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Aberrant transactivation of a certain set of target genes by the B-
catenin and T-cell factor-4 nuclear complex has been considered
crucial for the initiation of colorectal carcinogenesis. We previously
identified splicing factor-1 (SF1) as a novel component of the
B-catenin and T-cell factor-4 complex, and showed that the over-
expression of SF1 inhibited the gene transactivational activity of
the complex and markedly suppressed B-catenin-evoked colony
formation by human embryonic kidney 293 cells. However, the
involvement of SF1 in the process of carcinogenesis in vivo remains
unclear. In the present study, we established SF1-knockout mice
using the gene trapping method. Homozygous mice (5f17-) died
during embryonic development before embryonic day (E)8.5, whereas
heterozygous (5f7*) mice were born alive and developed normally.
Azoxymethane (AOM) was given at a dose of 10 mg/kg body weight
once a week for 6 weeks to 7-week-old Sf1*- and Sf1** mice. At
23 weeks after the start of AOM the average number (5.5 + 0.6
versus 2.2+0.2 in females [P=0.003, Mann-Whitney U-test],
3.7 £ 0.2 versus 1.7 £ 0.7 in males [P = 0.014]) and volume of colon
tumors per mouse (8.7 = 1.6 versus 2.2+ 0.5 mm? per female
[P =0.0008], 11.3 =+ 3.4 versus 0.6 + 0.2 mm? per male [P =0.001])
were significantly higher in Sf1*~ than in Sf1** mice. The increased
susceptibility of Sf7*- mice to AOM-induced colon tumorigenesis
indicates the crucial involvement of SF1 in the B-catenin-mediated
regulation of proliferation and differentiation of intestinal epithelial
cells. (Cancer Sci 2007; 98: 1862-1867)

IVI utational inactivation of the tumor suppressor gene APC
is the earliest and most frequent genetic event in colorectal
cancer.” The APC gene product forms a complex with axin/
axin-2, B-catenin, casein kinase I, and glycogen synthase kinase
3B, and this multiprotein complex is essential for the
phosphorylation of B-catenin and subsequent degradation of
phosphorylated B-catenin through the ubiquitin—proteasome
pathway.*> B-Catenin is the downstream effector of the Wnt
signaling pathway.® Mutation of the APC or B-catenin (CTNNBI)
gene leads to activation of Wnt signaling and accumulation of [3-
catenin in the cytoplasm.®” The accumulated B-catenin forms
complexes with TCF/LEF family transcription factors.® TCF-4
is a TCF/LEF family transcription factor that regulates the gene
expression necessary for the maintenance of the undifferen-
tiated status of intestinal epithelial cells.®'? Constitutive
transactivation of a certain set of target genes of TCF-4 by
accumulation of B-catenin protein imposes a crypt progenitor
phenotype on intestinal epithelial cells that is considered crucial
for colorectal carcinogenesis.!V

In our previous study we carried out large-scale protein
profiling to identify proteins whose expression is regulated
by the TCF-4 and B-catenin nuclear complex.'® We examined
more than 4000 peptides derived from colorectal cancer cells,
and identified 87 proteins whose expression was significantly
upregulated or downregulated by induction of dominant negative
TCF-4. A zinc finger protein SF1/ZNF162/ZFM1 was one of
the proteins negatively regulated by B-catenin. The expres-
sion of SF1 was correlated with the differentiation status of
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intestinal epithelial cells and inversely correlated with tumori-
genesis. Furthermore, we found that SF1 was a novel com-
ponent of the TCF-4 and [-catenin complex. SF1 c¢cDNA
transfection markedly inhibited the transcriptional activity of the
TCF-4 and B-catenin complex and suppressed -catenin-evoked
colony formation by HEK293 cells. All these results indicated
that SF1 is a negative regulator of the oncogenic activity of
the TCF-4 and B-catenin complex, but it has remained undeter-
mined whether SF1 actually exerts a protective function during
the process of colorectal carcinogenesis in vivo.

In the present study we adopted a genetic approach to clarify
the functional involvement of SF1 in colon carcinogenesis. We
found that the haploinsufficiency of the Sf/ gene that encodes
SF1 dramatically enhances the tumorigenic effects of a well-
characterized organotropic colon carcinogen, AOM.

Materials and Methods

Generation of Sfi-knockout mice. Animal experiments were
carried out according to the guidelines of the National Cancer
Center Research Institute (Tokyo, Japan), which meets all the ethical
requirements stipulated by Japanese law. The experimental protocol
was reviewed and approved by the institutional ethics committee.

Sfl-knockout mice were generated by the gene trapping
method.*!> The gene trap vector pU17"% contains 1.8 kb of an
intron and an SA sequence from the mouse En2 gene, the [3-
galactosidase/neomycin phosphotransferase fusion (Bgeo) gene
and a polyadenylation signal. A lox71 site is located within the
intron sequence, and loxP, 10x2272 and lox511 sites are located
downstream from the Pgeo, polyadenylation signal and pSP73
vector sequences, respectively (Fig. 1a). An ES cell line TT219
was used for gene trapping. For electroporation with the pU17
gene trap vector, 80 g of Spel-digested DNA and 2 x 107 cells
were used. The cells were suspended in 0.8 mL of phosphate-
buffered saline, electroporated using a Bio-Rad Gene Pulser
(Bio-Rad Laboratories, Hercules, CA) set at 800 V and 3 UF, then
fed with medium supplemented with 200 pg/mL G418 after
48 h. Selection was maintained for 7 days, and the colonies
were then picked out and placed in 24-well plates. Genomic
sequences flanking the gene trap vector were determined by the
modified rapid amplification of ¢cDNA 5’-ends method.!¥
Chimeras were produced by aggregation of isolated trapped ES
cells, which had only a single copy of the vector integrated, with
eight-cell embryos of ICR mice (Kyudo, Kumamoto, Japan).
Chimeric mice were mated with C57BL/6 females (Clea Japan,
Tokyo, Japan) to obtain F1 heterozygotes. A sperm suspension
was prepared from the vasa deferentia and cauda epididymis
of 8-week-old F1 heterozygous males, and eggs were collected
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Fig. 1. Generation of Sfl-knockout mice. (a) 0% 40!
Integration site of the trap vector. Clear boxes on (bp) =
the maps represent the first exon of the Sf7 gene. s 20|
The trap vector was inserted 215 bp upstream E 0
from the first exon. The arrows indicate the primers (d)
used for genotyping. (b) Genotyping by polymerase /-
chain reaction. The primer pairs Lox71-P/SA-1 and E16.5 N+~ E12.5 E14.5
5PCR1/3PCR2 were used to detect the Sf1geo and E14.5 O ++ (n=19) (n=15)
wild-type alleles, respectively. (c) Expression of
the Sf1 gene in Sf1** and Sf1*~ embryos (E12.5 E12.5
and E14.5). The levels of expression of Sf1 mRNA
relative to B-actin mRNA (Actb) (AACt) are expressed E10.5
as percentages (AACt) of the values in the controls E8.5
(Sf1++). Data are expressed as mean = SD. n, number y
of embryos examined. (d) Genotype distribution 0 10 15 20 25

of E8.5, E10.5, E12.5, E14.5, and E16.5 F2 embryos.
E, embryonic day.

from superovulated F1 heterozygous females. Twenty-four hours
after fertilization, two-cell embryos were surgically transferred
to pseudopregnant ICR recipients to obtain F2 mice.1”

Genotyping. Genomic DNA was isolated by proteinase K
digestion, phenol—chloroform extraction, and ethanol precipita-
tion from biopsy samples of newborn pups, and E16.5, E14.5,
E12.5, E10.5 and E8.5 embryos. To identify the mutant allele,
PCR was carried out using the primer pair Lox71-P (5'-
AGGTCGAGGGACCTATACCG-3’) and SA-1 (5-GAGGCCG-
CTTGTCCTCTTTG-3"). The PCR conditions were 35 cycles
of 96°C for 30s, 62°C for 42s, and 72°C for 90s, using
AmpliTaq DNA polymerase (Applied Biosystems, Foster City,
CA). To identify the wild-type allele, the primers 6674-5PCR1
(5’-CTCTCACGTCACAGACTT-3') and 6674-3PCR2 (5’-ACTCA-
AGCATCCCTAGTAGC-3") were used. The PCR conditions were
30 cycles of 96°C for 15 s, 62°C for 30 s, and 68°C for 4 min, using
KOD-Plus DNA Polymerase (Toyobo, Osaka, Japan).

Real-time RT-PCR analysis. Total RNA was prepared from
formalin-fixed embryos or tumors with the RecoverAll Total
Nucleic Acid Isolation Kit (Ambion, Austin, TX). DNase-
I-treated total RNA was random primed and reverse transcribed
with SuperScript reverse transcriptase (Invitrogen, Carlsbad, CA).
The TagMan universal PCR master mix and the predesigned
TagMan Gene Expression probe and primer sets were purchased
from Applied Biosystems. Amplification data measured as an
increase in reporter fluorescence were collected in real time with
the PRISM 7000 Sequence Detection system (Applied Biosystems).
Relative mRNA expression level was calculated by the com-
parative Ct method.
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AOM treatment. Mice were housed in plastic cages in an
air-conditioned room with a 12-h light—dark cycle. Water and
a fat-rich diet (AIN-93G; Clea Japan) were available ad libitum.
Because a sufficient number of male Sf7*/* littermates was not
obtained by in vitro fertilization, age-matched additional control
C57BL/6J (SfI1*"*) mice were purchased from Charles River
Japan (Tokyo, Japan). Ten Sf1*~ F2 mice (4 females and 6 males),
10 Sf1+* littermates (8 females and 2 males), and 10 C57BL/6J
controls (5 females and 5 males) received intraperitoneal injec-
tions of 10 mg AOM (Nard, Osaka, Japan)/kg body weight once
a week for 6 weeks."® The mean body weights of Sf1+~, Sf1+/*,
and C57BL/6] (SfI**) mice at the start of AOM treatment
(7 weeks old) were not significantly different (data not shown).

Evaluation of tumorigenesis. Twenty-three weeks after the first
AOM treatment, the gut was filled with 10% buffered formalin
through the anus immediately after the animals were killed,
then opened longitudinally. After overnight fixation, specimens
were stained briefly with 0.5% methylene blue (Sigma-Aldrich,
St Louis, MO)."® The numbers and two diameters (largest and
smallest dimension) of polyps in the colon were measured in
the x20 and x4 power field of a dissecting microscope (Nikon,
Tokyo, Japan). Tumor volumes were determined according to
V =1/2A x B%, where A denotes the largest dimension of the
tumor and B represents the smallest dimension.®” Formalin-
fixed, paraffin-embedded sections were stained by the standard
hematoxylin—eosin technique.””

Immunohistochemistry. Immunohistochemistry was carried out
as previously described."**" Anti-B-catenin (clone 14) mouse
monoclonal antibody was purchased from BD Transduction
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Laboratories (Palo Alto, CA). Anti-SF1 goat (sc-21157) polyclonal
antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Statistical analysis. The statistical significance of differences
was evaluated by Mann—Whitney U-test using a tool available in
the R statistical package (http://www.r-project.org/).

Results

Mice lacking SF1 are embryonic lethal. In order to identify the
involvement of SF1 in colon tumorigenesis, we established an
Sf1-knockout mouse line using the gene trapping method.!*!¥
The trap vector was found to be inserted in the promoter region,
215 bp upstream from the first exon of the Sf/ gene (Fig. 1a).
Genotyping by PCR using the primer pairs SPCR1/3PCR2 and
Lox71-P/SA-1 clearly identified wild-type and mutant alleles,
respectively (Fig. 1b). Real-time RT-PCR revealed an appro-
ximately 50% reduction of Sf/ mRNA expression in embryos
with the Sf7*- genotype (Fig. 1c¢).

Although we examined 40 newborns, no animal was homo-
zygous for the mutant Sf7 allele. To determine the lethal point,
20 E8.5, 16 E10.5, 19 E12.5, 15 E14.5, and 14 E16.5 embryos
were genotyped, but no Sf77- was identified (Fig. 1d), indicating
that homozygous mice died before E8.5. These results indicate
the indispensable role of SF1 in early embryonic development,
although sagittal sections of whole E8.5 and E10.5 SfI*-
embryos showed no apparent morphological abnormality (data
not shown).

Susceptibility of SF1-knockout mice to colon tumorigenesis. To
evaluate the effects of SF1 haploinsufficiency on colon tumo-
rigenesis, mice with the Sf7*~ and Sf1** genotypes were treated
with AOM, a known carcinogen organotropic to the colon,*?
once a week for 6 weeks, and killed 23 weeks after the first
injection of AOM (Fig. 2). As shown in Fig. 3a, SfI heterozy-
gotes showed an increase in colon tumor multiplicity (5.5
0.6 tumors/female, 3.7 £ 0.2 tumors/male) compared with wild-
type littermates (2.4 + 0.3 tumors/female, 3.0 + 0.7 tumors/male)
as well as control C57BL/6J mice (1.8 + 0.2 tumors/female, 1.2
+ 0.4 tumors/male). There was also an increase in tumor volume
in Sfl heterozygotes (8.7 + 1.6 mm®/female, 11.3 + 3.4 mm?/
male) compared with wild-type littermates (1.7 0.5 mm?¥/
female, 0.3 0.1 mm’/male) as well as C57BL/6J controls
(2.9 £ 1.0 mm?®/female, 0.7 + 0.2 mm?/male) (Fig. 3b).

In addition to the increase in tumor number and volume, we
noticed morphological alterations in the tumors of SfI hetero-
zygous mice (Fig. 4a—d). The tumors that developed in AOM-
treated Sf7*"~ mice showed more marked histological atypia with
irregular glandular structures and inverted papillary protrusions
(Fig. 4c,d) than those of Sf1*/* littermates (Fig. 4a,b).

Tumor cells of Sf7*~ mice showed increased expression of
the B-catenin protein in comparison with colonic epithelial
cells (Fig. 4e), indicating that active Wnt/B-catenin signaling is
involved in the tumor development in AOM-treated Sf7*~ mice.
Consistent with our previous observation,'¥ the nuclear expres-
sion of SF1 in tumor cells that developed in AOM-treated SfI+-~
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Fig. 2. Induction of colon tumorigenesis by azoxymethane (AOM).
Sf1+-, Sf1**, and C57BL/6J (Sf1**) mice received intraperitoneal
injections of 10 mg AOM/kg body weight once a week for 6 weeks.
Twenty-three weeks after the first injection, the mice were killed.
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Fig. 3. Increased tumorigeneis of Sf1*~ mice treated with azoxy-
methane. The numbers (a) and volumes (b) of tumors that developed
in Sf1+-, Sf1**, and C57BL/6J (5f1**) mice were determined. Data were
expressed as mean =+ SE. Statistical analysis was conducted using the
Mann-Whitney U-test. n, number of mice examined. *Significantly
different with a P-value of <0.05; **significantly different with a P-
value of <0.01.

mice was reduced in comparison with nuclear expression in
colonic epithelial cells (Fig. 4f).

SF1 is a component of the B-catenin and TCF-4 complex,
and it functions as a negative regulator of its transcriptional
activity.'¥ Higher levels of expression of known target genes
of TCF/LEF, including the genes encoding c-Jun (Jun), c-myc
(Myc), cyclin D1 (Ccndl), and axis inhibitor-2 (Axin2),*® were
found in the tumors that developed in Sf7*~ mice than in the
tumors that developed in Sf/*"* mice (Fig. 5).

Discussion

The organization of the intestinal epithelium is maintained
under a strict balance of cell proliferation and differentiation.
Because intestinal epithelial stem cells continuously proliferate,
the same proportion of cells must differentiate, die, and exfoliate.!"
The B-catenin and TCF-4 complex has been implicated in the
maintenance of the undifferentiated status of intestinal epithelial
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Fig. 4. Histological differences of tumors that
developed in Sf1** and Sf1*~ mice. (a—d) Histology
of colon tumors that developed in azoxymethane
(AOM)-treated Sf1** (a,b) and Sf1* (c,d) mice
(hematoxylin—eosin staining). Original magnifica-
tion: x40 (a,c) and x200 (b,d). (e,f) Expression of
the B-catenin (e) and SF1 (f) proteins in colon
tumors that developed in AOM-treated Sf71+-
mice. T, tumor; N, colon mucosa.
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cells.!"Y Aberrant activation of Wnt signaling results in forma-
tion of the complex and blocks the differentiation program of
intestinal epithelial cells. TCF-4-knockout (T¢f7127") mice have
been found to lack proliferating undifferentiated compartments
in their intestinal crypts, and die shortly after birth.*

We previously identified SF1 as a protein whose expression
was negatively regulated by the TCF-4 and B-catenin complex.!®

Shitashige et al.

Conversely, SF1 negatively regulated [B-catenin-evoked gene
transactivation and cell proliferation. SF1 protein is expressed
in differentiated epithelial cells of the intestinal villi, but
not in undifferentiated cells in the crypts or in adenoma cells
of multiple intestinal polyposis (Min) (ApcM™*) mice. The
SF1 protein was strongly induced in colon carcinoma cells that
had been exposed to a differentiation inducer, sodium butyrate.
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Based on these observations we concluded that SF1 is a dif-
ferentiation-associated tumor suppressor. Although the metabo-
lites of AOM cause general DNA damage by the formation of
adducts such as O°methylguanine and 3-methyladenine,!®
injection of AOM into rodents seems to induce colon tumori-
genesis invariably through the activation of Wnt signaling.%*>
The B-catenin protein frequently accumulates in the cytoplasm
and nucleus of tumor cells that develop in rats and mice treated
with AOM.® Mutation of the Apc gene is infrequent in the
tumors induced by AOM,?® but missense mutations in the gly-
cogen synthase kinase 3 phosphorylation sites of the B-catenin
gene have been frequently detected.® The increased tumori-
genesis of AOM-treated Sf7*~ mice thus seems to be a direct
consequence of the increased transcriptional activity of the [3-
catenin and TCF-4 complex. Actually, the levels of expression
of known target genes of TCF/LEF were increased in the tumors
of SfI*~ mice in comparison with the tumors of Sf7** mice
(Fig. 5).

Although expression of SF1 was reduced in the colon tumors
that developed in SfI*~ mice (Fig. 4f), the fact that it was
expressed at all suggested that the normal allele of Sf/ had been
retained. SF1 is a suppressor of the B-catenin-evoked transcrip-
tional activity of TCF-4,1% and the increased susceptibility
of SfI*~ mice to AOM-induced colon tumorigenesis seems be
a reflection of the dose-dependent reduction of the suppressive
effect.

Because only two male SfI*'* littermates were obtained by
in vitro fertilization, age-matched control male C57BL/6J (Sf1*'*)
mice were included. Although there was no significant difference
in tumor number or volume between the female Sf7+/* litterma-
tes and C57BL/6J female mice (Fig. 3), the difference in genetic
background influences the susceptibility of mice to carcino-
gens.“” The results obtained in C57BL/6J male mice must be
interpreted with caution.

SF1 is known to be involved in biological processes other
than the regulation of gene transactivation."*?® SF1 recognizes
the intron branch point sequence UACUAAC in the premRNA
during splicesome assembly and regulates the premRNA splic-
ing reaction.*” SF1 cDNA transfection induces splice variants,"'®
such as ERBA5-6 (estrogen receptor-f lacking exons 5 and 6),6%
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