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TCF3 inhibits F9 embryonal carcinoma growth
by the down-regulation of Oct4
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Abstract. T-cell factor 3 (TCF3), a downstream effector of
Wht signaling in embryonic stem (ES) cells, plays an impor-
tant role in pluripotent self-renewal and proliferation. Loss
of TCF3 delays the differentiation of mouse ES cells. The
purpose of this study was to investigate the effect of TCF3 on
embryonal carcinoma (EC). The mouse F9 EC cell line and a
tumor-bearing mouse model were used to evaluate the anti-EC
tumor effects of TCF3 in vitro and in vivo, respectively. The
overexpression of TCF3 significantly inhibited proliferation,
colony-forming and migration in F9 EC cells by approxi-
mately 30, 45 and 30%, respectively. The in vivo mouse model
showed that the overexpression of TCF3 significantly reduced
tumor volume (36.4%) and tumor weight (34.8%), malignancy
progression and local infiltration and prolonged the life span
of tumor-bearing mice. Overexpression of TCF3 significantly
down-regulated Oct4 expression in the F9 EC cells. The
results indicate that TCF3 is an inhibitor of the malignant
phenotypes of embryonal carcinoma through the regulation of
Oct4 expression.

Introduction

Embryonal carcinoma (EC) is a highly malignant tumor
and occurs primarily in young adults. EC cells, which are
malignant stem cells of teratoma, have morphological and
biochemical properties similar to embryonic stem (ES) cells
(D). In ES cells, the factors Oct4, Sox2 and Nanog form a
regulatory circuitry to maintain pluripotency and self-renewal
(2). The Wnt pathway is involved in the self-renewal and
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pluripotency of ES cells, for which the mechanism remains
unclear (3-5).

T-cell factor (TCF) proteins, the terminal factors of the
Wnt pathway, possess a highly conserved HMG domain
and an amino-terminal B-catenin interaction domain. When
Wnt-stabilized p-catenin is accumulated, TCF proteins
promote the transcription of downstream targets (6,7). In the
absence of stabilized B-catenin, TCF proteins function as
transcriptional repressors by interacting with co-repressor
proteins, such as CtBP and Groucho (8-10). It has been shown
that T-cell factor 3 (TCF3) forms a repressor complex with
TLE2 (Groucho2) (9,11,12) and co-occupies the promoters
throughout the genome with Oct4 and Nanog, which is an
integral part of the core regulatory circuitry in ES cells with
pluripotency (13). Loss of TCF3 or activation of the Wnt
pathway increases the expression of Oct4, Nanog and other
ES transcription factors and provokes stem cell resistance to
differentiation (12-14). In addition, ablation of TCF3 in ES
cells was found to maintain cell self-renewal in the absence
of exogenous leukemia inhibitory factor (LIF) and delayed
the response to differentiation stimuli (14). In addition, the
proliferation rates of TCF3 null ES cells were significantly
decreased by inhibiting Jak/Stat3 activity (15). These findings
identify TCF3 as a cell-intrinsic inhibitor of pluripotent cell
self renewal by limiting the steady-state levels of many self-
renewal factors (15).

The purpose of this study was to investigate whether TCF3
affects EC development and progression. TCF3 was found to
inhibit mouse F9 EC cell growth, proliferation and migration,
suggesting a critical role of TCF3 in EC development and
progression. TCF3 also inhibited the growth and infiltration
of transplanted tumors and prolonged the life span of tumor-
bearing mice. The results also showed that TCF3 inhibited
EC through the regulation of Oct4 expression.

Materials and methods
Cell culture. Mouse embryonal carcinoma F9 cells, human

embryonic kidney 293T cells, mouse embryonic fibroblast
NIH3T3 cells, mouse embryonic fibroblast MEF cells and
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human cervical carcinoma HeLa cells were purchased from
the American Type Culture Collection (ATCC). Mouse
embryonic stem cells (mES) were kindly provided by Dr
Zhigang Lu (Laboratory of Chemical Genomics, Peking
University Shenzhen Graduate School). F9-control and
F9-TCF3 EC cells were derived from F9 cells established at
the Laboratory of Chemical Genomics, Peking University
Shenzhen Graduate School. All cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) (Hyclone),
supplemented with 10% fetal bovine serum (FBS) (Hyclone),
100 pg/ml penicillin (Ameresco) and 100 pg/ml streptomycin
(Ameresco). Cells were maintained at 37°C in a humidified
atmosphere with 5% CO,.

Plasmid construction and retrovirus package. Mouse TCF3
cDNA (GenBank no. BC128306.1) was PCR amplified from
the pCR-BluntII-TOPO-mouse TCF3 plasmid (Open
Biosystem) using primers 5'-ATATAGGATCCATGCCCCA
GCTCGGTGGT-3' (sense) and 5S'-GCGCCGAATTCTAATGC
TTCCTTTGTGTTTC-3' (antisense), and subsequently cloned
into the BamHI/EcoRI sites of the pMSCV-puro-3Flag-3HA
retrovirus vector that contains tri-Flag and tri-HA tag fused to
the N terminus of inserted protein, modified from the
pMSCV-puro (Clontech). The complete reading frame of the
new construct was verified by automated sequencing and the
recombinant plasmids were purified. Exponentially growing
293T cells were seeded at 8x10° cells per 100-mm dish one
day prior to transfection. pMSCV-3Flag-3HA empty vectors
or pMSCV-3Flag-3HA-TCF3 vectors were introduced into
293T cells, respectively, together with the package vector
pCL-Eco using Lipofectamine™ 2000 transfection reagent
(Invitrogen) following the manufacturer's instructions. Cells
were then incubated at 37°C in 5% CO, for 6 h, and the
medium was then replaced with fresh DMEM medium with
10% FBS. The virus was harvested 24 h later.

Establishment of a cell line which stably expresses TCF3.
For virus infection, 2x10° F9 cells were seeded on 100-mm
dishes that were pre-coated with 0.1% gelatin for 4 h before
usage and allowed to grow exponentially. Virus-containing
medium derived from the vector-transfected 293T cells was
filtered through a 0.45-pum cellulose acetate filter (Millipore)
and added to the medium of the F9 cells. Polybrene (Sigma)
was added (4 ug/ml) to assist infection. Virus-infected F9
cells were selected with puromycin (1 pg/ml) (Sigma). Both
F9-control (infected with empty vector) and FO-TCF3 (stably
expressed 3Flag-3HA-TCF3) cell lines were confirmed by
immunoblotting using anti-Flag and anti-TCF3 antibodies.

Cell proliferation assay. Cell proliferation was assayed
by seeding 2.5x10* cells per well in a 6-well plate (day 0).
On days 1, 2, 3 and 4, cells were washed with PBS twice,
harvested by trypsination and counted using a hemocytometer.
All assays were carried out in sextuplicate. Cell proliferation
was also measured by MTT [3-(4, 5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] (Sigma) assay. F9-control
and FO-TCF3 cells were seeded in a 96-well plate at a density
of 1x10* cells per well (day 0). On days 1, 2 and 3, 20 pl of
5 mg/ml MTT in PBS was added, and the cells were subse-
quently incubated for 4 h at 37°C in 5% CO,. Cells were then
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washed twice with PBS, and the precipitate was solublized
in 150 ul of 100% dimethylsulfoxide (Sigma) by shaking for
5 min. Absorbance was measured using a microplate reader
(Bio-Rad, Richmond, CA) at a wavelength of 570 nm. All
experiments were carried out in sextuplicate.

Cell colony formation assay. A two-layer soft agar system was
used in this assay. Briefly, 1x10° F9-control or F9-TCF3 EC
cells were resuspended in medium (1 ml per well) containing
0.3% low-melting agarose, and then layered on top of a solidi-
fied medium (1.4 ml per well) containing 0.6% agarose. The
plates were incubated at 37°C in 5% CO, for 10 days. Colonies
were subjected to a microscopic test and imaged using Zeiss
Axio observer Al microscopy. The total numbers of colonies
>50 cells were determined. All experiments were carried out
in sextuplicate.

Cell migration assay. Cells were plated onto 12-well plates at
a density of 8x10* cells/well. After forming a monolayer, cells
were wounded by manual scraping with a 200-¢m micropipette
tip. The culture medium was then replaced with fresh, serum-
free medium. The wound repair process by migrating cells was
monitored by measuring the gap and imaged using Zeiss Axio
observer Al microscopy. The gap distance was measured at 0
and 24 h. All experiments were carried out in triplicate.

Tumor xenograft formation and histological analysis. BALB/C
mice (20 per group) ~6 weeks of age (body weight, 22+2 g)
were subcutaneously injected with 100 ul of the cell suspen-
sion (5x107 cells/ml in PBS) in the mid-back region. Tumor
xenograft formation was measured every two days in order
to record the growth curves. Two weeks after the injection,
8 mice per group were sacrificed. Tumor xenografts and lung
tissues were surgically dissected and then fixed with 4% form-
aldehyde in PBS and embedded in paraffin. Sections were
stained with hematoxylin and eosin (H&E). Tumor xenografts
were weighed and measured. Tumor volume was calculated
according to the equation LxW?/2 with the length (L) (mm)
being the longer axis of the tumor. The muscle infiltration
and lung metastasis was observed according to the (H&E)
staining. The remaining mice were maintained for 60 days
to determine the survival rate. The experiments were carried
out in accordance with recommendations cited in the Guide
for the Care and Use of Laboratory Animals of the Medical
Laboratory Animal Center of Guangdong Province, China;
permit number SCXK2008-0002.

RT-PCR analysis. Total RNA was isolated from the F9 cells
using TRIzol (Invitrogen). Total RNA (2 ug) was reverse tran-
scribed using 1 pg oligo(dT) primer with MMLV reverse
transcriptase (Promega) in a 40-ul reaction volume containing
1.25 mM deoxyribonucleoside triphosphates (ANTPs) at 42°C.
PCR primers of TCF3, Oct4 and actin were designed using
the PrimerSelect program from the DNASTAR software
package (DNASTAR Inc., Madison, WI). PCR was performed
using 1 ul of ¢cDNA in a 25-u1 PCR mixture containing
15 pmol of each primer, 0. mM dNTP and 0.3 units Taq
polymerase (Promega). The PCR products were electro-
phoresed on 1.5% ethidium bromide-stained agarose gel and
observed under a UV transilluminator. Primers were as
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Figure 1. TCF3 inhibits F9 EC cell growth, proliferation and colony formation. (A) TCF3 protein expression was determined by immunoblotting using antibodies
against fusion protein tag Flag and TCF3 respectively. Actin was used as a reference protein. F9 cells infected with virus packaged from the empty vector
pMSCV-3Flag-3HA were used as a control. (B) TCF3 mRNA expression was detected in F9-TCF3 and F9-control EC cells by RT-PCR analysis. (C) TCF3
inhibited the growth of F9 cells. Cells were counted using a hemocytometer at days 1, 2, 3 and 4 after being seeded in 6-well plates. Values are means + SD, n=6;
“P<0.01. (D) TCF3 inhibited F9 cell proliferation measured by the MTT assay. The proliferation rates are shown as OD;,. Values are means + SD, n=6; "P<0.01.
(E) Representative images of colonies; scale bar, 400 ygm. (F) TCF3 inhibited the colony formation of F9 cells. Values are means + SD, n=6; "P<0.01.

follows: TCF3, 5"-TGAGAAGCCTTGTGATAGCC-3' (sense)
and 5'-GAGACAGCCTGCATAGAACC-3' (antisense); Oct4,
5"“TCTTTCCACCAGGCCCCCGGCTC-3' (sense) and 5-TGC
GGGCGGACATGGGGAGATCC-3' (antisense); actin, 5'-TCC
AGCCTTCCTTCTTGGGTATG-3' (sense) and 5-GAAGGT
GGACAGTGAGGCCAGGAT-3' (antisense).

Immunoblot analysis. Cells were lysed in NP-40 lysis buffer
containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40,
20 ug/ml PMSF, 1 ug/ml pepstatin A and 1 pug/ml leupeptin
(pH 7.4). Tumor tissue was homogenized in 250 mM sucrose
containing 1 mM EDTA, 20 ug/ml PMSF, 1 pg/ml pepstatin A
and 1 pug/ml leupeptin (pH 7.4) with a glass Dounce homog-
enizer. Total protein was assayed using a Bio-Rad DC protein
assay kit (Bio-Rad). Proteins (15 ug) were electrophoresed
through 10% (w/v) polyacrylamide, 1% (w/v) SDS gels.
Proteins were transferred from the gels by blotting onto a
nitrocellulose membrane (Millipore). The membranes were
blocked with 0.02 mol/l Tris-HCI (pH 7.0), 0.9% (w/v) NaCl,
0.1% (v/v) Tween-20 containing 5% (w/v) non-fat milk for 1 h at
room temperature. Monoclonal antibodies anti-Oct4 (1:2000;
Santa Cruz Biotechnology), anti-PCNA (1:2000; Santa Cruz
Biotechnology), anti-Flag (1:1000; Sigma) or anti-TCF3 (1:200;
Santa Cruz Biotechnology) were added and incubation was
carried out overnight at 4°C. Bound antibodies were located by
a further incubation with horseradish peroxidase-conjugated
goat anti-mouse IgG (1:5000; Santa Cruz Biotechnology). As
a loading control, the membranes were immunoblotted for
B-actin (1:500; Santa Cruz Biotechnology). Blots were devel-
oped with an ECL Plus kit (Pierce) and exposed to Kodak film.
The National Institutes of Health Image program was used to
quantify the intensity of the resulting bands.

Statistical analysis. All data are presented as the mean + SD.
The results were compared by one-way analysis of variance
(ANOVA). All statistical calculations were performed with
the SPSS11.0 software package. A P-value <0.05 was regarded
as statistically significant.

Results

TCF3 inhibits F9 EC cell proliferation and colony forma-
tion. RT-PCR assay confirmed the overexpression of TCF3
mRNA in the pMSCV-3Flag-3HA-TCF3-infected F9 EC
cells (Fig. 1A). Endogenous TCF3 protein (79 kDa) and
exogenous TCF3 protein (85 kDa) were detected by immu-
noblot analysis using anti-Flag or anti-TCF3 antibodies
(Fig. 1B). The results showed that the TCF3 protein level
in the pMSCV-3Flag-3HA-TCF3-infected F9 EC cells was
significantly higher than that in the pMSCV-3Flag-3HA-in-
fected F9 EC cells.

The effect of exogenous overexpressed TCF3 on F9 cell
proliferation was monitored over a 5-day period by counting
the number of cells. The number of F9-TCF3 cells was
significantly lower (by 34%) than that of the F9-control cells
(P<0.01) (Fig. 1C). The MTT cell proliferation assay revealed
that the rate of proliferation of the TCF3-overexpressing cells
decreased ~30% compared with that of the F9-control cells
(Fig. 1D). The soft agar colony assay demonstrated that the
size of the colonies in the FO-TCF3 cells was significantly
smaller (by 45%, P<0.01) than that in the F9-control cells
(Fig. 1E). The number of colonies in the F9-TCF3 cells was
significantly lower than that in the F9-control cells (Fig. 1F).
These results suggest that TCF3 overexpression inhibits the
proliferation of F9 EC cells.
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Figure 2. TCF3 inhibits F9 EC cell migration. (A) Representative images of F9 cell migration determined at O and 24 h by measuring the width of the gap
produced by scraping of the cell monolayer with a 200-ym micropipette tip; scale bar, 400 ym. (B) Gap distances were microscopically measured and statisti-

cally analyzed. Values are the means + SD, n=3; "P<0.01.
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Figure 3. TCF3 inhibits xenograft tumor growth and prolongs the survival of tumor-bearing mice. (A) TCF3 inhibited tumor mass growth in mice bearing
tumors derived from F9 cells. Tumors were measured in three dimensions on the indicated days after injection. Values are the means + SD, n=8; "P<0.01.
(B) Representative images of tumors derived from both F9-control and F9-TCF3 cell implantation. F9-control cells (5x10°) (control) or F9-TCF3 cells (TCF3)
were injected subcutaneously into the mid-back area of adult BALB/C mice. Tumors were excised on day 15 after injection. Scale bar, 30 mm. (C) Weight of
xenograft tumors on day 15 post-injection. Values are the means + SD, n=8; “P<0.05. (D) Hematoxylin and eosin (H&E) staining indicating abnormal mitoses
(arrow) and local muscle infiltration in xenograft tumors derived from TCF3-overexpressing cells compared with the tumors derived from the F9-control
cells. Scale bar, 100 #m. (E) Local infiltration and lung metastasis in mouse tumors derived from F9-control or TCF3-overexpressing cells. Values are the

means + SD, n=3; "P<0.01. (F) Survival curve of the tumor-bearing mice.
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Figure 4. TCF3 down-regulates Oct4 expression in F9 EC cells. (A) Immuno-
blot analysis of Oct4 expression in the different cell lines. F9 EC and mES
cells expressed abundant Oct4 protein. Actin was probed with an anti-actin
antibody as a reference protein. (B) TCF3 down-regulated the Oct4 mRNA
expression determined by RT-PCR analysis. Actin was used as a control.
Values are the means = SD, n=3; "P<0.01. (C) TCF3 and Oct4 expression in a
xenograft tumor. Actin and PCNA were probed as reference proteins. Values
are the means + SD, n=3; "P<0.01.

TCF3 inhibits the migration of F9 cells. In order to observe
the effect of TCF3 on cell migration, F9-TCF3 and F9-control
cells were seeded in 6-well plates. After forming a monolayer,
cells were wounded by manual scraping to produce a gap.
With continuous incubation, the gap was filled by migrating
cells near to the gap. Notably, 24 h later, the gap in the
F9-TCF3 cells was significantly wider (227.83+24.27 pum)
than that in the F9-control cells (122.96+12.18 ym) (P<0.01)
(Fig. 2), indicating that overexpression of TCF3 decreases the
migratory ability of F9 EC cells.

TCF3 inhibits the growth and infiltration of xenograft tumors
in vivo. To determine the tumor suppressive ability of TCF3
in vivo, F9-control or F9-TCF3 cells were subcutaneously
injected into BALB/C mice, respectively. After injection,
tumor growth was monitored for 15 days. Tumor growth was
significantly inhibited by TCF3 as shown in Fig. 3A. On day
15, the tumor volume and weight of the xenograft tumors
derived from the TCF3-overexpressing cells were signifi-
cantly different than the tumor volume and weight of the
xenograft tumors derived from the F9-control cells (Fig. 3B
and C) (P<0.05). Tissue morphological analysis demonstrated
that fewer abnormal mitoses, which are a typical marker of
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malignancy, were noted in the TCF3 group compared with
that in the control group (Fig. 3D). Consistently, TCF3 also
decreased the local infiltration of the tumors. Local muscle
infiltration was noted in ~75% of the control mice and in
~25% of the TCF3 group mice, respectively (Fig. 3E). No lung
metastasis was found in either group (Fig. 3E).

As TCF3 may serve as an inhibitory factor for tumor
growth and infiltration, the life span of the tumor-bearing
mice was determined. Notably, TCF3 prolonged the life span
of the tumor-bearing mice (Fig. 3F). These results consistently
confirmed that TCF3 inhibits F9 EC cell growth, prolifera-
tion, migration and xenograft tumor growth and infiltration.

TCF3 down-regulates Oct4 in F9 cells and its derived
tumors. To investigate the mechanism of the antitumor-like
activity of TCF3, the expression of stem character gene Oct4
was determined in various cell lines. As showed in Fig. 4A,
Oct4 was abundantly expressed in the mES and F9 EC cells.
Oct4 was not detected in MEF, NIH3T3, 293T somatic cells
or in the HeLa tumor cell line (Fig. 4A). Oct4 mRNA expres-
sion was significantly down-regulated in the TCF3-expressing
F9 cells (Fig. 4B). Oct4 protein expression was significantly
down-regulated in the xenograft tumor masses derived from
the FO-TCF3 cells when compared to the tumors derived
from the F9-control cells. However, the expression levels of
the unrelated endogenous protein PCNA and Actin were not
different between the groups (Fig. 4C).

Discussion

TCF3 is a critical component of the Wnt pathway. TCF3
possesses a highly conserved [-catenin binding domain and
has been suggested to promote target gene transcription as
a [-catenin-dependent activator and to down-regulate gene
transcription as a [3-catenin-independent repressor (6,16,17).
Of the TCFs, TCF3 is the most abundantly expressed in ES
cells and participates in many physiological regulatory and
developmental processes (16-20).

Previous studies involving mES cells showed that TCF3
null mES cells can proliferate and self-renew in the absence
of LIF and delay differentiation in embryoid bodies (14). It
has been suggested that ablation of TCF3 in mES cells stimu-
lates cell proliferation by activating Jak/Stat3 activity (15).
Although many similar biochemical properties exist between
EC and ES cells, the role of TCF3 in the development of
EC tumors remains unknown. Our results showed that over-
expression of TCF3 significantly inhibited the proliferation
and tumorigenic phenotype of F9 EC cells in vitro. In vivo
experiments confirmed that subcutaneously injected F9 EC
cells overexpressing TCF3 formed smaller and less malignant
tumors. Thus, we hypothesized that TCF3 controls the prolif-
eration and differentiation of EC cells by regulating certain
intracellular signaling pathways.

Oct4 expression was found to be down-regulated in
TCF3-overexpressing EC tumors. Oct4, which is a member
of the mammalian POU family of transcriptional factors,
functions as a key regulator of the self-renewal and pluri-
potency of ES cells (21-23). Oct4 has been frequently reported
to reprogram somatic cells into pluripotent stem cells (iPS)
together with Sox-2, c-Myc and Klf4 (24-28). Furthermore,
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Oct4 introduction was found to be sufficient to result in the
direct reprogramming of human neural stem cells (29). Apart
from ES cells, Oct4 was found to be expressed in cancer stem
cell-like cells. The ablation of Oct4 by small interfering RNA
was found to eventually result in cell apoptosis, and the signal
pathway Oct4/Tcll1/Aktl has been suggested to be involved in
this event (30,31).

However, Oct4 was found to up-regulate fibroblast growth
factor-4 and matrix metalloproteinase-2 (MMP-2), MMP-9
and MMP-13 in clinical bladder tumors. Tumors with intense
Oct4 expression were associated with further disease progres-
sion, a greater degree of metastasis and shorter cancer-related
survival compared with those with moderate and low Oct4
expression (32), as revealed in our study. Nanog and Sox2
are another two key regulators in the process of pluripotency
maintenance (33,34). Oct4 and Sox2 comprise a regulatory
complex that regulates many genes important for the main-
tenance of the primitive state (35,36). Endogenous Oct4 and
the Oct4/Sox2 complex bind to the Nanog, Oct4 and Sox2
gene regulatory elements in F9 cell (37). Thus Oct4 down-
regulation affects the genes controlling self renewal such as
Nanog, and subsequently induces apoptotic cell death (38).
All of these regulations may inhibit the growth of EC tumors.

Oct4 was down-regulated in TCF3-overexpressing EC
cells, but how TCF3 executes this biological function in EC
cells is still obscure. In mES cells, TCF3 normally interacts
with TLE2, a WD40 repeat protein. One possibility is that
TCF3 interacts with TLE2 to co-repress Oct4 transcription
directly. In addition, TLE2 binds to the CUL4-DDBI1 ubiq-
uitin E3 ligase core complex (39). Therefore, it is also possible
that TLE2 destabilizes a critical protein which is targeted by
Oct4 for ubiquitin-dependent proteolysis by the CUL4-DDBI1
ubiquitin E3 ligase.
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