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Zfp703 Is a Wnt/p-Catenin Feedback Suppressor Targeting the

B-Catenin/Tcfl Complex
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Cell Signaling in Vertebrate Development Section, Cancer and Developmental Biology Laboratory, Center for Cancer Research, NCl—Frederick, NIH, Frederick,

Maryland, USA

The Wnt/[3-catenin signaling pathway controls embryonic development and adult stem cell maintenance through the regulation
of transcription. Failure to downregulate Wnt signaling can result in embryonic malformations and cancer, highlighting the
important role of negative regulators of the pathway. The Wnt pathway activates several negative feedback targets, including
axin2 and DKkKk1, that function at different levels of the signaling cascade; however, none have been identified that directly target
active 3-catenin/Tcf1 transcriptional complexes. We show that Zfp703 is a Wnt target gene that inhibits Wnt/[3-catenin activity
in Wnt reporter assays and in Wnt-dependent mesoderm differentiation in embryonic stem cells. Zfp703 binds directly to Tcfl
to inhibit B-catenin/Tcfl complex formation and does so independently of the Groucho/Tle transcriptional corepressor. We
propose that Zfp703 is a novel feedback suppressor of Wnt/3-catenin signaling that functions by inhibiting the association of
[-catenin with Tcfl on Wnt response elements in target gene enhancers.

Wnt/B—catenin signaling plays a key role in promoting the
growth and self-renewal of stem cell and progenitor popu-
lations during embryonic development and adult tissue homeo-
stasis (1). Negative regulators of Wnt/3-catenin signaling play im-
portant roles in controlling growth and preventing the occurrence
of cancer (1). This is best illustrated by the adenomatous polyposis
coli (APC) tumor suppressor that functions in the 3-catenin de-
struction complex to limit Wnt signaling and is commonly mu-
tated in gastrointestinal cancers (2, 3). Additionally, some Wnt/
B-catenin inhibitors are themselves transcriptional targets of Wnt
and thus function as feedback suppressors (i.e., axin2, Nkd1, AN-
LEF1, and Dkk1) (4-11). As these feedback suppressors keep Wnt/
B-catenin signaling in check, loss-of-function (LOF) mutations or
epigenetic silencing of these genes can result in embryonic mal-
formation or cancers (10, 12—14). Thus, identifying feedback sup-
pressors, and understanding where in the signaling cascade they
function, may assist in the identification of drugs that affect cancer
cell growth and survival.

Wnt signaling in vertebrates is regulated by a family of 20 con-
served genes, several of which are capable of signaling through the
B-catenin pathway (15). In the absence of a Wnt ligand, Wnt
target gene expression is repressed by the binding of an inhibitory
complex, which includes the HMG-box transcription factor Tcf3
(Tcf711) and Groucho/Tle corepressors, to Tcf/Lef binding sites
on target gene regulatory elements (8, 16-19). With the stimula-
tion of signaling, through the presence of Wnt ligand or mutations
that activate signaling (20), stabilized 3-catenin enters the nucleus
and binds to Tcfl (Tcf7), Tcf4 (Tcf712), or Lefl. Activating
B-catenin/Tcfl complexes subsequently bind to Tcf/Lef binding
sites to displace inhibitory Tcf3/Groucho complexes (4, 8, 17, 21—
24). B-Catenin/Tcfl complexes directly activate target genes, in-
cluding genes that encode components of the Wnt signaling path-
way itself (e.g., Lefl).

During mouse axial development, Wnt3a/B-catenin signaling
controls posterior progenitor maintenance and differentiation
(25-28). Genetic removal of Wnt3a, Tcfl/Lefl, or B-catenin in
posterior progenitors leads to downregulation of Wnt/B-catenin
target genes (29-35) and disrupts paraxial mesoderm (PM) for-
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mation (25, 31, 36, 37). Here, we describe a functional screen to
identify inhibitors of Wnt/B-catenin signaling from candidate
genes arising from a transcriptome analysis of embryonic day 7.75
(E7.75) Wnt3a~'~ embryos (29) and Lefl and Sp5 gain-of-func-
tion (GOF) embryonic stem cells (ESCs). We show that the Nlz-
like zinc finger transcription factor gene Zfp703 (also known as
Csmnl, End2, Zeppol, Zpol, and NLZI), the mixed paired-like
homeobox gene Mixl1, and caudal-type homeobox genes (Cdx1,
-2, and -4) all possess inhibitory activity in Wnt reporter assays.
We characterize the embryonic expression of Zfp703 and describe
a molecular mechanism by which it may antagonize the
B-catenin/Tcf1 signaling complex.

MATERIALS AND METHODS

Microarray, RNA-Seq analysis, and candidate gene selection. Microar-
ray analysis data for control and Wnt3a~ '~ node and primitive streak (PS)
were previously deposited in the GEO database (accession number
GSE29995). To enhance the likelihood of identifying target genes that lie
downstream of the Wnt3a signaling pathway, the list of differentially
downregulated genes (Pvalue, =0.05) identified in Wnt3a~/~ embryos by
microarray analysis was further refined by comparing it to the list of genes
identified by transcriptome sequencing (RNA-Seq) that were upregulated
in ESCs by the overexpression of the Wnt effectors Lefl and/or Sp5 (false
discovery rate [q value], =0.05) (GEO accession number GSE73084). This
candidate list included 114 genes, of which 24 genes were tested for inhib-
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itory activity in the Super TOPFlash (STF) luciferase assay (see Table S1 in
the supplemental material).

Super TOPFlash screen and luciferase assays. Selected candidate
genes were PCR amplified from E7.5-to-E9.5 whole-embryo cDNA or
mouse ESC cDNA and cloned into pcDNA3.1-V5-His TOPO TA expres-
sion vector (Life Technologies). Three hundred nanograms of pcDNA3.1-
V5-His candidate constructs was cotransfected with 100 ng of Super TOP-
Flash reporter and 20 ng of thymidine kinase (TK)-Renilla luciferase using
3 pl of FuGene HD/1 pg of DNA (Promega). Empty pcDNA3.1-V5-His
vector served as a negative control. Super FOPFlash (SFF) reporter con-
structs carrying mutated Tcf/Lef binding sites were also used as controls
for specificity of Tcf/Lef activity in some experiments. Luciferase activity
was assayed according to Dual-Luciferase assay kit instructions (Pro-
mega). For luciferase assays shown in Fig. 2F, 854 bp of the Zfp703 pro-
moter, including 836 bp upstream of the transcription start site (TSS) and
19 bp of 5" untranslated region upstream of the ATG, was cloned into
pGL4.10 (luc2) vector and transfected into differentiating (day 2)
A2lox.Wnt3a ESCs (see below) cultured in N2B27 serum-independent
medium. Wnt3a expression was induced by the addition of 1 pg/ml doxy-
cycline (Dox) to the culture medium. Alternatively, Wnt/B-catenin sig-
naling was activated in A2lox.Wnt3a cells by treatment with 3 uM
CHIR99021 (Stemgent).

Quantitative reverse transcription-PCR (RT-qPCR)-ChIP-qPCR.
RNA was isolated using Tri reagent (Ambion) and converted to cDNA
using the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was per-
formed using universal SYBR green Supermix (Bio-Rad) with specific
oligonucleotide primer pairs for each gene (see Table S2 in the supple-
mental material) using a cycle of 95°C for 10 s for denaturing and 60°C for
30 s for annealing and extension. Chromatin immunoprecipitation-qPCR
(ChIP-qPCR) utilized primers encompassing Tcf/Lef binding sites on
Msgnl, T, Axin2, and CdxI (38) and negative-control regions (see Table
S2 in the supplemental material).

Embryos and gene expression analysis. Embryos for detection of
Zfp703 mRNA were dissected from pregnant NIH-Swiss females in phos-
phate-buffered saline (PBS) prior to fixation in 4% paraformaldehyde.
Embryos from BATlacZ -catenin/Tcfl-Lefl lacZ reporter transgenic
mice were used to localize Wnt signaling as described previously (27).
Ctnnb1"?Ke" (floxed B-catenin loss-of-function [LOF] allele) mice were
crossed to the T-Cre driver line to conditionally delete 3-catenin in the PS
of mutant embryos as described previously (25, 39, 40). Embryos were
assayed by whole-mount in situ hybridization (WISH) as described pre-
viously (41) with antisense RNA probes synthesized from mouse Zfp703
using digoxigenin-UTP (Roche) and developed using nitroblue tetrazolium—
5-bromo-4-chloro-3-indolylphosphate (NBT-BCIP) (Roche). Embryos
were photographed in PBS plus 0.1% Tween 20 (PBT) using a Leica MZ-
FLIIT microscope and an AxioCam digital camera and AxioVision soft-
ware (Zeiss). Paraffin sectioning was performed by standard methods to a
thickness of 5 wm and imaged on a Zeiss Axioplan II microscope. This
study was carried out in compliance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health (Frederick
National Laboratory Animal Care and Use Committee proposal 12-408).
Rodents were euthanized by CO, inhalation in accordance with the most
recent AVMA Guidelines for the Euthanasia of Animals (61).

ESC lines, culture, and immunocytochemistry. To generate Dox-
inducible Wnt3a, epitope control (3 XFlag), and epitope-tagged Z{p703
(3XFlag-Zfp703) and Cdx2 (3 XFlag-Cdx2) GOF ESCs, cDNAs were first
cloned into p2lox plasmid to generate targeting vectors suitable for induc-
ible cassette exchange recombination (42). One day before electropora-
tion, parental A2Lox.Cre ESCs that constitutively express rtTA from the
ROSA26 locus were treated with 1 pg/ml Dox to induce Cre recombinase
expression from a Tet-responsive element (TRE)-Cre-Aneo cassette in-
serted into the Hprtlocus (42). These cells were then electroporated with
the targeting constructs. Successful cassette exchange results in the re-
placement of Cre with the cDNA of interest downstream of the TRE and
the restoration of the selectable PGK-neo cassette. Targeted cell lines were
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selected using resistance to 300 pg/ml G418 antibiotic for 1 to 2 weeks as
previously described (43). At least 2 independent clones for each con-
struct were characterized for targeted-gene expression and protein sub-
cellular localization. ESC culture and differentiation protocols were per-
formed as previously described (29). Briefly, ESCs were cultured on
mitomycin C mitotically inactivated mouse embryonic fibroblasts
(MEFs) in Dulbecco’s modified Eagle medium (DMEM) plus 15% fetal
bovine serum (FBS), penicillin-streptomycin (Pen-Strep), and 2-mercap-
toethanol. For ESC differentiation, MEFs were removed from ESCs and
differentiated as embryoid bodies (EBs) for 2 days on 10-cm petri dishes
(Fisher Scientific) in ESC medium containing 10% FBS and 50 pg/ml
L-ascorbic acid (Sigma). On day 2, EBs were transferred to ultralow-at-
tachment dishes (Costar), and Dox (1 g/ml) was added to the medium to
induce gene expression. EBs were subsequently cultured for another 24 to
72 h.

For immunocytochemistry, EBs were transferred to Matrigel (Corn-
ing)-coated glass coverslips and cultured for another 24 h with or without
Dox. Cells were fixed in 4% paraformaldehyde for 10 min at room tem-
perature and permeabilized in 0.1% cold Triton X-100 for 5 min. Cells
were blocked in 1% bovine serum albumin (BSA) in PBS for 30 min and
incubated with primary antibody (anti-Flag M2, 1:1,000) followed by
fluorescently labeled secondary antibodies. Images were acquired using an
Axioplan II (Zeiss) microscope.

Immunoprecipitation and Western analysis. Immunoprecipitations
were performed on nuclear extracts using antibodies to Tcf1 (Cell Signal-
ing Technology catalog no. 2203S), pan-Tle (Santa Cruz catalog no. sc-
13373), B-catenin (Sigma catalog no. C7207), and Flag M2 (Sigma catalog
no. F3165) using protein G-Sepharose beads (GE Healthcare) preblocked
in 1% BSA. Extracts were separated on a 10% Bis-Tris gel using morpho-
linepropanesulfonic acid (MOPS) buffer (Invitrogen) and transferred to
nitrocellulose membranes using standard procedures. Blots were blocked
in 5% fat-free milk in Tris-buffered saline (TBS) and incubated with pri-
mary antibodies to Tcf1, pan-Tle, Flag M2, 3-catenin (Santa Cruz catalog
no. sc-7199), V5 (Thermo Scientific catalog no. R960-25, Sigma catalog
no. V8137), and actin (Chemicon catalog no. MAB1501) followed by
incubation with horseradish peroxidase (HRP)-conjugated secondary an-
tibodies (Promega). SuperSignal West Pico chemiluminescent substrate
(Thermo Scientific) was used to detect the protein.

Chromatin immunoprecipitation (ChIP). Noninduced 3XFlag
ESCs and 3 XFlag-Zfp703 ESCs were differentiated as EBs for 2 days. Dox
(I pwg/ml) was added on day 2 to induce expression of 3XFlag and
3XFlag-Ztp703. EBs were fixed for 15 min in 1% formaldehyde-HEPES
buffer at room temperature as previously described and quenched in
0.125 M glycine solution (43). Cells were lysed in lysis buffer, and chro-
matin was sheared to 100 to 300 bp. The protein-DNA complexes were
immunoprecipitated using anti-B-catenin (BD Transduction Laboratory;
catalog no. 610154) and IgG (Cell Signaling; catalog no. 2729) as a nega-
tive control. The protein-DNA complexes were treated with proteinase K
to digest proteins, and DNA was purified and suspended in TE buffer (43).
Enrichment of immunoprecipitated DNA was assessed using Universal
Sybr green (Bio-Rad)-based quantitative PCR.

RESULTS

Functional screen for Wnt feedback suppressors. A multipara-
metric approach was taken to winnow a list of 379 potential
Wnt3a target genes, i.e., genes that are downregulated in E8.5
Whnt3a~'~ node and PS regions (29), down to a manageable size to
screen for Wnt feedback suppressors. We compared the list of
Whnt3a-dependent genes identified from mutant embryos (29)
with the lists of genes upregulated in mouse ESCs by the overex-
pression of the Wnt effectors Lefl and Sp5. Twenty-four genes
that were dependent on Wnt3a for expression and upregulated by
Lefl and Sp5 and/or were previously associated with the Wnt/-
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FIG 1 Functional screen for Wnt3a—regulated Wnt pathway antagonists. (A)
Heat map of differentially expressed genes in wild-type control (n = 3, biolog-
ical replicates) and Wnt3a~'~ (n = 3, biological replicates) node/PS that
showed inhibitory activity in STF reporter assays. Colors represent log inten-
sity values (red, upregulated; blue, downregulated). (B) STF luciferase activity
(stimulated by Wnt3a treatment) is reduced by the expression of candidate
genes in HEK 293T cells (average plus standard deviation from 3 or more
independent experiments).

catenin pathway were selected for further analysis (see Table S1 in
the supplemental material for the complete list of genes).

To test for inhibitory activity of candidates, we used the Super
TOPFlash (STF) Wnt/B-catenin/Tcf luciferase reporter assays
performed in 293T human embryonic kidney (HEK) cells (44). As
the STF assay reports the activity of B-catenin/Tcf complexes, it is
a direct method to identify potential transcriptional inhibitors;
however, a caveat to this approach is that the candidate genes
might indirectly regulate STF activity through transcriptional
modulation of other Wnt component genes. We identified Cdx2,
Zfp703, Mixl1, Cdxl, and Cdx4 as Wnt target genes that inhibit
STF activity (in order of greatest to least inhibition) (Fig. 1B).
Interestingly, Zfp703 and Cdx genes have previously been shown
to lower Wnt/B-catenin signaling in cancer models, suggesting
that our embryo screen successfully identified Wnt pathway in-
hibitors (45-47). We narrowed this list down to genes that con-
sistently suppressed STF activity by at least 50% for further vali-
dation in mouse ESCs. Although Cdx2 and Zfp703 consistently
inhibited STF activity in 293T cells (Fig. 1B; see also Fig. S1IA and
B in the supplemental material), Cdx2 inhibition of Wnt signaling
in ESCs was inconsistent presumably because Cdx2 also activated
Sp5, a prominent direct Wnt target gene in the mouse PS that
functions to activate Wnt target genes (29, 48) (see Fig. SIEand F).
We therefore focused on Zfp703, a zinc finger transcription factor
gene with a known association with luminal breast cancer (49, 50)
but an uncharacterized role in the mouse embryo.

Zfp703 is a Wnt/[3-catenin target gene in developing em-
bryos and differentiating ESCs. To determine if Zfp703 was spa-
tially and temporally expressed in the appropriate domain to reg-
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ulate Wnt/B-catenin signaling in vivo, we compared Zfp703
expression by whole-mount in situ hybridization (WISH) to that
of BATlacZ (a transgenic Wnt/B-catenin/Tcf 3-galactosidase re-
porter) (27) in developing mouse embryos. We focused our anal-
ysis of Zfp703 transcript expression on the E7.75-to-E9.5 stages
(Fig. 2A; see also Fig. S2 in the supplemental material), when
Wnt3a is first required for PS development (25, 37). Further anal-
ysis of Zfp703 expression in mouse embryos is provided in the
supplemental material (see Fig. S2). At E7.75 and E8.5, Zfp703 was
detected in the posterior embryo in the caudal neural plate, PS,
and allantois (Fig. 2A, top 3 left panels), including the posterior
progenitors that require Wnt/f-catenin signaling (25). Compar-
ison of Zfp703 expression to that of BATlacZ showed that Zfp703is
initially expressed at sites of Wnt activity, particularly at E7.75
(Fig. 2A, left 2 panels). At E8.5, Zfp703 and BATlacZ showed con-
tinued overlapping sites of expression in the PS region (Fig. 2A);
however, Zfp703 expression often occurred in regions of the em-
bryo with reduced BATlacZ activity. In particular, comparison of
E8.5and E9.5 Zfp703 and BATlacZ expression levels showed com-
plementary expression patterns in the developing brain (Zfp703
was expressed in the hindbrain while BATlacZ was expressed in
the adjacent midbrain) but considerable overlap in posterior re-
gions of the embryo (Fig. 2A, right two panels). These data suggest
that Zfp703 is expressed appropriately to be both a target of, and to
potentially influence, Wnt signaling.

To determine if Zfp703 expression is regulated by Wnt/B-
catenin signaling, we conditionally deleted B-catenin using a
floxed LOF allele of B-catenin (Ctnnbl1™?%“™) excised under the
control of T-Cre to inhibit all Wnt/B-catenin signaling in poste-
rior progenitors (Fig. 2B) (25). Zfp703 expression was reduced in
the PS in E8.0 T-Cre®™; Ctnnb1*/"°* mutants compared to con-
trols (Fig. 2B), suggesting that Wnt regulates Zfp703 in the PS
region but that additional pathways are also involved in the main-
tenance of expression. In addition, Zfp703 was upregulated in dif-
ferentiating embryoid bodies (EBs) by the addition of Wnt3a or
the Wnt pathway agonist CHIR99021 (51, 52) (Fig. 2C and D),
indicating that Zfp703 is regulated by Wnt/B-catenin signaling.
This relationship appears evolutionarily conserved, as similar re-
sults are observed with the zebrafish homolog (53).

Genome-wide analysis of B-catenin distribution by chromatin
immunoprecipitation sequencing (ChIP-seq) (54) identified a
B-catenin binding region at the Zfp703 locus that is centered at bp
—839 from the transcriptional start site. In silico analysis shows a
high level of sequence conservation in this putative regulatory
region in mammals (Fig. 2E; see also Fig. S3A in the supplemental
material). This B-catenin peak contains three consensus Tcf/Lef
binding sites (see Fig. S3B); however, only the most proximal Tcf/
Lef site is present in the conserved putative upstream regulatory
region. To test if this conserved region is responsive to Wnt/f3-
catenin signaling, we transfected a luciferase reporter construct
containing this putative DNA regulatory element into ESCs and
found that it was indeed activated by Wnt3a and CHIR99021 (Fig.
2F). Taken together, these results are consistent with the Wnt/f3-
catenin signaling pathway directly regulating Zfp703 expression.

Zfp703 inhibits Wnt/B-catenin signaling in 293T cells and
differentiating mouse embryonic stem cells. Our independent
demonstration that Zfp703 can inhibit STF Wnt reporter activity
stimulated by Wnt3a (Fig. 3A), or CHIR99021 (Fig. 3B), confirms
similar previously published results (45, 53). The differentiation
of pluripotent epiblast stem cells into the embryo germ layers is an
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FIG2 Zfp703is a direct target gene of Wnt/B-catenin signaling. (A) Whole-mount in situ hybridization (WISH) detection of Zfp703 transcripts (top panels) and
comparison to BATlacZ (Wnt/B-catenin/Tcf1-Lefl reporter) B-galactosidase-stained mouse embryos (bottom panels) (stages E7.75 to E9.5). Sections (second
panels from left) are through the PS region with the ingressed PS region marked with black arrows. (B) WISH analysis of Zfp703 expression in E8.0 control (left)
and mutant (right) embryos lacking B-catenin function in the PS (T-Cre®'*; Ctnnb1°°). Posterior views (bottom panels) show that Zfp703 expression was
reduced in posterior progenitors in the PS. (C) qPCR of Zfp703 expression in untreated and Wnt3a-treated mouse embryoid bodies, compared to Wnt target
genes LefI and Sp5. (D) qPCR of Zfp703 expression in untreated and Wnt agonist CHIR99021-treated mouse embryoid bodies, compared to Wnt target genes
Lefl and Sp5. (E) Genomic map of B-catenin binding to the mouse Zfp703 locus with center of peak indicated as bp —839 from the transcriptional start site. (F)
Luciferase assay of 854 bp upstream from ATG (includes 836-bp upstream putative regulatory region from transcription start site) of Zfp703 under untreated and
{3-catenin-stimulating conditions (Wnt3a and/or CHIR99021) relative to vector control. Abbreviations: Al, allantois; PS, primitive streak; PP, posterior pro-
genitors; EB, embryoid bodies.

early and important developmental event that is controlled by  (3F-Zfp703) cDNA was targeted to the Hprt locus of A2lox.Cre
Wnht signaling and is closely modeled in vitro by the differentiation ~ ESCs for doxycycline (Dox)-inducible expression as previously
of ESCs (34). To determine whether Zfp703 has inhibitory activity ~ described (42, 43). Addition of Dox to the culture medium in-
in differentiating ESCs, an N-terminus triple-Flag-tagged Zfp703  duced the expression of 3F-Zfp703 (Fig. 3C; see also Fig. S4A in
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FIG 3 Zfp703 inhibits Wnt signaling in HEK 293T kidney cells and mouse embryonic stem cells. (A and B) Comparisons of transfected Zfp703 and control vector
activity in Super TOPFlash (STF) Tcf/Lef luciferase reporter assays in untreated, Wnt3a (A)-, and CHIR99021 (B)-treated 293T cells. (C) Immunoblotting assay
of A2lox.3F-Zfp703 mouse ESCs (with [+] or without [—] Dox]) detected 3F-Z{p703 at the expected molecular mass (62 kDa). (D) Immunocytochemistry of
3F-Zfp703 expression in A2lox.3F-Zfp703 mouse ESCs (with or without Dox) using anti-Flag antibodies and 4',6-diamidino-2-phenylindole (DAPI) as a nuclear
marker. (E) Luciferase assay of STF and Tcf/Lef-mutated Super FOPFlash (SFF) control reporter in A2lox.3F-Z{p703 mouse ESCs with or without Dox. (F) gPCR
of Wnt target genes in differentiating A2lox.3F-Z{p703 mouse ESCs with or without Dox.

the supplemental material). 3F-Zfp703 protein was localized to
the nucleus (Fig. 3D) consistent with its function as a regulator of
gene expression. Dox-induced Zfp703 blocked STF activity in dif-
ferentiating ESCs by 67.2% compared to untreated cells, whereas
it had negligible effects on the SFF control (Fig. 3E). Similarly,
induction of Zfp703 also strongly inhibited the endogenous ex-
pression of the Wnt-responsive target genes Sp5, Lef], and Axin2
(Fig. 3F) but had no effect on the expression of the housekeeping
gene Gapdh (see Fig. S4C). These data demonstrate that Zfp703
can function as an inhibitor of the Wnt/f-catenin signaling path-
way in differentiating ESCs.

A biological readout of Wnt signaling in differentiating ESCs is the
induction of mesoderm determination genes (34, 55, 56). Z{p703
overexpression inhibited the transcription of the Wnt-regulated me-
sodermal genes Brachyury (T), Msgnl, and Tbx6 (Fig. 4A) (31, 43,
57). In posterior embryonic development, inhibiting Wnt signaling
promotes neural/spinal cord differentiation over paraxial mesoder-
mal differentiation (36, 58). Examination of neural progenitor mark-
ers Sox2, Sox1, and Pax6 showed a marked increase in SoxI and Pax6
but not Sox2, indicating that expression of Zfp703 was promoting
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some neural gene expression (Fig. 4B). Taken together, the data sug-
gest that Zfp703 inhibits Wnt signaling and Wnt-dependent develop-
mental processes such as mesoderm formation.

Zfp703 interacts with Tcfl to destabilize Tcfl/B-catenin
complex formation. In light of our findings that Zfp703 inhibits
both Wnt/B-catenin/Tcf reporter activation and Wnt/(-catenin/
Tcf target gene expression, we asked if Zfp703 could do so by
destabilizing the B-catenin/Tcf1 transcriptional complex. Coim-
munoprecipitation (co-IP) analysis results for endogenous Tcfl
and f-catenin protein complexes in HEK 293T cells transfected
with control and those transfected with Zfp703-V5-His-express-
ing vector were compared. Remarkably, the expression of exoge-
nous Zfp703-V5-His resulted in a substantial reduction in Tcfl
bound to B-catenin (Fig. 5A). A possible explanation for reduced
Tcfl/B-catenin complex formation is a Zfp703-mediated reduc-
tion in the nuclear levels of either 3-catenin or Tcfl. Comparisons
of the input levels of nuclear 3-catenin and Tcfl showed that they
were unaffected by Zfp703 expression (Fig. 5A). These data sug-
gest that Zfp703 expression is blocking Wnt signaling by disrupt-
ing the Tcfl and B-catenin interactions in HEK 293T cells.

mcb.asm.org 1797


http://mcb.asm.org

Kumar et al.

A T/Brachyury "™ Msgn1 =oh Tbx6 =oh
k%) =2ah 0 5 =24h (2] =24h
© 1000 o) °
3 . an 24 48h 2 20 48h
2 100 23 215
© &1 ® 5
o ol—H [ © 0
-Dox +Dox -Dox +Dox -Dox +Dox
B Sox2 ®oh =Oh ®oh
Sox1 Pax6
220 "24h 0 50 Y L "2h
z 16 a8n Q40 | “4sh % 16 48h
o 12 2 30 < 12
> 08 ’ Q 20 > 08
T 04 ' s 10 ® 04
Qo olmmEm © 0 © 0 —
-Dox +Dox -Dox +Dox -Dox +Dox

FIG 4 Zfp703 inhibits mesoderm determination genes and activates neural markers. (A) qPCR of Wnt-dependent mesoderm determination genes in differentiating
A2lox.3F-Zfp703 mouse ESCs with or without Dox. (B) gPCR of neural progenitor genes in differentiating A2lox.3F-Zfp703 mouse ESCs with or without Dox.

As Zfp703 can block B-catenin/Tcfl-mediated transcription
stimulated by CHIR99021, we considered whether Zfp703 could
associate with Tcfl1. To test this, we performed co-IP from nuclear
extracts isolated from Zfp703-V5-His-transfected HEK 293T
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FIG 5 Zfp703 binds to Tcfl and disrupts binding of B-catenin in 293T kidney
cells. (A) Co-IP of endogenous (3-catenin with endogenous Tcfl in HEK 293T cells
transfected with empty vector or Zfp703-V5-His. Equal amounts of lysate were
used in co-IP experiments as illustrated by 3-catenin, Tcfl, and actin input im-
munoblot assays. IgG precipitates were used as control. (B) Immunoblot assays
with a V5 antibody to detect transfected Zfp703-V5-His in co-IPs of endogenous
Tcfl in HEK 293T cells. IgG precipitates were used as controls.
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cells. Co-IP experiments showed an interaction between endoge-
nous TCF1 and exogenous Zfp703-V5-His (Fig. 5B). However, we
were unable to detect interaction between endogenous -catenin
and exogenous Zfp703-V5-His (Fig. 5A), although the same sam-
ples showed an interaction between -catenin and TCF1 (Fig.
5A). This result suggests that the ZFP703 interaction with TCF1
could be displacing B-catenin and thereby inhibiting Wnt signal-
ing in HEK 293T cells.

Since Zfp703 inhibited Wnt signaling and mesodermal gene
induction in differentiating ESCs, we further explored the molec-
ular mechanism of Zfp703 activity in ESCs. We performed co-IP
from nuclear extracts isolated from 3F-Zfp703 ESCs with or with-
out Dox treatments. Co-IP experiments support an interaction
between endogenous Tcfl and 3F-Zfp703 (Fig. 6A). Z{p703 is a
known transcriptional corepressor that is thought to function
through its interaction with Groucho/Tle proteins (45). To exam-
ine whether Groucho/Tle proteins could be identified in the
Zfp703-Tcfl immunoprecipitates, immunoblotting assays were
performed; however, Groucho/Tle protein was not identified (Fig.
6B). Similarly, Tcfl was not identified when Tle was immunopre-
cipitated (see Fig. S5 in the supplemental material), even in the
absence of Zfp703. This observation is consistent with the func-
tion of Tcfl in the active B-catenin/Tcf1 transcriptional complex,
i.e., the Wnt ”ON” state, and not in association with Groucho/Tle
inhibitory complexes (8, 24). These data suggest that Zfp703 binds
to components of the active B-catenin/Tcfl complex, indepen-
dently of Groucho/Tle.

To characterize the Wnt-inhibiting activity of Zfp703 in ESCs,
we compared co-IPs of endogenous Tcfl and B-catenin from
Dox~ and Dox™ cells. As in the HEK 293T cells (Fig. 5), the ex-
pression of exogenous 3F-Z{p703 in ESCs resulted in a substantial
reduction in B-catenin bound to Tcfl, regardless of whether Tcfl
or [3-catenin was immunoprecipitated (Fig. 6C and D). Addition-
ally, we observed no difference in the input levels of B-catenin and
Tcfl by Zfp703 expression (Fig. 6C and D; see also Fig. S4B in the
supplemental material). Interestingly, levels of Lefl mRNA (Fig.
3F) and protein (see Fig. S4B) were decreased by Zfp703, presum-
ably because LefI is a Wnt target gene (11). Nevertheless, lower
Lefl levels might exacerbate the Zfp703-mediated inhibition of
Wnt signaling. Reduced Tcfl and Lefl signaling is notable since
the simultaneous loss of both genes results in a severe posterior
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FIG 6 Zfp703 binds to Tcfl and disrupts binding of B-catenin. (A)
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3F-Zfp703 was coimmunoprecipitated (co-IP) with endogenous Tcfl in A2lox.3F-Z{p703

mouse ESCs (with or without Dox). Equal amounts of lysate were used in co-IP experiments as illustrated by Tcfl and actin immunoblot assays. IgG precipitates
were used as control. (B) Co-IPs of endogenous Tcfl and Groucho/Tle using a pan-Tle antibody in A2lox.3F-Zfp703 mouse ESCs (with or without Dox). IgG
precipitates were used as controls. (C) Co-IPs of endogenous Tcfl and endogenous 3-catenin in A2lox.3F-Zfp703 mouse ESCs (with or without Dox). Equal
loadings used in co-IP experiments are evident from the actin immunoblot assay. Equal amounts of immunoprecipitated Tcfl are shown by the anti-Tcfl
immunoblot assay. IgG precipitates were used as controls. (D) The reciprocal experiment of panel C showing co-IPs of endogenous B-catenin and endogenous
Tcfl in A2lox.3F-Z{p703 mouse ESCs (with or without Dox). Equal loadings used in co-IP experiments are evident from the actin immunoblot assay. Equal
amounts of immunoprecipitated B-catenin are shown by anti-B-catenin immunoblot assay. (E) ChIP-qPCR of endogenous 3-catenin-precipitated samples in
A2lox.3F and A2lox.3F-Zfp703 mouse ESCs (with Dox) at Wnt response elements (WREs) of Wnt target genes. Levels of background B-catenin binding to

control genomic regions were similar between 3F-Control cells and 3F-Zfp703 cells.

axis truncation phenotype (36) that is remarkably similar to
the Wnt3a~'~ and T-Cre; Ctnnb1*"** mutant phenotypes (25,
37).

If Zfp703 disrupts binding of B-catenin to Tcfl, then it follows
that induction of Zfp703 in differentiating ESCs should inhibit the
association of B-catenin with Tcf/Lef binding sites at Wnt target
gene enhancers. To directly test this hypothesis, we performed
ChIP for endogenous (B-catenin on Wnt target genes in Dox-
treated 3F-Zfp703 ESCs and 3XFlag control ESCs. ChIP-qPCR
showed a reduced association of B-catenin on Wnt response ele-
ments (WREs) of several Wnt target genes in the presence of
exogenous Zfp703 (Fig. 6E). The WREs assayed at the Axin2 (5),
T/Brachyury (31), Cdx1 (35), and Msgnl (43) loci are well charac-
terized and contain previously validated functional Tcf/Lef bind-
ing sites. These data suggest that Zfp703 inhibits binding of
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B-catenin with Tcfl at Tcf/Lef binding sites of Wnt-regulated
genes.

DISCUSSION

We utilized HEK 293T cells, which have all the necessary compo-
nents for Wnt/B-catenin signaling (59), and the well-character-
ized Super TOPFlash Wnt/B-catenin/Tcf reporter assay to screen
for Wnt pathway suppressors. We hypothesized that testing puta-
tive Wnt target genes, initially identified in mouse embryos, in a
heterologous system (human embryonic kidney cells) might best
identify genes with a propensity to function as general Wnt feed-
back suppressors. Members of the Cdx transcription factor family
were identified as strong inhibitors of Wnt signaling, at least in
293T cells. These results are consistent with the Wnt-inhibiting
activity of Cdx2 observed in some tumor cells (46, 47). However,
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in the context of heterogeneous, differentiating mouse ESCs,
Cdx2 both promoted the expression of the direct Wnt target gene
Sp5 and modestly suppressed the Wnt target gene T/Brachyury,
suggesting that Cdx2 activity is cell context dependent. Given the
abundant studies of Cdx genes (60), we chose to focus on the
little-studied transcription factor Zfp703, which appeared to un-
equivocally function as a Wnt pathway suppressor.

We show that Zfp703 can function as a feedback suppressor of
Wnt/B-catenin signaling through the inhibition of the active nu-
clear B-catenin/Tcf complex. Feedback suppressors characterized
to date typically target the pathway at or near the membrane,
affecting ligand-receptor interactions and (3-catenin stabilization
(4). To the best of our knowledge, Zfp703 is unique, as it appears
to target the activated -catenin/Tcf complex directly. Truncated
LEF1 protein (AN-LEF1), which is unable to bind to B-catenin,
functions at a similar level as Zfp703, presumably occupying TCF/
LEF binding sites at Wnt response elements to exclude the binding
of active B-catenin/Tcf complexes (10). However, as Z{p703 di-
rectly, or indirectly, binds to Tcfl to inhibit its association with
B-catenin, it may have a more immediate effect on active Wnt
target gene transcription, even in the presence of abundant ligand
or high B-catenin levels. This activity could function to rapidly
inhibit or dampen Wnt signaling in cellular microenvironments
where Wnt signaling is actively occurring. Although it seems likely
that Zfp703 binds to Tcfl and not B-catenin, given that Z{p703
associates with Tcfl even when 3-catenin is displaced, it remains
unclear how that binding leads to -catenin displacement. Fur-
ther studies are needed to characterize the binding targets of
Zfp703 and to understand how Zfp703 disrupts the association of
Tcfl and B-catenin. Regardless, our data support a role for Zfp703
as an inhibitor of active Wnt signaling.

Interestingly, Zfp703 regulates cancer stem cell numbers in
invasive luminal breast cancer (49, 50), wherein Zfp703 binds to
Groucho/Tle proteins presumably functioning in the repressor
complex to inhibit Wnt signaling (45). Zfp703 and its related ho-
molog Zfp503 function similarly in breast cancer cells and may
form a complex together (45), suggesting that these factors may
show redundant activities in LOF studies. Ongoing genetic exper-
iments will clarify a role for Zfp703 and Zfp503 in Wnt target gene
repression and in posterior embryonic development. Factors like
Zfp703 show great promise as major regulators of Wnt signaling,
as Zfp703 can block signaling in two different ways: in conjunc-
tion with repressor Groucho/Tle complexes and through the in-
hibition of Tcf1/Lef1 active transcription complexes.
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