Linkage between DNA Damage and Wnt Signaling

sequence is necessary for the interaction with TCF-4. It hag been
consistently reported that Ku70 needs to retain its three-
dimensional structure to interact with KuB0, DNA, and other
proteins (23).

Ku70 suppresses TCF-4-mediated gene ftranscriptional
activity. To investigate the functional involvement of Ku proteins
in the TCF-4 and R-catenin transeriptional complex, we knocked
down the expression of Ku70 using shRNA. The decreased
expression of Ku70 was confirmed by Western blotting (Fig: 34).
The knockdown of Ku70 expression increased the luciferase activity
of TOP-FLASH, the canionical reporter of TCF/LEF transcriptional
activity, ~2-fold over mock transfection (Fig. 3B, black columns)
but did not affect significantly that of the mutant reporter FOP-
FLASH (Fig. 3B, gray columns). Conversely, overexpression of Ku70
by cDNA transfection suppressed the TOP-FLASH activity ~4-fold

(Fig. 3B, * Ku70). Unlike Ku70, however, knockdown of Ku80
expression did not significantly affect the TOP-FLASH or FOP-
FLASH activity (data not shown). Similar enhancement of TCF/LEF
transcriptional -activity by knockdown of Ku70 was observed in
HepG2 and Li7 cells (Supplementary Fig. 52).

Consistent with the reporter assay, knockdown of Ku70
expression by transfection of shRNA into HCT116 cells increased
the expression of known downstream target genes of TCF-4,
including e-mye (MYC), cyclin DI {(CCNDI), ETS2, and MDRI
{ABCBI; Fig. 3C). The expression of Ku70 mRNA in cancer tissues
(7') was clearly decreased in four of five cases of sporadic eolorectal
cancer in comparison with the corresponding nermal tissues
(N, Fig. 3D).

Competitive regulation of the TCF-4 and P-catenin complex
by Ku70 and PARP-1. Because PARP-1 has been reported fo
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Figure 4. Compstitive regulation of the TCF-4 and g-catenin complex by Ku70 and PARP-1. A, PARP-1-null MEF were transfected with FLAG-TCF-4 or

FLAG-MOCK, and wholeg lysates {Tofal) and immunoprecipitates with anti-FLAG affinity beads (/F: FLAG) were blotted with anti-Ku70, anti-TCF-4, and anti-FLAG
antibodies. 8, PARP-1-null MEF were transfected with FLAG-TCF-4 and pcDNAS. 1—PARP-1 or gontral pecDNAS. 1. Whole lysates and immunoprécipitates with
anti-FLAG affinity beads were biotted with anti-FLAG, anti-Ku70, and anti-PARP-1 antibodies. C, HCT116 cells were cotransfected with a mixture of pSUPER-Ku70(A)
and pSUPER-Ku70(B) or empty pSUPER (Control) as well as pcDNA3.1-PARP-1 [PARP-1 (+)] ot empty pcDNAS. 1/myc-His [FARP-1(~)] along with TOP-FLASH
or FOP-FLASH luciferase reporter. Forty-eight hours after transfection, the luciferase activity of TOP-FLASH {black columns) and FOP-FLASH (gray columns) was
mieasured. Activity was adjusted to the TOP-FLASH activity of the control transfectarit [Controf, PARP-1(~)] and expressad as a fold increase, D, HEK293 ¢elis were
transfected with FLAG-TCF-4, p-cateninAN134, and a mixture of pSUPER-KU70{A) and pSUPER-KU70(B) (+) or empty pSUPER (-). Total cell lysates were
immunopraecipitated with anti-FLAG affinity beads @nd blotted with anti-FLAG, anti~p-catenin, and anti-Ku70 antibodies,
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Figure 5. Possible linkage of DNA damage recognition and Wnt signaling. A, detéction of polyADP-ribosylation in DLD-1 cells. incubated with medium containing,
oF lacking, blesmycein-for.6 h. Immuriofluotescence staining was dane tsing anti-poly{ADP-ribosea) rabbit polyclonal antibody (red) and anti-FARP-1 mouse
mohotlonal antibody. (green). B, detection of PARP-1 {fop) and ifs' polyADP-ribosylation (botfom) in DLD-1, HCT116, and SW480 cells untreated or treated with
blgomycin for & h. Note that polyADP-ribosylated PARP-1 protein migrated more slowly and was less teactive with anti-PARP-1 antibody (fop). C, TCFALEF
transcriptional activity of DLD-1, HCT 116, and SWA480 cells untreated (0°h) or treated only with bleomycin for 12 or 24 h. The ratio of TOP-FLASH to FOP-FLASH
(TOP/FOP) was adjusted to that of the control (untreated) and expressed as a fold incraase. D, DLD-1 cells were untraated (-).or treated with bleomycin for 3. h. (+).
Nuclear extracts (Nuclear) and immunoprecipitates with anti-TCF-4 antibody (IP: TOF-4) were blotted with anti~TCF-4, anti-Ku70, anti-Ku80, anti-PARP-1,

anti~p-catenin, and anti-poly(ADP-tibose} antibodies.

interact with the Ku heterodimer (24), we used PARP-1-null MEF
to investigate whether the interaction between TCF-4 and Ku
proteins is mediated by PARP-1. Ku70 was coimmunoprecipitated
with FLAG-TCF-4 even in the absence of PARP-1 (Fig 44),
revealing that PARP-1 is not necessary for the interaction between
TCF-4 and Ku. Restoration of PARP-1 did not. affect the total
amount of Ku70 in the nucleus (Fig. 48, Total), but the amount
of Ku70 coimmunoprecipitated with FLAG-TCF-4 was reduced
(Fig. 4B, IP: FLAG), suggesting that PARP-1 competes with Ku70
for binding to TCF-4. Ku80 was barely coimmunoprecipitated
with: FLAG-TCF-4 in PARP-1-nyll MEF (data not shown).

We hypothesized that the transeriptional activity of TCF-4 is
mutually regulated by the relative amount of Ku70, PARP-1, and
B-catenin proteins binding to TCF-4. The enhancement of
TOP-FLASH activity by transfection of Ku706 shBNA was further
augmented by PARP-1 overexpression (Fig. 4C). Ku70 seems to
suppress the transcriptional activity of TCF-4 by inhibiting the
participation of B-catenin in the transcriptional complex contain-
ing TCF-4. Knockdown. of Ku70 expression did not affect the total
amount of B-catenin in the nucleus (Fig. 4D, Total), but the amount

of B-catenin protein coimmunoprecipitated with FLAG-TCF4 was
increased (Fig: 4D, IP: FLAG).

Possible linkage of DNA damage recognition and Wt
signaling. When DNA is damaged, PARP-1 polyADP-ribosylates
several acceptor proteins. Treatment of colorectal cancer DLD-1
cells with bleomycin, a DNA-damaging alkylating agent; induced
the accumulation of polyADP-ribosylated molecules in the nucleus
(Fig. 54). PARP-1 polyADP-ribosylates its own automodification
domain in response to DNA damage. Bleomycin induced polyADP-
ribosylation of PARP-1 protein most significantly in DLD-1
cells [Fig. 5B, poly(ADP-ribese}]. In parallel with the degree of
PARP-1 polyADP-ribosylation, bleomycin inhibited the TCF/LEF
activity of DLD-1 cells but not that of SW480 and HCT116 cells
(Fig. 5C).

Because PARP-1 competes with Ku70 for binding to TCF+4
(Fig. 4B) and polyADP-ibosylation inhibits the interaction of
PARP-1 with TCF-4 (11), we investigated how the polyADP-
ribosylation. of PARP-1 affects the composition of the TCF-4~
containing transcriptional complex. Nuclear extracts from DLD-1
cells untreated or treated with bleomycin 'were immunoprecipitated
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with anti-TCF-4 antibody. Although the total amount of Ku7¢ in
the nucleus was not affected by bleomycin treatment (Fig. 5D,
Nuclear), the amount of Ku70 coimmunoprecipitated with the
anti~TCF-4 antibody was significantly increased (Fig: 5D, *). On
the other hand; the amounts of PARP-1 and B-catenin
coimmunoprecipitated with anti-TCF-4 antibody were decreased
(Fig. 5D, **).

Immunohistochemical analysis revealed the frequent presence of
nuclear poly(ADP-ribose} formation in the nuclei of colorectal
adenoma cells (7). from PFAP patients, whereas this was rarely
observed in normal intestinal epithelial cells (Fig. 6, N).

Discussion

In this study, we showed that Ku70 and KuS0 are native
components of the TCF-4 and B-catenin transcriptional complex
(Fig. 1D). Ku70 physically interacts with a domain of TCF-4
containing the HMG box (Fig. 24). Ku70 was an inhibitor of the
TCF/LEF transeriptional activity (Fig. 3B; Supplementary Fig. S2).
Down-regulation of Ku70 by RNA interference increased the
expression of several known target genes of TCF/LEF (Fig. 3C),
and the expression of Ku70 mBNA was frequently down-regulated
in colorectal cancer tissues (Fig, 3D). Consistent with our findings,
down-regulation of Ku70 protein expression has been reported
previously in colerectal adenoma and carcinoma (25).

Ku has-already been shown to work as a transcription factor that
hinds to promoter ¢lements in a sequence-specific manner (26). Ku
i§ capable of associating with the RNA polymerase I complex (27),
but the entire Ku70/Ku80/DNA-PKes complex is thought o be
required for transeriptional regulation. DNA-PK phesphorylates
RNA polymerase I (28) and II (29). Furthermore, DNA-PK interacts
and/or phosphorylates other oncogenic transcription factors,

Figure 6. Nuclsar poly{ADP-ribose) formation in colorectal adenoma.
Immunohistochemistry of colorectal adenoma and normal glands of a FAP
patient, Formation of poly(ADP-ribose) was detécted with anti-poly(ADP-ribose)
polyclonal antibody.

including e-mye (30) and c-jun (31). However, these DNA-PK-
induced phosphorylation mechanisms seem inadequate to explain
the regulation of TCF-4 and p-catenin-mediated gene trans-
activation by Ku70, because the native TCF-4 and B-catenin
complex contained mainly Ku70 (Fig. 10). Ku80 is necessary for the
recruitment and activation of DNA-PKes (32), but knockdown of
Ku80 by RNA interference did not affect the transcriptional activity
of TCF-4 (data not shown). Ku70 is expressed in the nucleus,
whereas Ku80 and DNA-PKes are expressed either exclusively or
predominantly in the cytoplasm of colorectal adenoma and
carcinoma cells (25). A previous study has shown that the Ku
heterodimer interacts with YY1 and suppresses a-myosin heavy-
chain gene expression independently of DNA-PKes (33).

We previously reported that PARP-1 is a native component of
the TCF-4 and B-catenin complex -and that PARP-1. physically
interacts with the region of TCF-4 distal to the HMG bex (11).
PARP-1 has already been reported. to form a complex with the Ku
heterodimer (34). However, the interaction of Ku70 with TCF-4is
not mediated by PARP-1, and, in fact, PARP-1 competes with Ku70
for binding to TCF:4. We observed that Ku70 was coimmunopre-
cipitated with TCF-4 even in PARP-1-null cells (Fig. 44}
Transfection of PARP-1 decreased the amount of Ku70 present in
the immunoprecipitate with anti-TCF-4 antibody (Fig. 4B). The
domain of TCF-4 binding to Ku70:(Fig. 24) was physically close to
the domain binding to PARP-1 (11). In contrast to Ku70, PARP-1
was overexpressed in colorectal cancer (11) :and enhanced the
transcriptional activity of TCF/LEF. Although transfection of Ku70
shBRNA or ¢DNA alone had a small effect (~2- to 4-fold) on the
TCF/LEF transcriptional activity (Fig. 3B; Supplementary Fig. S2),
the combination of PARP-1 overexpression and Ku70 down-
regulation markedly increased its activity (by >5-fold; Fig. 4C).
The transcriptional activity of TCF-4 seems to be competitively
regulated by the relative amount of Ku70 and PARP-1 proteins
binding to TCF-4 (Fig. 5D).

PARP-1 is-activated by DNA strand breakage and facilitates DNA
repair by polyADP-ribosylating various acceptor molecules as well
as its own automodification domain., Without DNA damage, the
amount of polyADP-ribosylated proteins is kept at a low level
(Fig. 5A). Poly(ADP-ribose) formation was barely observed in
normal colon epithelial cells, whereas colorectal adenoma cells
frequently accumuilated nuclear poly(ADP-ribose) (Fig. 6). DNA
damage is caused by endogenous free radicals produced as
byproducts -of oxidative metabolism. We previously reported that
a key redox-status regulatory protein, manganese superoxide
dismutase, was overexpressed even in small adenomas of FAP
patients in parallel with the accumulation of B-catenin (22),
indicating the occurrénce of a certain type of DNA damage during
the course of early colorectal carcinogenesis.

The protein composition of the TCF-4-containing nuclear
complex is not fixed but regulated dynamically in response to
DNA damage. Based on the present observations and previous
studies, we propose a working hypothesis that the transcriptional
activity of TCF-4 is regulated by polyADP-ribosylation of PARP-1
and subsequent recruitment of Ku70 to TCF-4 (Supplementary
Fig. $3). In response to DNA damage, PARP-1 polyADP-ribosylates
its own automodification domain (Fig. 58). This modification
inhibits the interaction between PARP-1 and TCF-4 (11), and the
dissociation of PARP-1 from TCF-4 allows Ku70 to interact with
TCF-4, The amount of B-catenin coimmunoprecipitated with
TCF-4 was regulated by Ku70 (Fig. 4D). The recruitment of Ku70
into TCF-4 likely inhibits the interaction between TCF+4 and

www.gacrjournals.org

Cancer Res 2007; 67: (3). February 1, 2007



Cancer Research

B-catenin, the transcriptional activity of TCF-4, and the expression

of target genes of TCF-4.

In summary, we have revealed that Ku70 and PARP-1 regulate
TCF-4 and p-catenin—mediated gene transactivation in a compet-
itive manner. Although our medel may be oversimplified, identifi-
cation of cross-talk between the Wnt signaling pathway and DNA
damage recognition will provide a novel insight into the mechanism
of colorectal carcinogenesis and suggest possible avenues of thera-

peutic intervention,
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Involvement of Splicing Factor-1 in -Catenin/T-Cell Factor-4-Mediated
Gene Transactivation and Pre-mRNA Splicing

MIKI SHITASHIGE,* YASUYOSH! NAISHIRO,»* MASASHI IDOGAWA ** KAZUFUMI HONDA,* MASAYA ONO,*

SETSUO HIROHASHI* and TESSHI YAMADA®

*Chigimotherapy Division and Cancer Proteorics Froject, National Cancer Center Research Iristitute, Tokyo; and *First Department of internal Medlicine, Sapporo

Medical Universily, Sapporo, Japan

Background & Aims: f-Catenin is the downstream
effector of the Wnt signaling pathway and is involved
in the process of colorectal carcinogenesis. However,
it is still uncertain whether B-catenin exerts its onco-
genic function solely by coactivating the target genes
of T-cell factor-4 (TCF4). We previously reported that
the f-catenin/TCF4 complex contains several classes
of RNA-binding proteins and regulates the premes-
senger RNA splicing reaction; but the identity of the
exact effector molecule downstream of the B-catenin/
TCF4 complex has not been established. Methods:
Using isotope-coded affinity tagging and mass spec-
trometry, we examined more than 4000 peptides de-
rived from colorectal cancer cells and identified that
splicing factor-1 (SF1) was one of the proteins whose
expression is regulated by the S-catenin/TCF4 com-
plex. Resulfs: The expression of SF1 was found to be
correlated with the differentiation status of intestinal
epithelial cells and inversely correlated with tumori-
genesis, Immunoprecipitation and immunofluores-
cence microscopy revealed that SF1 was a complex,
and B-catenin-evoked gene transactivation and cell
proliferation were negatively regulated by SF1 com-
plementary DNA transfection. SF1 was essential for
the induction of alternative splicing by the B-catenin/
TCF4 complex, and SF1 complementary DNA trans-
fection induced known cancer-related splice variants,
such as Wnt-induced secreted protein-1v and fibro-
blast growth factor recepror-3-ATIL Conclusions:
The PB-catenin/TCF4 complex regulates the level of
SF1 protein expression, and, conversely, SF1 interacts
with the complex and regulates its gene transactiva-
tion and premessenger RNA splicing activities. Iden-
tification of the interaction may shed light on a novel
aspect of the Wnt signaling pathway.

he Wnr signaling pathway regulates cell fate, differ-

entiation, proliferation, and death, and thus plays
critical roles in embryonic development and carcinogen-
esis.’"* The Wnt signal is transmirted from the mem-
brarne receptots to the cytoplasmic multiprotein complex
containing the adenomatous polyposis. coli (APC) gene
product, axinfaxil, glycogen synthase kinase-38 (GSK-

3pB), and B-catenin ¢ This complex acts as a molecular
chaperone that mediates the phosphorylation of B-cate-
nin by GSK-35, and the phosphorylated B-catenin pro-
tein is ubiquitinated and rapidly degraded.”™® More than
80% of colorectal cancers carry mutations in the APC
gene,19 and half of the remainder .contain mutations in
the B-catenin (CTNNBI) gene.’112 These mutations cause
dysfunction of the chaperone, which results in the accu-
mulation of cytoplasmic B-catenin protein.’® The accu-
mulared B-catenin is thought to cause colorectal carci-
nogenesis by forming a complex with T-cell facror-4
(TCF4), a member of the TCF/lymphoid enhancer factor
(LEF) family, and by coactivating the target genes of
TCF4.14

Several immediate transeriptional rargets of TCF4 have
been identified using complementary DNA (cDNA)/oli-
gonucleotide microarrays,*-19 bur the entire protein net-
work of B-catenin-mediated intestinal carcinogenesis
seems complicared and has not yet been fully explained.
In the present study, we used a liquid chromategraphy
and mass specrrometry (LC-MS)-based quantitative pro-
teoniic approach?® to idenrify comprehensively a popu-
lation of proteins whose expression is regulated by the
B-catenin/TCF4 complex in colorectal cancer cells. As a
result, we identified splicing factor-1 {SF1) as one of the
proteins whose expression is negatively regulated by the
B-catenin/TCF4 complex; and its expression was found
to be directly correlated with the differentiation status of
intestinal epithelial cells and inversely correlated with
tumorigenesis. SF1 functioned as a component of the
B-catenin/TCF4 complex and negatively regulated B-cate-
nin-evoked gene transactivation and cell proliferation.

Abbreviations used in this paper: ER, estrogen receptor; FAP, famil-
jal adenomatous polyposis; FGFR, fibroblast growth factor receptor;
FUS, fusion; GAPDH, glyceraldehyde-3 phosphate dehydrogenase;
GSK-38, glycogen synthase Kinase-3(3; HEK, human embryonic kidney;
hNRNP, heterogéneous nuclear ribonucleoprotein; ICAT, isotope-coded
affinity tagging; LC, liquid chromatography; LEF, lympheid enhancer
factor; MS, mass spectrometry; MS/MS, tandem mass spectrometry;
SF1, splicing factor-1; TCF, T-cell factor; VAMP, vesicle-associated
membrane protein; WISP, Wnt-induced secreted protein.
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We previously reported that the B-catenin/TCF4 com-
plex contains several classes of RNA-binding proteins,
including fusion (FUS) and heterogeneous nuclear ribo-
nucleoproteins (nRNPs), and regulates the pre-messen-
ger RNA (mRINA) splicing reaction.2! However, the exact
effector molecule downstream of the B-catenin/TCF4
complex had not been identified. Here, we report finding
that SF1 is essential for the induction of alternative
splicing by the B-catenin/TCF4 complex. Human cancers
express a large number of alternatively spliced tran-
scripts.?> SF1 may play an imiportant role in the process
of carcinogenesis.

Materials and Methods
Cell Lines

Human embryonic kidney (HEK) cell line 293 and
human colorectal cancer cell line DLD-1 were obtained
from the Health Science Research Resources Bank
(Osaka, Japan). Human cervical cancer cell line Hella and
simian kidney epithelial cell line Cos-7 were purchased
from the Riken Cell Bank (Tsukuba, Japan). Human
colorectal cancer cell line HCT-116 was purchased from
the American Type Culture Collection (Rockville, MD).

Plasmid Construction and Establishment

of DLD1 Tet-off TCF4BAN30

AUl-tagged TCF4B ¢DNA (nucleotides 398-2138,
accession number Y11306) was subcloned into pTRE2-pur
(BD Biosciences, San Jose, CA) o create pTREZ-
TCF4BAN30. DLD1 cells were double transfected sequen-
tially with regulatory pTet-OFF (BD Biosciences) and
responsive pTREZ-TCF4BAN30 or pTREZ-pur control
plasmid.

The human SF1 expression construct (pcDNA-3.1-
His-SF1)y was kindly provided by Dr. M. A. Garcia-
Blanco (Duke University Medical Center).?? Full-length
human B-catenin ¢DNA and its truncated form (lack-
ing a 134-amino acid sequence in its NH,-terminust?)
were subcloned into pFLAG-CMV4 (Sigma-Aldrich, St
Louis, MO) to prepare pFLAG-B-catenin and pFLAG-
B-cateninAN134, respectively. Human TCF4E ¢DNA
lacking a 30-amino acid Brcatentn-binding site in its
NHj-terminus' was subcloned into pFLAG-CMV4 to
prepare pFLAG-TCF4EAN30. The composition of all
constructs described in this study was confirmed by
restriction endonuclease digestion and sequencing

Isotope-Coded Affinity Tagging Analysis

DLD1 Tet-off TCF4BAN30 cells were cultured for
7 days in the absence or presence of 0.1 pg/mL doxycy-
cline: (Dox). The cells were washed with ice-cold PBS,
allowed to swell for 15 minures in hypotonic buffer (50
mmol/L Tris-HCL, pH 7.4, 5 mmol/L MgCl,, § mmol/L
CaCly) supplemented with protease inhibitor cocktail
(Boehringer Mannheim, Indianapolis, IN), and then cen-
trifuged for 60 minutes at 105,000g to separate the sol-
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uble fraction (fraction ). The peller was resuspended in
lysis buffer (50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L
NaCl, 5 mmol/L MgCl,, 5 mmol/L CaCl,, and protease
inhibitor cockeail) and homogenized. The cell homoge-
nates were fractionated into fractions 2-5 by sequential
differential centrifugation {see Supplementary Figure §1
online at www.gastrojournalorg), and each fraction was
dissolved in dissolving buffer (50 mmol/L Tris-HCL, pH
8.3, 5 mmol/L. EDTA, 0.5% SDS, 1% octyl glucoside, 8
mol/L urea). After adjusting the concentration of urea to
5 mol/L, 300-pg protein samples were reduced with 2
mmol/L tris (2-carboxyethyl)phosphine (TCEP) for 30
minutes at 37°C and differentially labeled with the iso-
topically light (2Cp) or heavy (13Cy) acid-cleavable iso-
tope-coded affinity tagging (ICAT) reagent (Applied Bio-
systems; Foster City, CA). The “Cg and ¥Cglabelled
samples were combined, digested with modified trypsin
(Promega, Madison, WI), fractionated via cation-ex-
change chromatography, and purified by avidin-affinity
chromarography.

The ICAT-labeled peptides were concentrated and de-
salted on a 500-pm ID X L mm HiQ sil C18-3 trapping
colummn (KYA Technologies, Tokyo, Japan) before loading
onto a 150-pm ID X S-cm C18W-3 separation column
(KYA Technologies). Peptides were then fractionated with
an acetonitrile gradient (0%-80%, 200 nl/minute for 3
hours) and analyzed with a Q-Star Pulsar-i mass spec-
trometer equipped with a nanospray fonization sotrce
(Applied Biosystems). Dara were processed with ProlCAT
software (Applied Biosystems),

Antibodies

Anti-78-kilodalton glucose-regulated protein (clone
40), antinucleoporin p62 (done 63), and anti-B-catenin
{(clone 14) mouse monoclonal antibodies were purchased
from BD Transduction Laboratories (Palo Alto, CA). Anti-
alcohol  dehydrogenase rabbit (se-22750), antilaminin
receptor rabbit (5¢-20979), anti-SF1 goat (s¢-21157), anti-B-
catenin goat (sc-1496), anti-FUS goat {(sc-8531), anti-Wit-
induced secreted protein-1 (WISP1) rabbit (sc-25441),
and ant-WISP2 goat (sc-8867) polyclonal antibodies
were: purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Antialdolase goat polyclonal antibody (100~
1141y was obtained frormn Rockland (Gilbertsville, PA).
Antihemeoxygenase-2 rabbit pelyclonal antibody (OSA-
200) was purchased from Stressgen (British Columbia,
Canada). Anti-Bcl-2 mouse monoclonal antibody (clone
124} was obtained from Dako (Glostrup, Denmark). An-
tivesicle-associated membrane protein (VAMP)-associ-
ated protein A rabbit polyclonal antibody (AB5741) was
purchased from Chemicon (Temecula, CA). Anti-B-actin
mouse monoclonal antibody (AC-74) and anti-SF1 goat
polyclonal antibody (51945) were obtained from Sigma-
Aldrich. Anti-TCF4 (6HS5-3) and anti-TCF-3/4 (6F12-3)
monoclonal antibodies were purchased from Upstate
(Charlottesville, VA). Anti-poly (ADP-ribose) polymerase
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{PARP) rabbit polyclonal antibody (No. 9542) was pur-
chased from Cell Signaling (Boston, MA). Anti-SF1 (AB/
SF20) rabbir polyclonal antibody was purchased from
CeMines (Golden, CO). Anti-FUS rabbit polyclonal anti-
body was generously provided by Dr. K. Shimizu (Na-
tional Cancer Center Research Institute, Tokyo, Japan).

Immunoprecipitation

Nuclear extracts were prepared with the CelLytic
nuclear extraction kit (Sigma-Aldrich). The extracts were
incubated at 4°C overnight with anti-B-catenin mono-
clonal antibody, anti-SF1 goat polyclonal antibody, anti-
FUS rabbit polyclonal antibody, anti-TCF4 moenoclonal
antibody, normal mouse IgG, normal goat IgG, or nor-
mal rabbit IgG and precipitated with Dynabeads protein
G (Dynal Biotech, Oslo, Norway). The immunoprecipi-
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L
g g 10
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Dox (<)
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tared proteins were released by boiling in SDS loading
buffer for § minures and fracrionated by SDS-PAGE.

Immunoblot Analysis

Protein samples were fractionated by SDS-PAGE
and blotted onto Immobilon-P membranes (Millipore,
Billerica, MA). After incubarion with the primary ant-
bodies at 4°C overnighg, the blots were detected with the
relevant horseradish peroxidase-conjugated anti-mouse,
anti-rabbit, anti-goat, or anti-rat IgG antibody and ECL
Western blotting detection reagents (Amersham Bio-
sciences, Amersham, United Kingdom),

Tissue Samples

Male Min mice (C57BL/6]J-Ape™=/*) were obrained
from the Jackson Laberatory {Bar Harbor, ME). Eleven

TCF4BAN30 Control

1.2

1.0

0.8

0.6

Area of colonies

0.4 1

0.2 H

Dox + -~ + -

TCF4B  Control
AN30

Figure 1. Establishment-of DLD1 Tet-off TCF4BANS0 and control. {AYDLD1 Tet-off TCFABANS30 (feff) and control {right) cells were cultured with Dox
{Uyorwithout Dox for 12, 24,48, 72 hours. Nuclear extracts were separated by SDS-PAGE and blotted with anti-TCF3/4 antibody. (8) DLD1 Tet-off
TCF4BANGO {eft) and control {right) cells were transfected in triplicate with canonical (TOP-FLASH) or mutant (FOP-FLASH) TCF/ALEF luciferase
reporters and cultured inthe presence (+) or absence (—) of Dox. Luciferase activity was measured 48 hours after transfection. Columns represent
the ratios of luciferase activity driven by TOP-FLASH te that of FOP-TOP. Bars, 8D. (C) Phase-contrast microscopy-of DLD1 Tet-off TCFABANGO (eft)
and control-{right)y cells cultured in the presence (+) or absence {—) of Dox. Arrows point te the localization of piled-up foci. (0 and E) Soft agar colony
formationof DLDT Tet-off TCFABANGO {leff) and control {right) cells cutiured inthe presence (+) or absence (=) of Dox (D). The areas occupied by

colonies (E) are expressed as ratios to Dox {+): Bars, SD.
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colorectal cancer cases were selected from the surgical
pathology archive panel of the National Cancer Center
Hospital (Tokyo, Japan). Paraffin-embedded intestinal
tissule was stained by the avidin-biotin complex method.
Protein samples were extracted from the small intestine
and polyp tissues of a Min mouse as described previ-
ously.’® Animal experiments were reviewed and approved
by the Ethies Committee of the National Cancer Center
Research Institute {Tokyo, Japan).

Immunofluovescence Cytochemistry

Cells culrured on glass coverslips (Asahi Techno-
glass Corp,, Tokyo, Japan) were fixed with 4% parafor-
maldehyde at room temperature for 10 minutes and
permeabilized with 0.2% Triton X-100. After blocking
with 10% normal swinie serum (Vector Laboratety, Inc,
Burlingame, CA), the cells were incubated with -anti-B-
catenin mouse monoclonal and anti-SF1 goat polyclonal
antibodies at 4°C overnight. After incubation with Alexa
Fluor-594 anti-mouse [gG and Alexa fluor-488 anti-goat
IgG antibodies (Invitrogen, Carlsbad, CA), the specimens
were examined with a laser scanning microscope (LSM3
PASCAL, Carl Zeiss, Jena, Germany).24

Luciferase Reporter Assay

A pair of luciferase reporter constructs, TOP-
FLASH and FOP-FLASH (Upstate), was used to evaluate
TCF/LEF transcriptional activity. Cells were transiently
transfected in triplicate with one of the luciferase report-
ers and phRL-TK (Promega) by using the Lipofectamine
2000 reagent (Invitrogen). Luciferase activity was mea-
sured with the Dual-luciferase Reporter Assay system
(Promega).

Colony Formation Assay

HEK293 cells were tiansfected with pcDNA3.L-
His-SF1 and/or pFLAG-B-cateninAN134 or appropriate
empty plasmids by using the Lipofectamine 2000 re-
agent, and, 24 hours later, 750 pg/mL G418 (Geneticin;
Invitrogen) was added to the cultute medium. Cells were
stained with Giemsa stain solution (Wako, Osaka, Japan)
after 8 days of selection. A soft-agar colony formation
assay was performed as described previously.?s

In Vivo Splicing Analysis and

RNA Interference

Cells were cotransfected with 0.25 pg pCS3-MT-
E1A, which carries the adenovirus E1A minigene?s
(kindly provided by Dr. F, Moreau-Gachelin, Institut Cu-
rie, Paris, France, and obtiined through Dy N. Ohkura,
National Cancer Center Research Institute), and pFLAG-
CMV4 TCF4EAN30, pcDNA3.1-His-SF1, or the varfous
small interfering RNAs (siRNA) (siGENOME duplex,
D-012662; Non-Specific Control Duplex X, VI) (Dharma-
con, Lafayette, CO) by using Lipofectamine 2000 reagent,
and, 48 hours later, the total RINA was extracted and
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Figure 2. |dentification of downstream proteins of the S-catenin/TCF4
complex. DLD1 Tet-off TCFABANSO cells were cuttured inthe presence or
absenceof Dox for 7 days: The whale protein extracts were fractionated by
a differential centrifugation technigue as described in Supplementary
Figure 1 (see Supplementary Figure 1.oniine at www. gastrojournal,org),
labeled differentially with the 12C, (Dox [ +]) or heavy 13Cg Dox [~} ICAT
reagent, and analyzed by nancflow LGC-MS (4) and MS/MS (B). cps,
count(s) per.second; amu, atornic mass unit(s). {4) MS spectrum show-
ing 1he light (%Co)- and heavy (13Cg)-labeled peptides of 8F1 protein.
The ratio of the intensity of the 8Cy peak (indicated by bile arrows,
795.8936 m/z) to the intensity of the 4G, peak (indicated by red
arrows,; 787.3929 m/z) was 2.2042. {B) MS/MS spectrum of a double-
charged 1SCg-labeled 7058936 m/z-peptide matched with ‘the
CGGAGHIASDCK amino acid sequence of the SF1 protein, (C) Confir-
mation of differential expressior and proteinidentification. Protein sami-
ple fractions (F1-5).of DLD1 Tet-off TCFABANSQ and control cells cul=
tured for 7 days in the presence (+) or absence (—) of Dox were
separated by 8DS-PAGE and blotted with anti-g-catenin, anti-TCF3/4,
anti-FUS, anti-34/67-kilodalton laminin receptor, anti-8F1, antialdolase
A, antihemeoxygenase-2, and anti-VAMP-associated protein A
antibodies.

analyzed by reverse transcription {RT)-polymerase chain
reaction {PCR) with a pair of primers, 5'-GAGCTT-
GGGCGACCTCA-3" (RR67) and §'-TCTAGACACAGGT-
GATGTCG-3' {E1A2). Quantification was performed
with a LAS-3000 scanner and Science Lab 2003 software
(Fujifilm, Tokyo, Japan).

Conventional RT-PCR Analysis

Toral RNA'was prepared from cell lines with the
RNeasy Mini Kit (Qiagen, Valencia, CA). DNage-I-
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Figure 3, Posttranscriptional regulation of SF1 by the B-catenin/TCF4 complex. (A) Nuglear proteins extracted from DLD1 Tet-off TCFABANSO celis
cuiltured in the absence (—) or presence of Dox (+) for 7 days were separated by SDS-PAGE and blotted with 3 anti-SF1 antibodies (eff, s¢-21167;
middle, S1945; right, AB/SF20) and anti-B-actin antibody (pottom, loading control). Anti-SF1 antibody {sc-21157) was used in alt otherexperirients.
(B) Nuclear proteins extracted frorn DLD1 Tet-off TCF4BANS0 or control cells culiured in the absence (O)or presence of Dox for 1, 2, 4,'and 7 days
were separated by SDS-PAGE and blotled with anti-SF1, anti-TCF3/4, and anti-g-actin {(loading controly antibodies. (C and D) Total RNA was
extracted from DLD1 Tet-off TCF4BANGO and control cells cuttured in the prasence (+) or absence (—) of Dox for 7 days. Expression of 8F1 :and
GAPDH finternal control) mRNA was detected by RT-PCR{C), and the expression level of SH1 relative fo. S-actin (ACy) was measured by real-time
PCR and exptessed as ratios (AACT) to thevalue in DLD1 Tet-off TCFABANSO cells cultured in the presence (+) of Dox (). (£) Nuclear proteins
extracted from HEK283 cells transfected with empty pFLAG-CMV4, pFLAG-B-catenin (3-catenin), or pFLAG-B-cateninAN134 (3-cateninAN134)
were analyzed by immunoblotting with anti-g-catenin, anti-TCF3/4, anti-SF1, and anti-B-actin antibodies. (F and G) Total RNA was extracted from
HEK293 cells transfected with empty pFLAG-CMV4, pFLAG-B-catenin (B-catenin), or pFLAG-B-cateninAN134 (B-cateninAN134). Expression of
SF1 and GAPDH (internal controf) mRNA was detected by RT-PCR {F), and the expression level of SF1 relative to B-actin (ACy) was measured by
real-time PCR and expressed as ratios {AACT) to the valus in the control transfection {G).
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Figure-4. Expression of 8F1 in intestinal tissue. (A-F) Immunoperoxidase staining of SF1 (4~E) and. B-catenin (F) proteins in normal small intestinal
(A and B) and tumor (C—F) tissues of Min (ApeMn+) mice. SF1. protein stained intensely in differentiated intastinal villous cells (Vi A and B) but was
undetectable in normal Undifferentiated crypts (Cryp.; A and adenoma.cells (&d.;:C and D). The intestinal villus and cryptsiin A are shown enlarged
in8. (G-} Immnoperoxidase staining of SF1 protein irf the normal large intestine (G, /, and J),-adenoma (), and carcirioma (K and L) tissues of a
Min mouse (G and H).and of colorectal cancer patients (L) Arrows in Giindicate the nuclear expression.of SF1 protein in normal surface epithelial
cells. Tubular intestinal gland cells {crypts of Lieberkiihn} (G and / and adenoma cells (Ad.; H) lack expression of 8F1. The area circumseribed by the
arange box in ) has been anlarged to demonstrate the nuclear expression of SF1 protein in normal surface epithelial calls {/):
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treated total RNA was random primed and reverse
transcribed using SuperSeript reverse transcriprase (Invitro-
gen). The following PCR primers were used: for SFI1,
SCCTTCGGGAAGACGATAACA-3' and 5'-TTCAGC-
CATGAGGGACAAAT-3'; for estrogen recepror (ER} B,
5'-CGCTAGAACACACCTTACCTG-3" and 5-CTGTGAC-
CAGAGGGTACAT-3"; for WISP1, 5-CGAGGTACGCAAT-
AGGAGTGTGT-3' and §'-CCCTGCCTTAATGAGTGTAT-
GGA-3"; for WISP2, 5"-TTTCTGGCCTTGTCTCTTCC-3'
and 5-GTGTGTGTAGGCAGGGAGTG-3"; for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), §'-
AAGGCTGAGAACGGGAAGCTTGTCATCAAT-3 and
S-TTCCCGTCTAGCTCAGGGATGACCTTGCCC-3'; for
fibroblast growth factor receptor (FGFRY 3, 5'-CGCAC-
CGGCCCATCCTG-3" and 5'-GCGTCACAGCCGCCAC-
CACC-¥. The PCR products were analyzed by agarose gel
electrophoresis and ethidium bromide staining.

Real-Time RT-PCR Analysis

The TagMan universal PCR master mix and pre-
designed TagMan Gene Expression probe and primer
sets were purchased from Applied Biosystems. Amplifi-
cation data measured as an increase in reporter fluores-
cence were collected in real time with the PRISM 7000
Sequence Detection system (Applied Biosystems). The
mRNA expression level of SF1 relative to B-actin was cal-
culated by the comparative threshold cycle (Cp) method.

DNA Sequencing

Automated sequencing was performed using the
ABI PRISM Big dye terminator cycle sequencing kit (Ap-
plied Biosystems) and a Genetic Analyzer 3100 (Applied
Biosystems).

Chemicals

Dox (Sigma-Aldrich), a derivative of tetracycline,
was dissolved in deionized water to a stock concentration
of 1 mg/mL Dox and added to culture medium to a final
concentration of 0.1 p/mL. Sodium butyrate was ob-
tained from Wako.

Hesults

Idem;ftmtian of Proteins Whose Expression Is
Regulated by the B-Catenin/TCF4 Complex
TCF/LEF lacking the N-terminal B-catenin-bind-
ing site suppresses transcriptional activity in a dominant
negative manner.'* By using a strict tetracycline-regula-
tion system,?” we established a pair of transfecrants:
DLD1 Tet-off TCF4BAN30 and DLDI Tet-off control.
DLD1 Tet-off TCF4BAN30 was capable of inducing
TCF4B lacking the NHj-terminal 30 amino acids
(TCF4BAN30), and DLD1! Tet-off control served as a
mock transfectant. Induction of TCF4BAN30 protein
and suppression of the TCF/LEF transcriptional activity
irt DLD1 Tet-off TCFABAN30 cells cultured in the absence
of Dox were confirmed by immunoblotting (Figure 14) and
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Figure 5. Regulation of SF1 expression by intestinal epithelial cell dif-
ferentiation. (4) Detection of SF1 protein in the tumor (n:= 3) and normal
{n = 2) small intestine tissue of a Min (ApcM™+) mouse by immunoblot-
ting with anti-SF-1 and anti-g-actin (loading control) antibodies.
B} Induction of SF1 protein in.DLD1 cells by butyrate. DLD1 cells were
incubated for 48 hours without (0) or with sodium butyrate (0.25, 0:5, 1,
and'5 mmol/L). Nuclear extracts were analyzed by immunoblotting with
anti-SF1, anti-PARP, and anti-g-actin (loading control) antibodies. The
detection of the 88-kilodalton cleaved PARP protein indicates induction
of apoptosis. (€ and 0) Total RNA was exiracted from DLD1 cells
incubated for48 hours without (0) orwith sodium butyrate (0.25, 0.5, 1,
and 5 mmol/L). The expression SF1 and GAPDH (internal controly
mRNA was detected by RT-PCR{f), and the SF1 level relative to g-actin
(ACt) was measured by real-time PCRand expressed as ratios (AACT)
to the control 0) {J).
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Figure 6. Functional involvernent of SF1 in the B-catenin/TCF4 transcriptional complex. (A and B) DLD1 cells were incubated with 1 mmol/L. of
sodium butyrate for 48 hours. The nuiclear extract was immunoprecipitated (P) with anti-g-catenin mouse moenoclonal antibody, anti-TCF4 mouse
monocional antibody, control mouse IgG, anti-FUS rabbit polyclonal antibody, controlrabbit IgG, anti-SF1 geat polyclonal antibody, orcontrol goat
lgG: and the immunoprecipitates were blotted (Blot) with anti-SF1, anti-g-catenin; antl-TCF-3/4, and anti-FUS antibodies. (C-E) Immunoflicres-
cence staining of B-catenin {red in Cand E) and SF1 {green in D and £) proteins in DLD1 cells exposed to sodium butyrate. £ is a merged image of
C and D. (F) HEK293 cells were cotransfected in triplicate with canonical (TOP-FLASH, sofid columns) or mutant (FOP-FLASH, open columns)
TCF/LEF luciferase reporters, pFLAG-B-cateninAN134 (+) or its relevant empty plasmid (pFLAG-CMV4) (—), and pcDNA3.1-His-8F1 (+)or iis
relevant-empty plasmid (pcDNAS3, 1-His) (). Luciferase activity was measured 24 hours after transfection. Bars, 8D, (G-K) Colony formation of
HEK293 cells' transfected with pFLAG-B-cateninAN184 (+) or its relevant empty plasmid (pFLAG-CMV4) (—) and pcDNA3.1-His-SF1 (+) or its
relevant empty plasmid (pcDNAS3.1-His) (). Transfectants were culiured in the presence of G418 for 8 days and stained, Macroscopic (G) and

microscopic (H-K} views are shown.

reporter luciferase assay (Figure 1B). The formation of
piled-up foci?® (Figure 1C) and colonies irt soft agar®s
(Figure 1D and 1E) was significantly suppressed by the
induction of TCF4BAN30. DLD1 Tet-off TCF4BAN30
cells and DLD1 Tet-off control cells were cultured for 7
days in the presénce and absence of Dox, Whole protein
extracts were fractionated into F1 to FS by stepwise
centrifugation (see Supplementary Figure S1 online at
www.gastrojournal.org), and the overall protein content
was confirmed to be equal by Bradford protein assay
{data not shown) and immuneblotring with antibodies
against organelle proteins representative of each frac-
tion (see Supplementary Figure S2 online at www,
gastrojournal.org).

We used ICAT-MS?® to search for proteins differen-
tially expressed in DLD1 Tet-off TCF4BAN30 after
induction of dominant negative TCF4 (Figure 24 and
2B). Whole proteins are enzymatically digested into a
large array of small peptide fragments having uniform
physical and chemical characteristics. The use of nano
(nL/minute)-level flow rate high-performance liguid
chromatography (HPLC) coupled with small reverse-
phase columns significantly increased the sensitivity of
electrospray ionization {ESIT)-MS. Among the 4115 and

4441 peprides detected and sequenced in 2 indepen-
dent ICAT-MS experiments {experiment 1 and experi-
ment 2); 148 (57 up-regulated and 91 down-regulated)
and 151 (62 up-regulated and 89 down-regulated) pep-
tides, respectively, were found ro be differentially ex-
pressed more than 2-fold (see Supplementary Table S1
online at www.gastrojournal.org). Tandem mass spec-
trometry (MS/MS) (Figure 2B) and a database search
revealed the 148 and 151 peptides to be derived from
81 (31 up-regulated and 50 down-regulated) and 72
(30 up-regulated and 42 down-regulated) individual
proteins, respectively, with 66 overlapping (see Supple-
mentary Table $1 online at www.gastrojournal.org).
Based on the functional annotation provided by the
Celera Discovery System (CDS) (htep://www.celeradis-
coverysystem.com/index.cfm), all 87 (= 81 + 72 — 66)
proteins compiled from the 2 experiments were classi-
fied inro 14 (16%) nucleic acid-binding proteins, 7 (8%)
oxidoreductases, 7 (8%} select regulatory molecules, 6
(7%) cytoskeletal proteins, and others (see Supplemen-
tary Figure 83 online at www.gastrojournal.org). The
known subcellular localization of proteins identified
by ICAT-MS was generally consistent with results of
the organelle fractionation (see Supplemientary Table
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Figure 7. Involvement of SF1 in B-catenin/TCF4-mediated pre-mRNA splicing, (4) DLD1 Tet-off TCFABANS0 cells wers cultured for 5 days in the
presence (+}-or absence (—) of Dox. The cells were then transiently cotransfected with 0.25 ug pCS3-MT-E1A (adenovirus E1A minigens) and
pcDNAS. 1-His-SF1-or control peDNAS, 1-His, and an invive splicing assay was performed 48 hours after transfection. The relative expression levels
of 98 and 108 isoforms.are expressed as percentages of the-sum of all isoforms. The expression levels of TCF4BANS0 and SF1 proteins in nuclear
extracts of the transfected cells were measured by imimunoblotting with anti-TCF3/4 and anti-8F1 antibodies. (8) Cos-7 cells were transiently
cotransfected with 0.25 ug pCS3-MT-E1A and 0.5, 1.0, or 1.5 ug pcDNA3. 1-His-8F1 or pcDNAS. 1-His {controll.as indicated at the botform, and an
in vivo splicing assay was performed 48 hours after transfection. Levels of B-catenin and SF1 protein expression in nuclear extracts of the transfected
cells were analyzed by immuncbilotting with anti-B-catenin and anti-SF1 antibodies. (C and D) DLD1 (C) and HCT-116 (D) cells were transiently
cotransfected with 0:25 ug pCS3-MT-E1A and 0.75 g pFLAG-TCFAEAN30.0r 0.5, 1.0,-0r1.5 ug pcDNAS. 1-His-8F1 agindicated at the.bottom.
The total amount of DNA used for transfection was kept constant by adding empty plasmid DNA. Total RNA was exiracted 48 hours after transfection
and analyzed by RT-PCR. (£) DLD1 Tet-off TCFABANS0 cells were cultured for 7 days in the presence or absence of Dax. Total RNA was extracted,
and ERpB and GAPDH (controly mRNA expression were analyzed by RT-PCR. (F) DNA sequencing revealed that the 838-bp ERS splice variant (£)
lacked exons & and 6 (Exon A5-6). {G) Hela cells were transfected with pcDNAS. 1 {control) or 0.5, 1.0, or 1.5 g pcDNA3. 1-His-SF1. Thetotal
amotint of DNA used for the transfection was kept constant by adding empty plasmid DNA. RT-PCR revealed that SF1 induced expression of splice
variants lacking exons &and 6.(772 bp, ERBAS-6) or exon 5 (838 bp, ERBAS), depending on the amount of 8F1. (H) DLDA cells were cultured for
48 hours inthe absence () or presence (+) of 1 mmol/L sodium butyrate. Total RNA was extracted, and expression of ERS and GAPDH (control)
mRNA expression was analyzed by RT-PCR. {) DLD1 Tet-off TCFABANSE0 cells were cultured for § days in'the absenceof Dox (Dox [—]). Thecells
were then transiently cotransfected with 0.25 ug pCS3-MT-E1A and SF1 siRNA (8F1 A or 8F1 B} or control siRNA {control A or control BY. The level
of SF1 and p-actin (oading-control) protein expression was analyzed by immunoblotting nuclear extracts with-anti-SF1 and anti-g-actinantibodies,
and the splice pattern of the E1A minigene (invivo splicing assay) and-endogenous ERB gene was analyzed by RT-PCR.

S2 online at www.gastrojournal.org). We previously
reported that 22 out of >2000 protein spots displayed
by 2-dimensional difference gel electrophoresis were
found to be up- or down-regulated after induction of
stabilized B-catenin (B-cateninANE9),2? and 9 of the 22
proteins were found to be involved in redox and cy-
toskeletal regulation.?® Consistent with those findings,
the majority of proteins identified in the current study
fell into 2 categories: redox-regulatory proteins and
cytoskeleton-associated proteins. Differential expres-
sion of representative proteins identified by ICAT-MS
was confirmed by immunoblotting with available
antibodies (Figure 2C). Supplementary Table S2 (see
Supplementary Table S2 online at www.gastrojournal.
org) lists the proteins identified in this study.

Regulation of SF1 Protein Expression by the
B-Catenin/TCF4 Complex

A zinc finger protein, SF1/ZNF162/ZFM1,%° was
identified by ICAT-MS as one of the proteins whose
expression was significantly up-regulated upon induction
of dominant-negative TCF4B (Figures 2 and 3). DLD1
Tet-off TCFABAN3D cells, but not DLD1 Tet-off control
cells, increased expression of SF1 protein according to
the same time course as induction of TCF4BAN30 (Fig-
ure 3B). HEK293 cells transiently transfected with. full-
length B-catenin (B-catenin) decreased expression of SF1
protein compared with control transfected cells (¥, Figure
3E). Transfent transfection with stabilized B-catenin by
deletion of the N-terminal GSK38-phosphorylation site
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(B-cateninAN134)'5 further decreased the expression of
SF1 protemn (**, Figure 3E), bur SF1 mRNA expression
was not significantly affected by the induction of domi-
nant negacive TCF4B (Figure 3C and D) or by the S-cate-
nin transfection (Figure 3F and G). These results sug-
gested that SF1 expression was regulated by the
B-carenin/TCF4 complex at the postrranscriptional level.

A HCT-116  DLD1  HEK293 Hela
W abun | AL
WISP1 L
s A — 4 Z27op
WisP2 | G | | we ws| | wis
GARDH | &5 S
. e i |0k
Anth w;sml ot | [P <ok
e e e e e

Anti-B-actin f“‘ “ﬂ W

HCT-116  DLD1

488 bp
2w

 wacant)

4 BYG bry‘z

{AT-K variant)

4 4250p
(g

gWISPil:M“"“J mﬂw e s W b 40 kDS

% 36 kDa

Ant!-ﬁ—actm | .

TCF4EAN
Controf
fcatenin
TCF4EAN
Control
f-catenin
Broatenin ANT34
TCF4EAN
Control
P-catenin

Becatenin AN134
f-cateninA N134

REQUIREMENT OF SF1 FOR B-CATENIN/TCF4 1049

Regulation of SF1 Expression by Intestinal
Epithelial Cell Differentiation

The B-carenin/TCF4 transcription factor complex
has been implicated in maintenance of the undifferenti-
ated status of intestinal epithelial cells. Mice lacking
TCF4 have been found to have no proliferating compart-
ments in their intestinal crypts?! A recent microarray
analysis also demonstrated that the TCF4/B-catenin
complex switches on genes related to cell proliferation in
intestinal epithelial cells-and switches offgenes related to
cell differentiation,’6%? SF1 is intensely expressed in dif-
ferentiated epithelial cells of the intestinal villi of mult-
ple intestinal polyposis (Min) (ApeM/*) mice® (Figure 44
and B) bur not in undifferentiated cells in the crypis
(Figure 44 and C) or in adenoma cells (Figure 4C-E). SF1
was mainly localized in the nudlei of villous cells {and to
a lesser degree in their cyroplasm) (Figure 4B). Expression
of SF1 {Figure 4E) varied inversely with accumulation of
Brcatenin (Figure 4F).

Unlike the small intestine, the large intestine does not
have a villous-crypt structure and lacks villi. The tubular
cryptic cells in the large intestine did not express SFI
protein (Figure 4G and 1), but differentiared epithelial
cells lining the luminal surface of the mucosa showed
weak nuclear expression of SF1 (Figure 4G ard J). The
colon adenoma of a Min mouse lacked expression of SF1
(Figure 4H). Only 1 of the 11 sporadic colorectal carci-
nomas examined showed the nuclear expression of SF1
protein (Figure 4K), and the other 10 cases lacked expres-
sion (Figure 4L). The clinicopathologic significance of
SF1 expression in colorectal cancer remains the subject of
futare study:

Figure 8. Induction.of WISP1 and FGFR3 splice variants by SF1. (A4-C)
Inductionof WISP1v by 8F1. HCT-116, DLD1, HEK283, and Hela cells
were transfected with pcDNAS: 1-His (control) and peDNAZ. 1-His-8F1;
and, 48 hours later, the expression pattern of WISP1, WISP2, and
GAPDH mRNA was analyzed by RT-PCR {A); and the expression of
WISP1, WISP2, and g-actin proteins was analyzed by immunablotting
with anti-WISP1, anti-WISP2, and anti-3-actin antibodies (B). DNA se-
quencing revealed that the 227 -bp WISP1 splice variant lacked exon 3
encoding the Von Willebrand type C (VWC) module (C). (D and E) In-
duction of the FGF3R AT-ll splice variant by SF1. HCT-118, DLDT,
HEK293, and Hel.a cells were transfected with pcDNAS. 1-His (control)
and peDNAS. 1-His-8F1, and, 48 hours later, the expression pattern of
FGF3R ‘and GAPDH mRNA was analyzed by RT-PCR (£). DNA se-
quencing revealed that the 570-bp FGF3R splice variant included both
excns 8 and 9 (£). THBS, thrombospondin type | domain; IGF-BP,
insulin-like-growth factor-binding protein-like domain.-(F and G) Indue-
tion of the WISP1v and FGF3R AT-ll splice variants by dominant nega-
tive TCF4. HCT-116, HEK293, and Hela cells were transfected with
empty pFLAG-CMV4, pFLAG-TCF4EANGD, pFLAG-B-catenin {3-cate<
niny, or pFLAG-g-cateninAN134 (3-cateninAN134). The expression
pattern. of WISP1, FGFRS, and GAPDH mRNA was analyzed by
RT-PCR {F), and the expression of WISP1 and p-actin proteins was
analyzed by immunoblotting with anti-WISP1 and anti- -actin anti-
bodies (G).
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Immunoblot analysis confirmed the decreased expres-
sioni of SF1 protein in the intestinal polyp tissue of the
Min mouse compared with normal small intestinal tissue
(Figure SA). To confirm further the relationship between
expression of SF1 protein and intestinal cell differentia-
tion, DLD1 cells were exposed to sodium butyrate. Bu-
tyrate is known to induce cell differentiation, cell cyele
arrest, and apoptosis in human colorectal cancer cells. 3
Consistent with the immunohistochemical findings, bu-
tyrate increased expression of SF1 protein in a dose-
dependent manner (Figure 5B). In the 0.25-1 mmol/L
range, butyrate was sufficient to induce 5F1 but did not
cause apoptosis (Figure 5B). Butyrate did not signifi-
cantly affecrthe level of SF1 mRNA expression (Figure SC
and D), suggesting that the cell differentiation-associated
induction of SF1 is also accomplished at the posttran-
scriptional level.

We previously identified the FUS oncoprotein®36 as a
component of the B-catenin/TCF4 complex;?* and the
B-catenin, TCF4, and FUS proteins were coimmunopre-
cipitated with anti-SF1 antibody but net with normal
mouse IgG from a-nuclear extract of DLD1 cells exposed
to sodium butyrate (Figure 64). Conversely, SF1 protein
was coimmunoprecipitated with anti-B-catenin, anti-
TCF4, and anti-FUS antibodies (Figure 6B), confirming
the inclusion of SF1 in the native S-catenin/TCF4/FUS
complex. The SF1 expression level was low in DLDI cells
untreated with butyrate (Figure 5B), and SF1 was not
coimmunoprecipitated with the B-catenin/TCF4 com-
plex {data not shown), suggesting that the interaction is
tegulated in a cell differentiation-dependent manner. Im-
munofluorescence microscopy revealed that B-catenin ac-
cumulated in the nucleus, cytoplasm, and cell membrane
of butyrate-treated DLD1 cells (red, Pigure 6C). SF1 pro-
tein was present exclusively in the nuclei (green, Figure
6D), and its distribution was identical to that of nuclear
B-catenin (Figure 6E).

Functional Involvement of SF1 in the
B-Catenin/TCF4 Transcriptional Complex

Because SF1 has been reported to interact with
the NHy-terminal transcriptional activation domain. of
EWS and functions as a transcriptional repressor,?® we
investigated the effect of SF1 on the transcriptional ac-
tivity of the B-catenin/TCF4 complex We. transiently
cransfected HEKZ293 cells with B-cateninAN134 in the
presence or absence of 8F1 and then measured TCF/LEF
reporter activity (Figure 6F). Transfection with
B-careninAN134 (B-cateninAN134 [+] SF1 [-]) in-
creased the luciferase activity of the canonical TCF/LEF
reporter TOP-FLASH (Figure 6F, solid columns) over
mock transfection (B-cateninAN134 [—] SF1 [—]) bur did
not increase the luciferase activity of the mutant reporter
FOP-FLASH!4 (Figure 6F, open colusnns). Cotransfection
with SF1 and B-cateninAN134 suppressed the luciferase
activity (B-cateninAN134 {+] SF1 [+]) ini comparison
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with transfection with f-cateninAN134 alone (B-
cateninAN134 [+] SF1 [-]).

SF1 transfection markedly suppressed B-cateninAN134-
evoked colony formation by HEK293 cells as measured by a
colony formation assay (Figure 6G-K), and the colonies
formed by the SF1 and B-cateninAN134 cotransfectants
were significantly smaller (Figure 6K, B-cateninAN134 [+]
SEL [+]) than those forined by the B-cateninAN134
transfectants (Figure 61, B-cateninAN134 [+] SF1 [~]). A
similar inhibitory effect of SF1 on cell growth was ob-
served in colorectal cancer HCT-116 cells (data not
shown).

Involvement of SF1 in B-Catenin/
TCF4-Mediated Pre-mRNA Splicing

In addition to functioning as a transcriptional
repressor, SF1 functions as a regulator of the pre-mRNA
splicing reaction. SF1 specifically recognizes the intron
branich point sequence, UACUAAC, of nascent pre-
mRBRNA transcripts®” and is essential for the formation of
the functional 178 U2 small nuclear ribonucleoprotein
(snRNP) and prespliceosome assembly. We previously
reported that B-catenin transfection induces alternations
in pre-mRINA splicing,?! but the precise molecular mech-
anism underdying it remained undetermined. SF1 seemed
to be a good candidate for the effector :molecule of
B-catenin-mediared alternative pre-mRNA splicing. The
adenovirus E1A splicing reporter minigene?s generated 3
mRNA isoforms (138, 128, and 9S) when transfected into
DLD1 Tet-off TCF4BAN30 cells in the presence of Dox
(Dox [+], SF1 [—]; Figure 74). Removal of Dox induced
expression of dominant negative TCF4 (*, Top, Figure 7A)
and increased expression of the 98 and 10§ isoforms
(Figure 74, Dox [—], SF1 [—]). Transfection with SF1
into DLD1 Tet-off TCF4BAN30 cells enhanced expres-
sion of the 95 and 108 isoforms (Figure 74, Dox [~} and
[+1], SF1 [+]). SFL transfection ifito Cos-7 cells induced
expression of the 98 and 10S isoforms in a dose-depen-
dent manner (Figure 7B). Similatly, transierit transfection
of TCF4EAN30 or SF1 ¢DNA into DLD1 (Figure 7C) or
HCT-116 (Figure 7D) cells increased the expression of the
98 and 108 isoforms.

We previously reported that B-catenin induces a splic-
g variant of ERB lacking exons 5 and 6 (BRBAS-6)*! As
a result of the 91 amino acid deletion in the ligand-
binding domain, ERBAS-6 suppressed the transcriptional
activity of wild-type ERf in a dominant negative manner.
RT-PCR revealed that DLD1 Tet-off TCFABANS0 cells
induced expression of a 638-bp ERB variant after the
removal of Dox (Figure 7E), and sequence analysis re-
vealed this variant to be derived from ERBAS-6 (Figure
7F). The transfection of SF1 into Hela. cells induced
expression of a splice varianc lacking exons § and 6
(ERBAS-6) or exon 5 {ERBAS), depending on the amount
of SF1 (Figure 7G). Exposure to buryrate, which pro-
moted differentiation® and increased expression of SF1
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in DLD1 cells (Figure SB), induced expression of
ERBAS-6 (Figure 7H).

Next, we knocked down SF1 in DLD1 Tetoff
TCF4BAN30 cells expressing dominant negative TCF4
{Dox [—]) by RNA interference (Figure 71). Transfection
with 2 different small interfering RINAs (siRNAs) (SF1A
and SF1B), but not with 2 control siRNAs (control A and
control B), suppressed the expression of SF1 (anti-SF1,
Figure 7I), and the knockdown of SF1 suppressed the
expression of the E1A minigene-derived 95, 10S, and 135
1soforms ERBAS and ERBAS-6 (Figure 7I).

Induction of WISP1 and FGFR3 Splice
Variants by SF1

WISP1v, a splice variant of the connective tissue
growth factor, cysteine-rich-61, nephroblastoma overex-
pressed-family member WISPL, was originally idenrified
as overexpressed in scirrhous gastric carcinomas®®
WISPlv, but not wild-type WISP1, induces a striking
cellular transformation, rapid piling-up growth, and in-
vasion.®® WISP1v ‘was induced by transfection of §F1
¢DNA into HCT-116, DLD1, HEK293, and HeLla cells
(Figure 84), and 30-kilodalton WISPlv protein was de-
tected in rhe SF1 transfectants by immunoblotting with
ant-WISP1 antibody bur not in the control transfecrants
{Figure 8B). Sequence analysis confirmed the variant to
be derived from an alternative splice variant lacking the
Von Willebrand type C module (Figure 8C).

EGFR3 normally exists in 2 forms, the b form and
the IIlc form, which arise from alternative choice of
either exon 8 (FGFR3Ile) or exon 9 (FGER3IIDb)A In
human colorectal cancers, FGFR3 is frequently inacti-
vated by .expression of an aberrant splice variane, AT-II,
induced by activation of cryptic splice donor sites within
exon 737 A 570-bp variant of FGFR3 mRNA was ex-
pressed in the SF1 transfectants, but not in the control
transfectant (Figure 8D), and sequence analysis revealed
that the variant was derived from inclusion of both exons
8 and 9 (AT-II) (Figure 8E).

The WISPlv and FGF3R AT-II splice variants were also
induced by the transient transfection of dominant nega-
tive TCF4 (Figure 8F and G). Conversely, the weak ex-
pression of the WISP1v splice variant in HCT-116 cells (¥,
Figure 8F; undetectable by immunoblotting, Figure 8G)
was inhibited by the transfection of B-catenin or
B-cateninAN134.

Discussion

Genetic and epigenetic alterations during the
course of multistage colorectal carcinogenesis, including
promoter hypermethylation, loss of heterozygosity, micro-
satellite/chromosomal instability, and mutation, have
been studied extensively,%4-4 bur posttranslational
mechanisms, such as protein expression, protein modifi-
cations (glycosylation, ubiquitination, phesphorylation,
and others), proteolysis/stabilization, protein-protein in-
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teraction, and intra~/intercellular protein transport, also
play important roles in colorectal carcinogenesis. In the
present study, we carried out a large scale proteomic
analysis of colorectal carcinogenesis using a well-charac-
terized cell culture model. 161925 The N-terminally trun-
cated TCF4 protein does not bind B-catenin and acts as
an inhibitor of the endogenous f-catenin/TCF complex
present in colorectal cancer cells. We examined the ex-
pression level of more than 4000 peptides derived from
the whole proteome of colorectal cancer cells and iden-
tified 87 proteins that were differentially expressed fol-
lowing the induction of dominant negative TCF4 (see
Supplementary Table S1 online at www.gastrojournal.
org). Becduse the sensitivity of current proteomic tech-
nologies may be still Jower than that of ¢cDNA/cligonu-
cleotide microarrays, we were unable to detect the prod-
ucts of known target genes of S-catenin/TCF4, such as
e-Myc, CD44, and MDR1.16:44 However; the whole picture
of protein expression profiles altered by inhibiting the
B-cateniin/ TCF complex was well overviewed (see Supple-
mentary Figure 83 online at www.gastrojournal.org).

SF1 was identified as one of the proteins whose expres-
sion was negatively regulated by the B-catenin/TCF4
complex (Figure 3). SF1 protein was not detected in
undifferentiated intestinal crypt cells or adenoma cells,
although it was intensely expressed in differentiated vil-
lous cells (Figure 44~F), suggesting that its expression is
regulated by the differentiation status of the intestinal
epithelium. Consistent with this, the SF1 protein was
strongly induced in colon carcinoma cells that had been
exposed to a differentiation inducer, sodium butyraré
(Figure SB). The public Serial Analysis of Gene Expres-
siont {(SAGE) data also show decreased expression of SF1
mRNA in colorectal cancer tissue (http://cgapncinih
gov/SAGE/AnatomicViewer). However, the precise molecu-
lar mechanism underlying the differentiation-associated regu-
larion of SF1 expression was not determined in this study.

SF1 wransfection induced marked suppression of the
B-cateninAN134-evoked TCF/LEE transcriptional activ-
ity (Figure 6F) and proliferation (Figure 6G-K) by
HEK293 cells. Consistent with this, SF1 transfection into
mouse M1 myeloid leukemia cells has been reported to
enhanee p53-induced apoptosis,* and cytokine-induced
down-regulation of SF1 protein has been found to pro-
mote rat smoorh muscle cell proliferation.*® Although
dominant negative TCF4 (TCF4BAN30) suppressed. the
formation of piled-up foel and formation of colenies in
soft agar (Figure 1C~E), no cell proliferation inhibitory
effect was observed under regular tissue culture condi-
tions, probably because the level of endogenous SF1
up-regulation by induction of TCF4BAN30 was signifi-
cantly lower than the expression level achieved by tran-
stenit SF1 cDNA transfection.

Undifferentiated intestinal crypt cells physiclogi-
cally accumulated the B-catenin provein and expressed
the growth-promoting target genes of TCF4.1¢ How-
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ever; the molecular switch during the physiologic pro-
cess of epithelial cell differentiation that shuts down
the transcriptional activity is unknown. The induction
of SF1 protein in intestinal villous epithelial cells (Fig-
ure 4B) may refleet a differentiation-associated pro-
gram that prevents the continuity of the B-catenin/
TCF4 transcriptional dctivity. SF-1 was ubiquitously
expressed in various organsftissues of a 17.5-day
mouse embryo, and SFl-knockout (Zfp1627/7) mice
died before birth (data not shown), suggesting its in-
volvement in various biologic aspects of embryonic
developmierit.

After complete sequencing of the human genome had
been accomplished, the number of human protein-en-
coding genes was estimated to be only 20,000-25,000.47
However, alternative pre-mRNA splicing results in a
genetation of mulciple transcripts from 2 single gene
and increases the diversity of protein repertoires and
cell functions. Human cancers express a large number
of alternatively spliced transcripts.2248:49 Some of them
are kriown to be generated by somatic and germ-line
mutations in exon/intron boundary sequences,’® but
the other molecular mechanisms causing cancer-re-
lated splice aberrations are largely unknown.

In this study, we demonstrated that knockdown of
SFL with 2 different siRNAs compromised the induc-
tion of alternative splicing of the adenovirus E1A mini-
gene and the ERB gene by dominant negative TCF4
(Figure 7I). However, the regulation of pre-mRNA
splicing seems to be very complicated. SF1 expression
was associared with intestinal epithelial cell differen-
tiation, yet SF1 was also responsible for the induction
of known cancer-related splice variants, such as
WISPLy®® and FGF3R-ATII?? (Figure 84-E). The level
of SF1 protein expression is regulated by the B-cate-
nin/TCF4 complex (Figure 3); however, SF1 affects the
gene transactivation (Figure 6F) and the pre-mRNA
splicing (Figure 7) activities of the B-catenin/TCF4
complex. The expression pattern of ERB splice variants
changed significantly according to the amount of SF1
(Figure 7G). It will be necessary to investigate how
B-catenin, TCF4, FUS, SF1, and other RNA-binding
proteins. in the comiplex influence the murual mRNA/
protein expression levels and how these proteins reg-
ulate the selection of exons and relative/absolute ex-
pression levels of different variants.

Alcernatively spliced RNA variants with tumor spec-
ificity may be good candidate cancer biomarkers and
therapy targets.® Also, aberrant splice variants ex-
pressed in human canicers miay have functional prop-
erties that are distiner from cheir wild-type counter-
partsi®5? and be causatively involved in the initiation
and progression of carcinogenesis. A large scale oligo-
nucleotide microarray that covers all the exons of the
human genome has been developed (hittp://www.
affymetrix.com). This new type of technology may re-
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veal the whole picture of splice variationis induced by
the B-catenin/Wnt signaling pathway and expand our
knowledge of how dysregulation of transcription and
splicing affects the multigene network of carcinogen-
esis.

B-Catenin may not initiate intestinal carcinogenesis
by transactivation of a limited number of cell prolif:
eration-promoting target gemes of TCF4 alone. Our
recent series of proteomic studies has revealed various
aspects of B-catenin function in the regulation of cell
motility,’ DNA damage recognition,® and pre-mRNA
splicing?! Blucidation of the entire protein network
assembled by these pathways may provide new insights
for the development of therapeutic strategies for colo-
rectal cancer.

Suppiementary Data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1033/
j.gastro.2007.01.007.
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