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Abstract

The forkhead box transcription factor FOXQ1 is aberrantly induced in various cancers, and
contributes to tumour growth and metastasis. It has been suggested that FOXQ1 exacerbates
cancer by activating the oncogenic Wnt/B-catenin signalling pathway. However, the mode of
action of FOXQI in the Wnt pathway remains to be resolved. Here, we report that FOXQI is a
bimodal transcriptional activator of Wnt target gene expression in normal and cancer cells.
Using co-immunoprecipitation, proximity proteomics, and reporter assays, we show that
FOXQI1 engages the Wnt transcriptional complex to promote gene expression via TCF/LEF
transcription factors. In parallel, FOXQ1 differentially regulates the expression of Wnt target
genes independently of B-catenin and TCF/LEFs, which is facilitated by spatially separated
activator and repressor domains. Our results suggest that FOXQI1 is a novel component of the
Wnt transcriptional complex that reinforces and specifies Wnt signalling in a context-dependent

manner.
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Introduction

The Wnt/B-catenin pathway is a major signalling cascade in development, tissue homeostasis,
and stem cell maintenance (Clevers, 2006; MacDonald ef a/, 2009). Wnt pathway dysregulation
frequently occurs in major diseases, notably cancer, in which activating pathway mutations
aberrantly stabilise the transcription co-factor B-catenin (Nusse & Clevers, 2017). This allows
B-catenin to enter the nucleus and activate T-cell factor/lymphoid enhancer-binding factor
(TCF/LEF) family transcription factors, which drive a transcriptional program required for cell
cycle progression and tissue self-renewal. Mounting evidence supports that the outcome of Wnt
pathway activation is determined by numerous transcriptional co-regulators, which are

recruited to discrete target genes in a tissue and context-specific manner (S6derholm & Cantu,

2020).

Forkhead box (FOX) transcription factors have emerged as one such family of Wnt pathway
regulators (Koch, 2021). At least half of the 44 human FOX transcription factors are known to
act as activators or inhibitors of Wnt signalling, but the function of most FOX proteins in the
Wnt pathway is incompletely understood. Among these is FOXQI1, a known oncogene in
several types of cancer (Bagati et al, 2017; Kaneda et al, 2010; Qiao et al, 2011). In colorectal
cancers (CRC), in particular, FOXQ1 is one of the most highly upregulated genes, and has been
linked to tumour growth and metastasis (Christensen et al/, 2013; Kaneda et al., 2010). FOXQI1
has been identified as a candidate Wnt pathway activator in normal and CRC cells (Moparthi
et al, 2019; Peng et al, 2015), and was shown to interact with B-catenin and TCF/LEF-
associated Transducin-like enhancer (TLE) proteins (Bagati et al., 2017). It has been suggested
that FOXQI1 activates Wnt signalling by promoting the nuclear translocation of B-catenin (Peng
et al., 2015), or via the induction of canonical Wnt ligands (Xiang et a/, 2020). However, the
mode of action of FOXQ1 in Wnt signalling remains poorly defined.

Here, we identify FOXQ1 as a novel interactor of the TCF/LEF nuclear complex. We show that
FOXQI1 reinforces TCF transcriptional activity in synergy with B-catenin. At the same time,
FOXQ1 selectively controls the transcription of Wnt target genes in a P-catenin/TCF-
independent manner. Consistently, we find that neither B-catenin binding nor Wnt ligand
induction are required for the full activity of FOXQ1 in the Wnt pathway. Taken together, these

observations suggest that FOXQI1 is a target-specific rheostat of Wnt transcriptional activity,
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which may have important implications for the pathobiology of colorectal cancer and the

biology of FOX family transcription factor in general.
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Results

FOXQ1 activates Wnt/B-catenin signalling in normal and colorectal cancer cells

Previous studies identified FOXQ1 as a candidate activator of Wnt/B-catenin signalling
(Moparthi et al., 2019; Peng et al., 2015). We first confirmed these findings using a [-
catenin/TCF luciferase reporter (TOPflash, (Veeman et al, 2003)) in normal and CRC cell lines
(Fig 1A, B). In agreement with our earlier observations (Moparthi et al., 2019), we found that
exogenous Flag-tagged FOXQ1 activated Wnt signalling in non-cancer 293T and HCT116
CRC cells, which harbour an activating -catenin mutation and therefore have high basal Wnt
activity (Fig 1B). Moreover, FOXQI1 strongly synergised with Wnt3a in TOPflash activation.
We additionally observed that FOXQ1 differentially regulated several known Wnt targets, and
significantly increased the expression of the prototypical target genes AXIN2 and SP5 (Fig 1C).

To determine if physiological levels of FOXQI activate Wnt signalling, we next modulated
FOXQI1 expression by CRISPR activation/inhibition (Chavez et al, 2015; Yeo et al, 2018).
CRISPR activation using four non-overlapping guide RNAs targeting the FOXQ1 promoter
increased FOXQ! levels in 293T cells up to 20-fold (Fig 1D, and Fig EV1A), which is a change
in expression comparable to that observed in CRC (Christensen et al., 2013). Under these
conditions, FOXQ1! induction significantly increased TOPflash activity in 293T and HCT116
cells, especially in synergy with Wnt3a (Fig 1E, and Fig EVIB). Conversely, CRISPR
inhibition of FOXQI reduced Wnt reporter activity in Wnt3a-treated 293T cells (Fig 1F). We

conclude that FOXQ1 is a physiologically relevant activator of Wnt/B-catenin signalling.

FOXQ1 activates Wnt signalling downstream of B-catenin

To determine the mechanism by which FOXQ1 activates Wnt signalling, we performed
epistasis assays in gene-edited 293T cells lacking essential pathway components. We observed
a strong attenuation of Wnt activity in the absence of LRP6, and a complete loss of TOPflash
activity in cells lacking LRP5/6 or B-catenin. (Fig 2A). This suggests that FOXQI1 cannot
activate the Wnt reporter by itself, and that an intact Wnt receptor/B-catenin signalling axis is
required for FOXQ1-dependent pathway activation. To support this conclusion, we first treated
293T and HCT116 cells with the porcupine inhibitor LGK974, which blocks Wnt ligand
secretion (Fig 2B, C). TOPflash activation by FOXQ1 was inhibited by LGK974, and this
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reduction was particularly evident upon treatment with R-spondin 3, which increases Wnt
receptor levels without affecting ligand abundance (Fig 2C, and Fig EV2A). In contrast,
LGK974 had no effect in the presence of exogenous Wnt3a, and was less potent in HCT116
cells with constitutively stabilised B-catenin (Fig EV2A).

The aforementioned observations may be explained by induction of canonical Wnt ligands, as
is the case for the similarly potent Wnt activator FOXB2 (Moparthi et al., 2019; Xiang et al.,
2020). We thus examined the regulation of all 19 Wnt ligands by FOXQ1 in 293T cells. FOXQ1
significantly altered the expression of several Wnt ligands, particularly WNT6 and WNT10A
(Fig 2D, and Fig EV2B). In contrast to FOXB2 (Moparthi et al., 2019), however, expression
changes were relatively modest. We therefore tested if FOXQ1-dependent Wnt ligand induction
is required for its activity in the Wnt pathway. To this end, we uncoupled Wnt ligand binding
from Wnt receptor activation by re-expressing constitutively active LRP6 (LRP6 AE1-4,
(Davidson et al, 2005)) in 293T ALRP5/6 cells (Fig 2B, E). Neither FOXQ1 nor FOXB2 were
able to activate TOPflash in LRP5/6-deficient cells, as expected. In contrast, FOXQ1 - but not
FOXB2 - synergised with LRP6 AE1-4 in TOPflash activation (Fig 2E). Moreover, only
FOXQI activated the Wnt reporter when B-catenin was artificially stabilised by the GSK3
inhibitor CHIR99021 (Fig 2F, and Fig EV2C). Conversely, we treated 293T and HCT116 cells
with the tankyrase inhibitor XAV939, which decreases Wnt signalling by reducing B-catenin
protein levels (Fig 2B, G). XAV939 significantly inhibited the activation of Wnt signalling by
FOXQI1 (Fig 2G, and Fig EV2D). Finally, we determined TOPflash activity in 293T cells
lacking B-catenin. FOXQ1 did not activate the reporter in the absence of -catenin. However,
FOXQI1 strongly synergized with exogenous wild-type or constitutively active (S33Y) B-
catenin in these cells (Fig EV2E).

Taken together, these data suggest that FOXQ1 potentiates Wnt signalling downstream of (-

catenin, irrespective of its ability to induce Wnt ligands.

FOXQ1 interacts with components of the Wnt transcriptional complex

FOXQ1 interacts with B-catenin and TLE proteins (Bagati et al., 2017), suggesting that it may
regulate TCF/LEF-dependent transcription. To test this hypothesis, we performed co-
immunoprecipitation experiments in 293 T cells. Consistent with previous observations (Bagati
et al.,2017), overexpressed FOXQ1 precipitated both endogenous and exogenous -catenin, as

well as endogenous TLEs (Fig 3A, and Fig EV3A, B). Moreover, we observed that pull-down
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of TCF7L2 and LEFI precipitated FOXQI1 in vitro, which was also the case in [-catenin-
deficient cells (Fig 3B, and Fig EV3C). Some FOX proteins, such as FOXM1 and FOXG1, are
thought to activate Wnt signalling by recruiting B-catenin to TCF/LEF (Zhang et al, 2011;
Zheng et al, 2019). We therefore tested the association of TCF/LEF with endogenous -catenin
in nuclear extracts of Wnt3a-treated 293T cells. Compared to empty vector control, exogenous
FOXQI increased B-catenin protein levels in the nucleus, and promoted a stronger association

of B-catenin with TCF7L2 and LEF1 (Fig 3C, D).

Our results so far suggested that FOXQ1 interacts with the B-catenin/TCF transcriptional
complex. To expand on these observations and gain further insight into the function of FOXQ1
in the Wnt pathway, we generated a functionally active N-terminal TurboIlD-FOXQ1 fusion
construct for proximity labelling proteomics (Branon et a/, 2018; Cho et al, 2020), which we
overexpressed in untreated 293T cells (Fig EV3D). Mass spectrometry analysis following
streptavidin pull-down of biotinylated proteins identified nearly 400 candidate interactors that
were significantly enriched compared to control. Gene ontology analysis of these hits revealed
that FOXQI1 proximal proteins are primarily involved in mRNA processing, chromatin
remodelling, and transcription regulation, but notably also B-catenin/TCF complex assembly
(Fig EV3E, and Table 1). To identify common interactors of FOXQI and the Wnt
transcriptional complex, we included a published BiolD dataset of Tcf711 interactors in
CHIR99021-treated or control mouse embryonic stem cells (Moreira et al, 2018) in our
analyses. Following stringent, uniform data filtration and analysis, we observed that numerous
candidate FOXQI1 interactors were shared with Tcf711 (Fig 3E, and Table 2). These included
known regulators of Wnt/B-catenin signalling such as the histone acetyltransferases
CREBBP/EP300 (Li et al, 2007), the chromatin remodelling factor SMARCA4 (Barker et al,
2001), and the transcription activator CCAR1 (Ou ef al, 2009).

Consistent with a proximity of FOXQ1 to TCF/LEF, DNA sequence motif analysis identified
several potential FOXQ1 binding sites within the chromatin regions where Wnt-responsive
elements (WRESs) are found (Fig EV4A). The DNA binding motif of FOX family transcription
factors is highly conserved (Fig 3F, and Fig EV4B) (Dai et a/, 2021). Thus, to determine
whether these in silico predicted binding sites could be occupied by FOXQI, we used an
extensive series of available ChIP-seq datasets of other FOX proteins in varying cellular
contexts as a proxy for potential FOXQ1 binding (Fig EV4C). Notably, many FOX

transcription factors displayed physical occupancy of chromatin regions that are either
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overlapping (Fig 3G) or adjacent (Fig EV4D, E) to well described WREs at Wnt target gene

loci.

Based on these observations, we conclude that FOXQI interacts with the TCF/LEF
transcriptional complex, and that it promotes Wnt signalling by stabilising B-catenin/TCF
interaction. Moreover, FOXQ1 may recruit and sequester additional transcription co-factors

that increase the activity of B-catenin to WRE:s.

Distinct protein domains shape transcription activation and repression by FOXQ1

To investigate the structural requirements for FOXQ1-dependent Wnt pathway regulation, we
generated FOXQ1 constructs lacking either the N or C-terminus (Fig 4A, and Fig EV5A).

First, we performed co-immunoprecipitation experiments to identify the FOXQ1 domains that
are required to engage the B-catenin/TCF transcriptional complex. In nuclear extracts of both
untreated and Wnt3a-treated 293T cells, full-length FOXQ1 and FOXQ1 AN precipitated -
catenin (Fig 4B, C). Similarly, full-length FOXQ1 and FOXQI AN precipitated TCF7L2,
whereas no interaction was detected with FOXQ1 AC (Fig 4D). In contrast, all constructs
precipitated CREBBP, which was previously shown to mediate FOXP1-dependent Wnt
pathway activation (Walker et al, 2015) (Fig EV5B).

Despite its inability to bind B-catenin and TCF, FOXQ1 AC promoted TOPflash activity in both
control and Wnt3a-treated 293T cells, whereas FOXQ1 AN activated Wnt signalling only in
the presence of Wnt3a (Fig 4E). Both deletion constructs exhibited reduced Wnt reporter
activation in Wnt3a-treated 293T cells compared to the full-length protein, whereas the FOXQ1
C-terminus was completely dispensable for TOPflash activation in HCT116 cells (Fig 4F). We
next examined the regulation of selected Wnt target genes by the FOXQ1 truncation constructs
(Fig 4G). FOXQ1 AC induced AXIN2, SP5, and DKK] expression to a similar extent as full-
length FOXQI1, and significantly derepressed NKDI and LGR5 compared to full-length
FOXQI. In contrast, FOXQ1 AN was unable to activate Wnt target genes, but repressed NKD 1
and LGRS. Lastly, only full-length FOXQI induced LEF expression, which required Wnt3a

stimulation.

FOXQI1 acts as transcriptional repressor on its cognate forkhead box binding sites (Hoggatt et
al, 2000; Moparthi & Koch, 2020). Thus, to generalise our findings, we additionally tested the
FOXQI truncation constructs using the universal forkhead reporter 10x UFR-luc (Moparthi &
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Koch, 2020). Loss of the FOXQ1 C-terminus partially derepressed reporter activity, whereas
loss of the N-terminus had no effect in this assay (Fig 4H). It has been suggested that $-catenin
displaces TLE proteins from FOXQI1 to derepress CDH?2 (Bagati et al., 2017), which may
explain the reduced Wnt responsiveness of the FOXQ1 AC construct (Fig 4G). However, re-
expression of B-catenin in 293T ACTNNBI cells or penta-knockout cells lacking 3-catenin and
all TCF/LEF proteins (Doumpas et al, 2019) had no effect on the regulation of 10x UFR-luc
activity by any of the FOXQI1 constructs, despite their synergy in TOPflash assays (Fig 41, J).
Finally, we investigated the regulation of Wnt target genes in 293T ACTNNBI1 and penta-
knockout cells. FOXQ1 induced AXIN2 and SP5, and repressed NKD1 and LGRS expression in
both cell lines, albeit to a lesser extent compared to wild-type cells (Fig 4K).

Collectively, these results suggest that FOXQ1 promotes -catenin/TCF activity and represses
specific target genes via N and C-terminal interactors, respectively. In addition, FOXQ1 acts as
a selective transcriptional regulator of Wnt target genes in a B-catenin/TCF independent

manner.
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Discussion

In this study, we identify the carcinoma oncogene FOXQ1 as a selective activator of Wnt/p3-
catenin signalling. Earlier studies suggested activation of Wnt/B-catenin signalling by FOXQ1
(Moparthi et al., 2019; Peng et al., 2015), but its mode of action in the Wnt pathway remained
poorly defined. FOX transcription factors are known to control Wnt signalling through a variety
of mechanisms, which include the induction of Wnt ligands, nuclear shuttling of -catenin, and
the stabilisation of Wnt transcriptional complexes (Koch, 2021). FOXQ1 appears to participate
in many of these processes, consistent with earlier reports (Kaneda et al., 2010; Peng et al.,
2015; Xiang et al., 2020), but our observations suggest that none of them can fully explain its
activity in the Wnt pathway. Rather, we propose that FOXQ1 specifies the Wnt transcriptional
output by acting both as an activator of B-catenin/TCF-mediated gene expression, and as an

independent transcriptional regulator of Wnt target genes.

On the one hand, we find that FOXQ1 promotes the activity of TCF/LEF transcription factors,
which strictly requires the presence of B-catenin. Although FOXQ1 physically interacts with 3-
catenin and TCEF, this interaction is apparently largely dispensable for Wnt pathway activation.
This observation, together with the fact that FOXQI increases Wnt reporter activity even at
saturating P-catenin levels, suggests that it primarily affects the activity rather than the
abundance or localisation of -catenin. This resembles the proposed function of FOXP1, which
was shown to activate Wnt signalling in B cell lymphoma (Walker ef al., 2015). Walker and
colleagues reported that FOXP1 recruits CREBBP to the Wnt transcriptional complex, which
increases the acetylation and thereby the transcriptional activity of B-catenin (Li et al., 2007).
We consider it likely that FOX Q1 recruits CREBBP and additional transcription co-factors such
as EP300 via its N-terminus, which in combination activate [B-catenin/TCF-dependent
transcription. However, the validation and functional characterisation of FOXQ1 interactors

will require further investigation.

On the other hand, we find that FOXQI1 differentially regulates the expression of specific Wnt
target genes in a B-catenin/TCF-independent manner. The default mode of action of FOXQI is
transcriptional repression (Hoggatt ef al., 2000; Moparthi & Koch, 2020), which appears to be
mediated by C-terminal interactors. Consistently, it has been shown that FOXQ1 negatively
regulates the expression of CDH?2 by recruitment of TLE family repressors (Bagati et al., 2017),
which may bind FOXQ1 via a C-terminal EH1 domain (Yaklichkin et al, 2007). Although we

could not confirm general de-repression of FOXQ1-dependent transcription by -catenin, it is
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possible that 3-catenin cooperates with FOXQ1 in a gene-specific manner, as has been reported
for class O FOX transcription factors (Doumpas et al., 2019; Essers et al, 2005; Tenbaum et al,
2012). It will therefore be of considerable interest to explore the genome-wide DNA binding
pattern and transcriptome of FOXQI.

FOXQLI itself is a Wnt target gene (Christensen et al., 2013), and promotes CRC metastasis via
induction of epithelial-to-mesenchymal transition (EMT) (Bagati et al., 2017; Kaneda et al.,
2010; Qiao et al., 2011). Wnt pathway activation has been linked to EMT as well (Chen et al,
2012; Jiang et al, 2007; Nakayama et al, 2021), and FOXQ1 may thus act as a critical
determinant of Wnt-induced EMT by balancing specific gene induction and repression in cancer
cells. It is increasingly clear that a wide array of transcription factors stratifies Wnt/p-catenin
signalling in cooperation with or in opposition to TCF/LEF (Bourgeois et al, 2021,
Ramakrishnan et al, 2021; S6derholm & Cantu, 2020). Our results identify FOXQ1 as one such
TCF-associated transcription factor, and highlight FOXQ1-dependent Wnt pathway regulation

as a potential therapeutic vulnerability particularly in colorectal cancer.
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Materials and methods
Plasmid / expression construct cloning

Molecular cloning of Flag/V5-tagged FOXQ1, FOXB2, and LEF1 has been described
previously (Moparthi et al., 2019). Flag/V5-tagged TCF7L2 and Flag-tagged FOXQI1
truncation constructs were generated by restriction cloning using the high fidelity QS5
polymerase (New England Biolabs, Ipswich, US). For cloning of FOXQ1 truncation constructs,

the following primers were used:

FOXQ1 AC- fw: CATGGAATTCAAGTTGGAGGTGTTCGTCCCTCG
FOXQI AC-rv: CATGCTCGAGTCAGCGCTTGCGGCGGCGGCG
FOXQI AN- fw: CATGGAATTCAAGCCCCCCTACTCGTACATC
FOXQ1 AN-rv: CATGCTCGAGGGCGCTACTCAGGCTAGGAGCGT

Flag-tagged TurbolD was cloned to the N-terminus of FOXQ1. All plasmids were validated by
partial sequencing (Eurofins Genomics, Ebersberg, Germany). Additional plasmids used in this
study included Flag-LRP6AE1-4 (a gift from Christof Niehrs (Davidson et al., 2005)),
mCherry-Beta-Catenin-20 (a gift from Michael Davidson; Addgene plasmid # 55001), and
pcDNA3-S33Y Beta-catenin (a gift from Eric Fearon (Kolligs et al, 1999); Addgene plasmid #
19286).

Cell culture and transfection

Authenticated 293T and HCT116 cells were obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and cultured in DMEM
(Gibco) media supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine and 1%
(v/v) penicillin/streptomycin at 37 °C and 5% CO,. 293T ALRP6, 293T ACTNNBI, and 293T
penta-knockout cells have been described previously (Doumpas et al., 2019; Moparthi et al.,
2019).

293T ALRP5/6 cells were generated by transfecting 293T ALRP6 with an enhanced specificity
Cas9 plasmid (eSpCas9(1.1), a gift from Feng Zhang (Slaymaker et a/, 2016); Addgene plasmid
# 71814) targeting LRP5 (gRNA: GGAAAACTGGAAGTCCACTG). Clonal cell lines were
isolated by limiting dilution, and loss-of-function of LRP5/6 was validated by immunoblotting

and functional assays, as before (Kirsch et a/, 2017).

All cell lines were used at low passage and tested negative for Mycoplasma by analytical gPCR

(Eurofins Genomics, Ebersberg, Germany). Wnt3a and control conditioned media were
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obtained from stably transfected L-cells, following the supplier’s guidelines (ATCC). R-
spondin 3 conditioned media were generated by transient transfection of Rspo3 AC (Ohkawara
etal,2011) into 293T cells. Wnt3a and Rspo3 conditioned media were typically used at 1:4 and
1:1,000 dilution, respectively.

Cell transfection was performed using Lipofectamine 2000 (Thermo Fisher, Waltham, USA) or
jetOPTIMUS transfection reagents (Polyplus Transfection, Illkirch, France), according to the

supplier’s recommendations.
Cas9-mediated transcription activation/inhibition

dCas9-VP64-p65-Rta and dCas9-KRAB-MeCP2 constructs for transcriptional programming (a
gift from George Church (Chavez et al., 2015; Yeo et al., 2018); Addgene plasmid # 63798 /
110821) were used for CRISPRa/i. The constructs were guided to non-overlapping loci in the
FOXQI1 promoter using four guide RNAs (gRNAs). The following oligo duplexes were cloned
into the BPK 1520 expression vector (a gift from Keith Joung (Kleinstiver et al, 2015); Addgene
plasmid # 65777) to generate the gRNAs (gl-g4):

gl-fw: caccCCCAACGGGCGCGCACCAGG/ gl-rv: aaacCCTGGTGCGCGCCCGTTGGG,
g2-fw: caccGCGCGCCCGTTGGGGAGCTG / g2-rv: aaacCAGCTCCCCAACGGGCGCGC,
g3-fw: caccGAGCGCGGACGGCAAGGGGT / g3-rv: aaacACCCCTTGCCGTCCGCGCTC,
g4-fw: caccCTGGGGAGCCGCCACCACCT / g4-rv: aaacAGGTGGTGGCGGCTCCCCAG

For validation of induction of FOXQ1 expression, cells were transfected in 24-well plates with
200 ng of dCas9-VPR and 10 ng gRNA in each well. RNA isolation was performed 48 hours
after transfection. For reporter assays, cells were transfected in 96-well plates with 50 ng of
dCas9-VPR or dCas9-KRAB-MeCP2, 5 ng gRNA, 50 ng of the TOPflash B-catenin/TCF
reporter (M50 Super 8x TOPflash, a gift from Randall Moon (Veeman et al., 2003); Addgene
plasmid # 12456) and 5 ng of Renilla luciferase control plasmid (a gift from David Bartel;
Addgene plasmid # 12179) in each well. Cells were grown for 24 hours before luminescence

measurement.
Reporter assays

For the TOPflash assays, cells were seeded on a 96-well plate and transfected with 50 ng
TOPflash reporter, 5 ng Renilla luciferase, and 10 ng of plasmid of interest in each well. Where
indicated, 6 hours after transfection cells were treated with control, Wnt3a or Rspo3 conditioned
media. For forkhead reporter assays, the TOPflash plasmid was replaced with 10x UFR-luc
(Moparthi & Koch, 2020). The Dual luciferase assay was conducted as described previously
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(Hampf and Gossen, 2006) with few changes. Briefly, after overnight incubation, cells were
lysed in passive lysis buffer (25 mM Tris, 2 mM DTT, 2 mM EDTA, 10% (v/v) glycerol, 1%
(v/v) Triton X-100, (pH 7.8)) and agitated for 10 min. Lysates were transferred to flat bottomed
96-well luminescence assay plate. Firefly luciferase buffer (200 uM D-luciferin in 200 mM
Tris-HCI, 15 mM MgSO4, 100 uM EDTA, 1 mM ATP, 25 mM DTT, pH 8.0) was added to
each well and the plate was incubated for 2 min at room temperature. Luciferase activity was
measured using Sparkl10 (Tecan) or a SpectraMax iD3 Multi-Mode Microplate Reader
(Molecular Devices). Next, Renilla luciferase buffer (4 uM coelenterazine-h in 500 mM NacCl,
500 mM NazSO4, 10 mM NaOAc, 15 mM EDTA, 25 mM sodium pyrophosphate, 50 uM
phenyl-benzothiazole, pH 5.0) was added to the plate and luminescence was measured

immediately. Data were normalized to the Renilla control values, performed in triplicate.
Antibodies and reagents

The following antibodies were used: mouse anti-Flag M2 (F3165), rabbit anti-FLAG (F7425)
from Sigma Aldrich (St. Louis, USA); rabbit anti-non phospho (Active) B-catenin (8814), rabbit
anti-TLE1/2/3/4 (4681), rabbit anti-V5 (13202), rabbit anti-CBP (7389) from Cell Signaling
Technology (Danvers, USA); mouse anti-FOXQ1 (C-9) (Santa Cruz sc-166265), mouse anti-
V5 (ASJ-10004-100) from Nordic Biosite, rabbit anti-HSP70 from R&D Systems (AF1663).

Chemicals and inhibitors were from Sigma Aldrich and Cayman Chemicals (Ann Arbor, USA).
CHIR99021, LGK974 and XAV939 have been characterized previously (Kulak ez a/, 2015; Liu
et al, 2013; Naujok et al, 2014). Recombinant human WNT3A and R-spondin 3 were from
R&D Systems (Minneapolis, USA).

Immunocytochemistry

For FOXQI1 localization experiments, HCT116 cells were seeded on coverslips in 24-well
plates. Cells were transfected with 200 ng of Flag-tagged FOXQ1 using Lipofectamine 2000
(Thermo Fisher, Waltham, USA). After 24 hours, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100 in PBS, and blocked with 2% bovine serum albumin
(BSA) and 0.1% Tween-20 for 1 hour. Mouse anti-FOXQ1 was detected using fluorophore-
labeled secondary antibodies (Thermo Fisher, Waltham, USA). Samples were mounted with
Hoechst 33342 counterstain for nuclear visualization. Images were acquired on a Nikon ES800
epifluorescence microscope (Amstelveen, Netherlands), and processed in Imagel v1.52h

(National Institutes of Health, Bethesda, USA).

Quantitative real-time PCR
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RNA extraction was performed using a Qiagen RNeasy mini kit (Hilden, Germany), and reverse
transcribed (RT) with a Thermo Fisher cDNA synthesis kit. cDNA was amplified using
validated custom primers, with SYBR green dye. Data were acquired on a Bio-Rad CFX96
Touch thermocycler (Hercules, USA), and normalized to HPRT control. Data are displayed as
fold change compared to empty vector control and show biological triplicates with technical

duplicates.
Immunoblotting and immunoprecipitation

Cells were harvested in PBS and lysed in lysis buffer (0.1-1% NP-40 in PBS with 1 x protease
inhibitor cocktail). Lysates were boiled in Laemmli sample buffer with 50 mM DTT, separated
on 10% polyacrylamide gels (Bio-Rad, Hercules, USA), transferred onto nitrocellulose
membranes, and incubated in blocking buffer (LI-COR, Lincoln, USA). Primary antibodies
were detected using near-infrared (NIR) fluorophore-labelled secondary antibodies (LI-COR,
Lincoln, USA). Blots were scanned on a LI-COR CLx imager.

For co-immunoprecipitation experiments, cells seeded in 6-well plates and transfected
with =lpg per well of the indicated constructs. Cells were harvested in PBS and nuclear
extraction was performed using 0.1% NP-40 in PBS with 1x protease inhibitor cocktail. The
proteins were pre-cleared using protein A/G agarose beads and immunoprecipitated by using
anti-Flag M2 beads overnight at cold room. Samples were washed three times with 0.1% NP-

40 in PBS, eluted in Laemmli buffer, and used for immunoblotting.
TurbolID and Mass spectrometry

The labelling and sample preparation of TurbolD experiments was performed as described
previously (Branon ef al., 2018). Briefly, N-terminal TurboID-FOXQ1 and TurboID plasmids
were transiently transfected into 293T cells using jetOPTIMUS (Polyplus Transfection,
Illkirch, France). After 21 hours of transfection, cells were treated with 500 uM biotin, and
incubated for 3 hours at 37 °C, 5% CO2. Cells were surface washed with ice cold PBS for three
times to remove excess biotin and then harvested centrifuging at 1500 rpm for 15 min. Cells
were washed thrice with ice-cold PBS buffer by centrifugation to remove any remaining biotin.
Cells were lysed in RIPA buffer containing 1x protease inhibitor cocktail for 15 min on ice.
Pre-washed streptavidin beads (GE Healthcare, USA) were added to the cell lysate and
incubated overnight at 4 °C with end-over-end rotation. The beads were washed once with 1 ml
of RIPA buffer, once with 1 mL of 1M KCI, once with 1 mL of 0.1 M Na2CO3, once with 1
mL of 2 M urea in 10 mM Tris-HCI (pH 8.0), and twice with 1 mL RIPA lysis buffer. The
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beads then transferred to new Eppendorf tube and washed twice with 50 mM Tris-HCI buffer
(pH 7.5) and 2 M urea/50 mM Tris (pH 7.5) buffer. Beads were incubated with 0.4 pg trypsin
(Thermo Fisher) in 2 M urea/50 mM Tris containing 1 mM DTT for 1 hour at 25 °C with end-
over-end rotation. After incubation, the supernatant was collected and the beads were washed
twice with 60 pL of 2 M urea/50 mM Tris buffer (pH 7.5) and the washes were combined with
the collected supernatant. The supernatant was reduced with 4 mM DTT for 30 min at 25 °C
with end-over-end rotation. The samples were alkylated with 10 mM iodoacetamide for 45 min
in the dark at 25 °C with end-over-end rotation. For the complete digestion of the sample an
additional 0.5 pg of trypsin was added and incubated at 25 °C overnight with end-over-end
rotation. After overnight digestion the samples were desalted with C18 (thermos Scientific)

Pipette tips and then dried with vacuum centrifuge.

TurbolID samples were analysed by mass spectrometry, using an Easy nano LC 1200 system
interfaced with a nanoEasy spray ion source (Thermo Scientific) connected Q Exactive HF
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific). The peptides were
loaded on a pre-column (Acclaim PepMap 100, 75um x2cm, Thermo Scientific) and the
chromatographic separation was performed using an EASY-Spray C18 reversed-phase nano
LC column (PepMap RSLC C18, 2um, 100A 75umx25cm, Thermo Scientific). The nanoLC
was operating at 300 nL/min flow rate with a gradient (6-40 % in 95 min and 5 min hold at 100
%) solvent B (0.1% (v/v) formic acid in 100% acetonitrile) in solvent A (0.1% (v/v) formic acid

in water) for 100 min.

Separated peptides were electrosprayed and analyzed using a Q-Exactive HF mass spectrometer
(Thermo Scientific), operated in positive polarity in a data-dependent mode. Full scans were
performed at 120,000 resolutions at a range of 380—1 400 m/z. The top 15 most intense multiple
charged ions were isolated (1.2 m/z isolation window) and fragmented at a resolution of 30,000

with a dynamic exclusion of 30.0 s.

Raw data were processed by Proteome Discovererl.4. (Thermo Fisher Scientific) searching the
UniProt database with Sequest HT search engine. The search parameters were: Taxonomy:
Homo sapiens; Enzymes; trypsin with two missed cleavages, no variable Modifications; fixed
modification: Carbamidomethyl; Peptide Mass Tolerance, 10 ppm; MS/MS Fragment
Tolerance, 0.02 Da. Quantification of the analysed data were performed with Scaffold 5.1.0, a
Proteome Software using total spectral count. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD030464 and 10.6019/PXD030464.
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TurbolD data analysis

Proteins indicated in the Proteome Discoverer output file as significantly increased in the
TurboID-FOXQ1 samples (Fisher’s exact test < 0.05) were subjected to gene ontology analysis
in DAVID v6.8 (Jiao et al, 2012), using the “BP Direct” function with default options.
Processed mass spectrometry data were analysed further using SAINTexpress v3.6.3 (Teo et
al, 2014). The resulting output file was merged with a dataset of Tcf711 interactors in mouse
embryonic stem cells ((Moreira et al., 2018), their Supplemental Table S1), following mouse-
to-human gene name conversion using the biomaRt R package (Durinck et al, 2009). Data were
filtered against common mass spectrometry contaminants using the CRAPome repository
(Mellacheruvu et al, 2013) with Frequency cut-off 0.2 or PSM ratio cut-off 3. Then, data were
analysed and visualised in ProHits-viz (Knight et al/, 2017), using the Dot plot analysis tool

with default options.
Forkhead box phylogenetic analysis

FOX transcription factor phylogenetic tree was constructed using the Molecular Evolutionary
Genetics Analysis (MEGA) software (version 11) (Tamura et a/, 2021). Forkhead box domain
peptide sequences for each FOX transcription factor were downloaded from the UniProt
database (UniProt Consortium, 2021) (accessed 2021-12-14). Multiple sequence alignment was
performed using the ClustalW algorithm with default settings. Phylogenetic analysis and

construction of Maximum Likelihood Phylogenetic Tree was done with default settings.
External Chip-seq data

We performed a systematic review of publicly available FOX transcription factor ChIP-seq data
from mouse. Datasets were downloaded from the Gene Expression Omnibus (GEO) database.
Data based on older versions of the mouse reference genome were converted to version mm10
using the UCSC liftOver tool. Data files were further converted to BigWig file format before

visualization in the Integrative Genomics Viewer (IGV) (Robinson et al, 2011).
In silico FOXQ1 binding prediction

FOXQI1 transcription factor binding profile data was downloaded from the JASPAR database,
9t release (2022) (Castro-Mondragon et al, 2021) as position frequency matrices (PFMs).
Based on these binding profiles, FOXQI1 binding was predicted at the Axin2 and LefI loci
(mouse reference genome mm10) using the R package TFBStools (Tan & Lenhard, 2016).
Genomic regions for which to scan for FOXQ1 binding patterns were defined as to include sites

previously identified as Wnt-responsive elements (WRE) (Jho et al, 2002; Li et al, 2006).
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Statistical analyses

Data are shown as mean with standard deviation (SD), as indicated in the figure legends. Each
experiment included controls (e.g., empty backbone plasmid / substance carriers) at identical

concentrations.

Where indicated, Welch’s ¢-tests (two groups) or one-way ANOVA analyses with Dunnett or
Tukey post hoc tests (three or more groups) were calculated using R 4.1.1. Significance is

indicated as: *P < 0.05, ¥*P <0.01, ***P < 0.001.
Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD030464 and
10.6019/PXD030464. All raw data are available upon request to the corresponding author.
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Figure 1. FOXQ1 activates Wnt/B-catenin signalling in normal and cancer cells.
A. Representative immunofluorescence microscopy image showing nuclear localization of
exogenous Flag-tagged FOXQ1 (green, with nuclei counterstained in blue) in colorectal cancer

HCT116 cells. Original magnification: 40x

B. FOXQI1 activates the B-catenin/TCF luciferase reporter TOPflash (TOP, normalised to
Renilla control) in 293T and HCT116 cells, particularly in the presence of Wnt3a conditioned
media (CM). Data were normalised to the untreated empty vector control for each cell line, and
show one representative of n > 3 independent experiments with biological triplicates. RLA,

Relative Luciferase Activity.

C. gPCR analysis of Wnt target gene expression in 293T cells. FOXQ1 induced AXIN2 and
SP5 expression. Where indicated, cells were treated with recombinant human (rh) Wnt3a or R-
spondin 3. AXIN2 induction by FOXQ1 was significantly increased upon Wnt3a treatment. In
contrast, FOXQ1 did not change DKKI expression and repressed NKDI. Samples were
collected after 24 hours, and data from biological triplicates are displayed as fold change

compared to empty vector control.

D. Schematic representation of the CRISPR-mediated FOXQ1 transcriptional activation or
inhibition (CRISPRa/i). dCas9-VPR or dCas9-KRAB-MeCP2 constructs were targeted to the
FOXQI1 promoter using four non-overlapping guide RNAs (g1-4). Distance of gRNAs from the

transcription start site (TSS) is indicated in parentheses.

E. TOPflash reporter assay in 293T upon CRISPR activation of FOXQ1. Where indicated, cells
were treated with Wnt3a conditioned media. FOXQ! induction by gl and g3 significantly
activated Wnt/B-catenin signalling in untreated cells. All gRNAs led to Wnt signalling
activation in Wnt3a-treated cells. Data show one representative of n = 3 independent

experiments with biological triplicates.

F. TOPflash reporter assay in 293T upon CRISPR inhibition of FOXQ1. FOXQ1 repression by
g1-4 significantly reduced TOPflash activity after Wnt3a stimulation. Data show results from

one experiment with biological triplicates.

Data information: Data are displayed as mean + SD. Statistical significance was determined by
Welch's t-test (B-C), or ANOVA with Dunnett’s post-hoc test (E-F), and defined as *P < 0.05,
**P<0.01, ***P <0.001.
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Figure 2. FOXQI1 activates Wnt/B-catenin signalling downstream of the receptor complex

and p-catenin.

A. Epistasis assay in normal and gene-edited 293T cells. Where indicated, cells were treated
with Wnt3a and R-spondin 3 AC (Rspo3) conditioned media. Loss of the Wnt co-receptor LRP6
attenuated FOXQ1-dependent TOPflash reporter activation. Loss of LRP5/6 or B-catenin
(CTNNBI) blocked reporter activation by FOXQ1. The graph shows one representative of n =

2 independent experiments with biological triplicates.

B. Schematic showing the mode of action of the porcupine inhibitor LGK974, the constitutively
active LRP6 AE1-4 construct, and the tankyrase inhibitor XAV939.

C. TOPflash assay in 293T cells in the presence of LGK974. Treatment with LGK974 (10nM)
attenuated FOXQ1-dependent Wnt activation, especially in the presence of exogenous Rspo3.

Data show one representative of n = 3 independent experiments with biological triplicates.

D. qPCR analysis of all 19 Wnt ligands in 293T cells. FOXQI significantly altered the
expression of several Wnt genes, particularly WNT3, WNT6, and WNTI10A. Samples were
collected after 24 hours, and data are displayed as fold change compared to empty vector control

from biological triplicates.

E. TOPflash assay in 293T cells lacking Wnt co-receptors LRP5 and LRP6 (293T ALRP5/6).
Where indicated, cells were transfected with a constitutively active LRP6 construct lacking the
extracellular ligand binding domains (LRP6 AE1-4). FOXQI, but not FOXB2, strongly
activated the TOPflash reporter in the presence of LRP6 AE1-4. Data show one representative

of n =3 independent experiments with biological triplicates.

F. TOPflash assay in 293T cells. Where indicated, cells were treated with GSK3 inhibitor
CHIR99021 (5uM). FOXQ1, but not FOXB2, significantly activated the reporter construct in
synergy with CHIR99021. Data show one representative of n = 3 independent experiments with

biological triplicates.

G. TOPflash assay in 293T cells. Where indicated, cells were treated with Wnt3a conditioned
media and the tankyrase inhibitor XAV939 (5uM), which inhibits Wnt signalling by stabilising
AXIN1. FOXQIl-dependent Wnt activity was significantly reduced upon [-catenin de-
stabilization by XAV939. Data show one representative of n = 3 independent experiments with

biological triplicates.
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Data information: Data are displayed as mean + SD. Statistical significance was determined by
ANOVA with Tukey’s (A, C, G) or Dunnett’s post-hoc test (E, F), or Welch’s t-test (D), and
defined as * P <0.05, **P <0.01, ***P < 0.001.
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Figure 3. FOXQL1 interacts with the B-catenin/TCF/LEF transcriptional complex.

A. Co-immunoprecipitation assay in nuclear lysates of 293T cells. Over-expressed Flag-tagged
proteins were pulled down using a Flag antibody, and endogenous -catenin was detected by

immunoblotting. FOXB2 and LEF1 were used as negative and positive controls, respectively.

B. Co-immunoprecipitation from nuclear lysates of 293T cells. Following pull-down of Flag-

tagged TCF7L2 and LEF1, V5-FOXQ1 was detected by immunoblotting.

C. Co-immunoprecipitation of Flag-tagged TCF7L2 and LEF1 from nuclear lysates of Wnt3a-
treated 293T cells. Where indicated, cells were transfected with V5-FOXQI1. Following Flag
pull-down, FOXQI1 and endogenous B-catenin were detected by immunoblotting. Data are

representative of n = 3 independent experiments.

D. Relative abundance of B-catenin associated with TCF7L2 and LEF1 from the previous
immunoprecipitation experiments. FOXQ1 significantly increased B-catenin association with

TCF7L2.

E. Schematic representation of the workflow used for mass spectrometry data analysis. The
Venn diagram highlights in black the number of shared protein between FOXQ1 and Tcf711
(untreated / CHIR99021-treated conditions). Dot plot analysis showing the 54 proteins that are
common interactors of FOXQI and Tcf7l1. FOXQ1 experiments were performed with 4
biological replicates each for TurboID-FOXQ1 and control. AvgSpec, average spectral count;

BFDR, Bayes false discovery rate.

F. Sequence logo displaying the FOXQ1, FOXF2, FOXP1 consensus DNA-binding motif from
the JASPAR database.

G. Genomic tracks showing protein-DNA binding enrichment of TCF7L1, B-catenin, FOXCI,
FOXC2, FOXH1 and FOXP1 at the Axin2 locus, obtained by ChIP-seq. Data were retrieved

from publicly available datasets (references and accession numbers in Figure EV4C).

Data information: Data are displayed as mean + SD. Statistical significance was determined by

Welch's t-test (D) and defined as * P < 0.05, **P < 0.01, ***P <0.001.
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Figure 4. The FOXQ1 N and C-termini differentially regulate Wnt signalling
A. Schematic representation of Flag-FOXQI constructs used in subsequent assays. Numbers
indicate amino acid positions. FHD: (DNA-binding) forkhead domain; NLS: nuclear

localisation sequence.

B. Co-immunoprecipitation assay in nuclear lysates of 293T cells. Following Flag pull-down
of FOXQ1 constructs, endogenous 3 catenin was detected by immunoblotting. FOXQ1 AC was
unable to bind B-catenin to any substantial degree. Representative blot from n = 2 independent

experiments.

C. Co-immunoprecipitation assay in nuclear lysates of 293T cells after treatment with Wnt3a
conditioned media. As in the previous experiment, only full-length FOXQ1 and FOXQ1 AN

interacted with B catenin. Representative blot from n = 2 independent experiments.

D. Co-immunoprecipitation assay in nuclear lysates of 293T cells. Flag-tagged FOXQI1
constructs were pulled down in the presence of V5-TCF7L2. FOXQ1 AC was unable to bind
TCF7L2 to any substantial degree.

E. TOPflash assay in 293T cells. The FOXQ1 C-terminus was found to be dispensable for Wnt
pathway activation in untreated (i.e., low Wnt) cells. In high Wnt conditions, neither construct
activated TOPflash to the same extent as full-length FOXQ1. Data show one representative of

n = 3 independent experiments with biological triplicates.

F. TOPflash assay in HCT116 cells. The FOXQ1 AC construct activated Wnt signalling to the
same extent as full-length FOXQI. Data show one representative of n = 3 independent

experiments with biological triplicates.

G. gPCR analysis of selected Wnt target genes upon expression of FOXQ1 constructs in 293T
cells. FOXQ1 AC induced AXIN2, SP5, and DKK1 similarly to FOXQI1 full-length. In contrast,
the FOXQ1 AN construct did not induce any Wnt target gene. LEF[ was induced exclusively
by full-length FOXQ1 upon Wnt3a treatment.

H. FOXQ1 transcriptional activity upon expression of a forkhead box reporter plasmid
(10xUFR-luc) in 293T cells. Loss of the FOXQ1 C-terminus resulted in significantly weaker
transcriptional repression compared to the other constructs. Cell lysates from the assay were
used for immunoblot to confirm equal expression. Data show one representative of n = 2

independent experiments with biological triplicates.
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I. Luciferase assay using the 10xUFR-luc and TOPflash reporters in 293T ACTNNBI cells.
FOXQI1 transcription repression at forkhead binding sites was not rescued by re-expression of
B-catenin S33Y, despite their synergy in the TOPflash reporter assay. Data show one

representative of n = 3 independent experiments with biological triplicates.

J. Luciferase assay using the 10xUFR-luc reporter in 293 T penta-knockout cells. B-catenin did
not affect FOXQ1 transcriptional activity at forkhead binding sites in penta-knockout cells.

Data show one representative of n = 3 independent experiments with biological triplicates.

K. gPCR analysis of Wnt target genes in 293T ACTNNBI and penta-knockout cells. FOXQ1
induced AXIN2 and SP5, and repressed NKD/ and LGRS in the absence of B-catenin and

TCF/LEF proteins, albeit to a lesser extent as in parental cells.

Data information: Data are displayed as mean + SD. Where indicated, cells were treated with
Wnt3a conditioned media. For gPCR experiments, samples were collected after 24 hours, and

data from biological triplicates are displayed as fold change compared to empty vector control.

Statistical significance was determined by Tukey’s post-hoc test following ANOVA (E-J) or
Welch's t-test (K), and defined as * P < 0.05, **P <0.01, ***P < 0.001 or n.s: not significant.
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Figure EV1. FOXQI is a physiological activator of Wnt/B-catenin signalling

A. FOXQI qPCR in 293T cells. FOXQ1 expression was significantly induced by a dCas9-VPR
(CRISPR activation) construct guided to the FOXQI promoter by 4 non-overlapping guide
RNAs. Data are displayed as fold change compared to empty vector control and show biological

triplicates.

B. TOPflash reporter assay showing that CRISPR-mediated induction of FOXQI activated
Wnt/B-catenin signalling in HCT116 cells. Data show one representative of n = 2 independent

experiments with biological triplicates.

Data information: Data are displayed as mean + SD. Statistical significance was determined by

ANOVA with Dunnett’s post-hoc test, and defined as * P < 0.05, **P < (.01, ***P < (0.001.
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Figure EV2. FOXQI1 requires upstream pathway activation and f-catenin stabilization to

activate Wnt/B-catenin signalling

A. TOPflash assay in HCT116 cells in the presence of LGK974 (10nM). Treatment with
LGK974 attenuated FOXQ1-dependent Wnt activation, especially in the presence of exogenous
R-spondin 3. Data show one representative of n = 2 independent experiments with biological

triplicates.

B. gPCR of relevant Wnt ligands for comparison of FOXQ1 with FOXB2. Data are displayed

as fold change compared to empty vector control and show biological triplicates.

C. TOPflash assay in HCT116 cells to test FOXQ1-dependent Wnt activity upon treatment with
CHIR99021 (5uM). FOXQI strongly potentiated Wnt signalling in synergy with CHIR99021.

Data show one representative of n = 3 independent experiments with biological triplicates.

D. TOPflash assay in HCT116 cells to test FOXQ1-dependent Wnt activity upon treatment with
XAV939 (5uM). Wnt activity was abrogated upon -catenin de-stabilization by XAV939. Data

show one representative of n = 3 independent experiments with biological triplicates.
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E. TOPflash assay in 293T cells lacking B-catenin. FOXQI1 did not activate the B-catenin/TCF
reporter in the absence of -catenin. However, FOXQI synergized with exogenous wild-type
and constitutively active B-catenin S33Y to activate Wnt signalling. Data show one experiment

with biological triplicates.

Data information: Data are displayed as mean = SD. Statistical significance was calculated by
ANOVA with Tukey’s post-hoc test (A, D, E) or Welch’s t-test (B, C), and defined as *
P <0.05, **P<0.01, ***P <0.001.
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Figure EV3. FOXQI1 interacts with p-catenin, TLEs, and TCF/LEF.

A. Co-immunoprecipitation from nuclear lysates of 293T cells. Flag-tagged proteins were

pulled down using Flag antibodies, and exogenous B-catenin mCherry was detected by

immunoblot. FOXB2 and LEF1 were used as negative and positive controls, respectively.

B. Co-immunoprecipitation from nuclear lysates of 293T cells. Flagged-tagged proteins were

pulled down, and detection of endogenous TLEs was performed by immunoblot.

C. Co-immunoprecipitation from nuclear lysates of 293T ACTNNBI cells. Flag-tagged
TCF7L2 and LEF1 proteins were pulled down in the presence of V5-FOXQI1. Immunoblot
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detection revealed TCF7L2/LEF1 interaction with FOXQ1 in the absence of B-catenin. A

representative blot from n = 2 independent experiments is shown.

D. Left: Immunoblot for protein expression of Flag-tagged TurboID-FOXQ1 fusion construct
in 293T cells. TID, TurboID. Right: TOPflash assay for functional validation of the TID-
FOXQI construct in 293T cells. The TID-FOXQT1 construct activated Wnt signalling similarly
to wild-type FOXQ1.

E. Gene ontology (GO) analysis of the statistically significant FOXQ1 interactors identified
using TurbolD. Only the top 10 most significant GO terms are shown in addition to beta-
catenin-TCF complex assembly. Full results can be found in Table 1. The dashed blue line

indicates an adjusted p-value of 0.05.

Data information: Data are displayed as mean + SD. Statistical significance was calculated by

ANOVA with Tukey post-hoc test (D) and defined as * P <0.05, **P <0.01, ***P <(0.001.
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Figure EV4. FOX transcription factors bind at known Wnt target genes

A. Prediction of FOXQ1 binding sites at the mouse Axin2 and LefI loci, based on JASPAR
2022 binding profile data. Green triangles denote Wnt-responsive elements (WREs) required
for TCF/LEF binding, as previously identified (Jho et al., 2002; Li et al., 2006). Red rectangles
denote predicted FOXQ1 binding sites.

B. Phylogenetic tree of FOX transcription factors. Phylogenetic relationship between factors
were determined based on their Forkhead box sequences. Highlighted in blue are FOX factors

for which ChIP-seq genomic tracks are displayed.

C. Table of FOX transcription factors for which ChlIP-seq data has been obtained, including
references to dataset depositories and associated publications. Blue check symbol denotes the
presence of a called ChIP-seq peak at the promoter region of the corresponding gene. Gray
cross symbol denotes the absence of a binding event. Note: for FOXHI1 and FOXPI, only
sequence coverage data (i.e., no peak calling data) were found, and the presence of binding

events at gene promoters was assessed by visual inspection of these signalling tracks.

D. Genomic tracks showing protein-DNA binding enrichment of TCF7L1, B-catenin, FOXCI,
FOXC2, FOXHI1 and FOXP1 at the Sp5 locus, obtained from publicly available ChIP-seq

datasets.

E. Genomic tracks showing protein-DNA binding enrichment of TCF7L1, B-catenin, FOXCI,
FOXC2, FOXH1 and FOXPI at the LefI locus, obtained from publicly available ChIP-seq

datasets.
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Figure EVS. Distinct FOXQ1 protein domains differentially regulate Wnt signalling
A. Immunoblot of Flag-tagged FOXQ1 constructs in 293T cells. f.I: full-length.

B. Co-immunoprecipitation from nuclear lysates of 293T cells. Flag-tagged FOXQI constructs
were pulled down and endogenous CREBBP protein was detected by immunoblot. Cells were

treated with Wnt3a conditioned media. All FOXQ]1 constructs interacted with CREBBP.

Tables Legends
Table 1. Gene Ontology (GO) analysis of FOXQ1 TurbolD experiments

Table 2. SAINTexpress analysis of FOXQ1 TurbolD experiments
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