALEX] is thought to be regulated by Wnt/f-
catenin signaling; however, the regulation of ALEX] gene
expression by B-catenin may be mediated by the CRE but not
TBE sites. Third, the CREB-mediated regulation of ALEX] gene
expression by B-catenin was CREB phosphorylation indepen-
dent. The CREBR*¥7- mutant, which blocks binding of wild-
type CREB to CRE sites through heterodimer formation,*" was
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observed to reduce the response to B-catenin (Fig. 4c). How-
ever, the overexpression of the CREB3'"'4 mutant, which
underwent a point mutation at a potential phosphorylation site
by several kinases such as a cAMP-dependent protein kinase,
was observed to accelerate responses to -catenin at similar lev-
els of induction as those by overexpression of wild-type CREB
(Fig. 4c). The phosphorylation of Ser''? is essential for the tran-
scriptional activation of CREB, but not for DNA binding.®
Therefore, the binding of CREB to the CRE sites is considered
to be a prerequisite for the transcriptional activation of the
ALEXI gene by B-catenin, and CREB phosphorylation may be
dispensable for this activation.

The dysregulation of the Wnt signaling can contribute to
tumor development mainly by activation of target gene expres-
sion such as c-myc and cyclin D1, whereas Wnt antagonists such
as secreted frizzled-related proteins, dickkopf-1, and Wnt inhibi-
tor factor-1 are also up-regulated by Wnt signaling, leading to
the negative feedback regulation of Wnt signaling. The present
data indicate that ALEX] is regulated by Wnt/B-catenin signal-
ing. In addition, overexpression of ALEXI1 suppresses the col-
ony formation of colorectal cancer cell lines and is frequently
down-regulated in human colorectal cancer (manuscript in prep-
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Additional Supporting Information may be found in the online version of this article:

Table S1. Primer sequences used in this study.

Fig. S1. The proximal regulatory region of the Arm protein lost in epithelial cancers, on chromosome X 1 (ALEX/) gene responds to cyclic AMP
response element binding protein (CREB) induction. Luciferase reporter assay of PANC-1 cells co-transfected with the reporter plasmid driven by
a series of deletion and site-directed mutant types of the ALEX1 promoter, and the CREB expression plasmid or control empty plasmid. Error bars

indicate the SD.
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