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SUMMARY

Lineage-specific regulation of tumor progression by
the same transcription factor is understudied. We
find that levels of the FOXQ1 transcription factor,
an oncogene in carcinomas, are decreased during
melanoma progression. Moreover, in contrast to car-
cinomas, FOXQ1 suppresses epithelial-to-mesen-
chymal transition, invasion, and metastasis in mela-
noma cells. We find that these lineage-specific
functions of FOXQ1 largely depend on its ability to
activate (in carcinomas) or repress (in melanoma)
transcription of the N-cadherin gene (CDH2). We
demonstrate that FOXQ1 interacts with nuclear
b-catenin and TLE proteins, and the b-catenin/
TLE ratio, which is higher in carcinoma than mela-
noma cells, determines the effect of FOXQ1 on
CDH2 transcription. Accordingly, other FOXQ1-
dependent phenotypes can be manipulated by
altering nuclear b-catenin or TLE proteins levels.
Our data identify FOXQ1 as a melanoma suppressor
and establish a mechanism underlying its inverse
lineage-specific transcriptional regulation of trans-
formed phenotypes.

INTRODUCTION

Metastatic melanoma is one of the most deadly forms of can-

cer with rising incidence (Schadendorf et al., 2015; Shain and

Bastian, 2016). The invasive and metastatic potential of mela-

noma cells is determined by their ability to undergo a process

that resembles the epithelial to mesenchymal transition (EMT)

(Alonso et al., 2007; Caramel et al., 2013; Tulchinsky et al.,

2014). EMT underlies the acquisition of enhanced migratory
2820 Cell Reports 20, 2820–2832, September 19, 2017 ª 2017 The A
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and invasive properties by epithelial cells that are often asso-

ciated with poor prognosis and a high risk of metastasis (Heer-

both et al., 2015; Lamouille et al., 2014). Mechanistically, EMT

is characterized by a cadherin switch, wherein the junctional

adhesion protein E-cadherin (CDH1) is replaced by the neural

subtype N-cadherin (CDH2) (Wheelock et al., 2008). This tran-

sition is orchestrated by a network of EMT transcription fac-

tors (EMT-TFs), including members of SNAI, ZEB, TWIST,

and FOX families (Caramel et al., 2013; Lamouille et al.,

2014). Although melanoma cells are not epithelial in nature,

an EMT-like transition, including a cadherin switch, promotes

melanoma invasion and metastasis (Alonso et al., 2007;

Caramel et al., 2013; Li et al., 2015; Wheelock et al., 2008).

Consistently, primary cutaneous melanomas that give rise to

metastases demonstrate an increase in the mesenchymal

marker N-cadherin and a decrease in the epithelial marker,

E-cadherin, compared to tumors not progressing to metasta-

ses (Alonso et al., 2007).

In melanoma cells, lineage-specific microphthalmia-associ-

ated transcription factor (MITF), the master regulator of melano-

cytic differentiation and development, has also been character-

ized as a major suppressor of the EMT-like process and invasion

(Bianchi-Smiraglia et al., 2017; Carreira et al., 2006; Hartman and

Czyz, 2015; Hoek et al., 2008). Although theMITF gene has been

reported to undergo amplification in�15% of melanomas (Garr-

away et al., 2005), a significant body of literature demonstrates

that strong downregulation of MITF, sometimes even below

detection, correlates with poor prognosis and disease progres-

sion in patients (Carreira et al., 2006; Salti et al., 2000; Selzer

et al., 2002; Wellbrock and Marais, 2005).

Previously, two carcinoma EMT-TFs (ZEB2 and SNAI2) have

been demonstrated to suppress EMT in melanoma cells via tran-

scriptional upregulation of MITF-associated differentiation. Yet

the molecular factors regulating the EMT-like processes in mel-

anoma cells independently of MITF or in cells with low or unde-

tectable levels of MITF remain understudied.
uthor(s).
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Figure 1. FOXQ1 Levels Decrease in Melanoma Progression
(A) Indicated cells were probed in qRT-PCR (FOXQ1/ACTB signal ratios are shown) (top) or in immunoblotting with the indicated antibodies (bottom).

(B) Expression of FOXQ1 in primarymelanomas (individual tissue sections) andmelanomametastases (TMA). See the Supplemental Experimental Procedures for

sample description and analysis.

(C) FOXQ1 mRNA expression (RSEM counts) in skin cutaneous melanoma TCGA database.

See also Figure S1.
Forkhead transcription factor FOXQ1, has been characterized

as a major promoter of EMT, invasion, and metastasis in cells

from several carcinomas including breast, colon, ovarian, and

lung, where its levels correlate with poor prognosis (Li et al.,

2016). FOXQ1 has been shown to exert oncogenic activity in

large part by promoting the E/N cadherin switch (Zhang et al.,

2011). Here, we report mechanisms underlying the ability of

FOXQ1 to inhibit the same processes in melanoma cells.

RESULTS

FOXQ1 Expression Levels Decrease during
Melanomagenesis
We were interested in identifying the expression pattern

of FOXQ1 during melanoma progression. Surprisingly, we

observed that the amounts of FOXQ1 mRNA and protein were

significantly decreased in cells from the vast majority of mela-

noma cell lines as compared to normal human melanocytes

(NHM) (Figure 1A). Moreover, assessment of FOXQ1 expression

in human melanoma specimens via immunohistochemistry

demonstrated a statistically significant decrease in FOXQ1 levels

in metastatic versus primary melanomas (Figures 1B and S1A).

Consistently, analysis of the ‘‘TCGA cutaneous melanoma

RNA-seq’’ dataset (https://cancergenome.nih.gov/) revealed a

significant drop in FOXQ1 mRNA levels in metastatic versus pri-

mary melanoma specimens (Figure 1C). Similarly, FOXQ1 levels

decreased in melanoma progression according to a separate

gene expression database (Figure S1B, GSE4587) (Smith et al.,

2005). Taken together these data suggest that, unlike in carci-

noma progression, FOXQ1 expression levels decrease in mela-

noma progression.

FOXQ1 Negatively Affects Multiple Transformed
Phenotypes in Melanoma Cells
To reveal the functional role of FOXQ1 downregulation, we

restored its levels in cells from several melanoma cell lines

approximately to the levels in NHM via lentiviral vector-based

transduction of FOXQ1 cDNA. This caused a wide spectrum of

tumor suppressor phenotypes ranging from prominent inhibition
of proliferation and induction of differentiation (SK-Mel-19,

SK-Mel-29) (Figures 2A–2C), to a modest suppression of pro-

liferation and a substantial decrease in invasion, tumorigenicity,

and experimental metastasis (SK-Mel-103, SK-Mel-147, or

Colo679) (Figures 2D–2I). Importantly, transduction of the

same FOXQ1-expressing vector in breast (HMLER) or ovarian

(SCOV3) carcinoma cells increased their invasion and enhanced

tumorigenicity and experimental metastases over cells trans-

duced with control vector (Figures S2A–S2G). Therefore, unlike

in carcinoma cells, FOXQ1 induces tumor suppressor pheno-

types in melanoma cells.

FOXQ1RepressesCDH2 inMelanomaCells with Various
Levels of MITF
MITF is a major transcriptional repressor of melanoma cell inva-

sion (Carreira et al., 2006). We were intrigued by the observation

that FOXQ1 suppressed invasion inmelanoma cells not express-

ing MITF protein (SK-Mel-103 and SK-Mel-147, Figure S3A).

In carcinoma cells, FOXQ1 transcriptionally activates several

genes involved in EMT (Qiao et al., 2011; Zhang et al., 2011;

Meng et al., 2015) including those encoding ZEB2, TWIST1, vi-

mentin, and N-cadherin (CDH2) and represses transcription of

E-cadherin (CDH1) gene. Therefore, we assessed the levels of

these proteins in SK-Mel-103 and SK-Mel-147 cells transduced

with empty vector or FOXQ1-expressing vector. Levels of

TWIST1, ZEB2, and vimentin remained unchanged, whereas

E-cadherin levels were undetectable in these cells (Figure 3A).

Therefore, the above proteins are unlikely to account for

FOXQ1 tumor suppressor functions in melanoma cells. At

the same time, these genes demonstrated FOXQ1-dependent

pattern of regulation in carcinoma cells, consistent with FOXQ1

role in carcinoma (Figure 3A).

Paradoxically, ectopic expression of FOXQ1 uniformly sup-

pressed CDH2 mRNA and protein levels in all tested melanoma

cells (Figures 3A–3C), independently of their MITF levels (Fig-

ure S3A). Reciprocally, small hairpin RNA (shRNA)-mediated

depletion of FOXQ1 in a Colo-679 human melanoma cells ex-

pressing low but detectable levels of FOXQ1 increased CDH2

mRNA and protein levels compared to control shRNA cells
Cell Reports 20, 2820–2832, September 19, 2017 2821
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Figure 2. FOXQ1 Exerts Tumor Suppressive Phenotypes in Melanoma

(A) Cells transduced with the indicated constructs were probed in immunoblotting with the indicated antibodies (left) or in qRT-PCRwith indicated primers (right).

(B) Cells described in (A) were counted daily starting 48 hr after infection.

(legend continued on next page)
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(Figures 3D and 3E). In contrast, using the same genetic con-

structs, we reproduced previously published findings that

FOXQ1 overexpression upregulates, whereas its depletion de-

creases CDH2 mRNA and protein levels in carcinoma cells

including HeLa, HMLE, HMLER, and SCOV3 (Figures S3B–S3D).

To investigate whether FOXQ1 is also capable of suppressing

N-cadherin levels and invasion in cells with acutely depleted

MITF, we transduced SK-Mel-28 melanoma cells in parallel

with control or two MITF-specific shRNAs, followed by superin-

fection with empty vector or vector expressing FOXQ1. As

shown in Figure S3E, depletion of MITF did not substantially

affect the ability of FOXQ1 to suppress N-cadherin levels.

Accordingly, FOXQ1 suppressed invasion in MITF-depleted

SK-Mel-28 cells to a similar degree as in control SK-Mel-28 cells

(Figure S3F). Collectively, these observations suggest that

FOXQ1 suppresses invasion predominantly in MITF-indepen-

dent manner.

To further evaluate cell-type-specific pattern of CDH2 tran-

scriptional control by FOXQ1, we tested its ability to regulate

CDH2 promoter-driven transcription in a luciferase reporter

assay in carcinoma and melanoma cells. To this end, we cloned

the (�2,200: 500 bp) region of human CDH2 gene into pGL3-

basic vector (pGL3-CDH2). This construct, in parallel with

empty pGL3-basic vector, was co-transfected in combination

with empty expression vector or FOXQ1-expressing vector

into melanoma (SK-Mel-103, SK-Mel-147) or carcinoma

(SCOV3 and HMLER) cells. We demonstrated that FOXQ1

respectively induced or suppressed activity of exogenous

CDH2 promoter in carcinoma and melanoma cells (Figures 3F

and 3G). Therefore, collectively, our data suggest that FOXQ1

oppositely regulates CDH2 gene expression in a lineage-spe-

cific manner.

FOXQ1 Interacts with b-Catenin and TLE Proteins in
Melanoma and Carcinoma Cells
To determine whether FOXQ1 binds to the CDH2 promoter

at the same binding sites in melanoma and carcinoma cells,

we performed chromatin immunoprecipitation (ChIP) assay

using FLAG antibodies in melanoma (SK-Mel-103, �147)

and carcinoma (HMLER and SCOV3) cells transduced

with either control vector or FLAG-FOXQ1-expressing

vector. Our analyses identified similar enrichment patterns of

CDH2 promoter regions in materials precipitated with FLAG

antibodies from both carcinoma and melanoma cells express-

ing FLAG-FOXQ1, but not control cells (Figures 3H and 3I).

These data suggest that FOXQ1 interacts with the same

binding sites in the promoter of CDH2 gene in both cell

lineages.
(C) Representative images of cells described in (A). Images were taken 96 hr afte

(D) Cells expressing vector (V) or FOXQ1 were probed in immunoblotting with th

(E) Representative images of cells described in (D) after completion of Boyden in

(F) Quantification of (E).

(G and H) Cells described in (D) were (G) counted at indicated days or (H) subjec

(I) SK-Mel-147LUC and Colo679 LUC cells stably expressing luciferase were transd

Mice were assayed for bioluminescence via IVIS 3 weeks post-injection. Represe

represent mean ± SEM. Statistical significance was assessed using two-tailed S

See also Figure S2.
To further characterize lineage-specific regulation of CDH2 by

FOXQ1, we performed ChIP assays in melanoma (SK-Mel-147)

and carcinoma (SCOV3) cells transduced with FOXQ1 cDNA or

empty-vector. Control IgG antibodies or antibodies to the

following proteins were utilized: RNA polymerase II (RNA

pol II), markers of actively transcribed chromatin (histone H3

acetylated at lysine 9 [H3K9AC] and histone H3 tri-methylated

at lysine 4 [H3K4Me3]), and markers of repressive chromatin

(histone H3 di-methylated at lysine 9 [H3K9Me2] and histone

H3 tri-methylated at lysine K27 [H3K27Me3]). DNA precipitated

in the above assays was probed in quantitative PCRwith primers

corresponding to FOXQ1 binding sites 1 and 2 inCDH2 promoter

(Figure 3H). As shown in Figure S3G, markers of repressive chro-

matin and permissive chromatin were, respectively, more and

less prevalent at CDH2 promoter in FOXQ1-expressing mela-

noma cells compared to control melanoma cells transduced

with empty vector. Accordingly, RNA Polymerase II interacted

less efficiently with CDH2 promoter in FOXQ1-expressing cells

than control cells. Overexpression of FOXQ1 in carcinoma cells

led to exactly opposite results (Figure S3G).

We hypothesized that lineage-specific transcriptional regula-

tion ofCDH2 by FOXQ1may depend on co-factor(s) differentially

interacting with FOXQ1 in melanoma and carcinoma cells. TCF/

LEF transcription factors represent a classic example of co-

factor-dependent mode of transcription regulation. TCF/LEF

proteins interact with groucho/TLE transcription repressors

resulting in suppression of downstream genes (Roose et al.,

1998). Nuclear b-catenin displaces groucho/TLEs thus allowing

transcription activation by TCF/LEF (Daniels and Weis, 2005).

Additionally, melanoma cells possess reduced levels of nuclear

b-catenin (Biechele et al., 2012; Kuphal and Bosserhoff, 2011).

To identify the role of b-catenin in FOXQ1-dependent pro-

cesses, we first demonstrated that the studied melanoma cells

contained lower amounts of nuclear b-catenin than carcinoma

cells (Figure 4A) in agreement with previous findings (Biechele

et al., 2012; Kuphal and Bosserhoff, 2011). We did not detect a

uniform difference in the levels of nuclear TLEs proteins between

melanoma and carcinoma cells (Figure 4A). Next, we probed

several melanoma and carcinoma cells in a TOP/FOP assay, a

well-established method for detecting b-catenin activity in a

cell. Melanoma cells were less active in a TOP/FOP assay than

carcinoma cells (Figure 4B), as it has been previously reported

(Biechele et al., 2012; Kuphal and Bosserhoff, 2011). Levels

of AXIN2, a bona fide marker of activated b-catenin pathway

were generally lower in melanoma than carcinoma cells

(Figure S4A).

To determine whether FOXQ1 interacts with b-catenin and/or

TLE proteins, empty vector or FLAG-FOXQ1-expressing vector
r infection. Scale bars, 50 mm.

e indicated antibodies.

vasion chambers assay. Scale bars, 200 mm.

ted to tumorigenicity assay in SCID mice (n = 5).

uced with the indicated constructs and tail-vein injected into SCID mice (n = 6).

ntative images shown, Bar diagram demonstrates data quantification. All data

tudent’s t tests. A p < 0.05 (*) was considered significant.
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Figure 3. FOXQ1 Differentially Regulates CDH2 in Melanoma and Carcinoma Cells

(A) Cells transduced with the vector (V) or FOXQ1 (F) were probed in immunoblotting with indicated antibodies.

(B) CDH2/ACTB qRT-PCR signals obtained in cells transduced with FOXQ1 cDNA (F) were normalized by corresponding qRT-PCR signals obtained in cells

transduced with empty vector (V).

(C) Indicated melanoma cells were treated like in (A).

(D) Cells were transduced with control (CL) or FOXQ1 (F1, F2) shRNAs and probed in qRT-PCR with indicated primers (FOXQ1/ACTB and CDH2/ACTB signal

ratios are shown).

(legend continued on next page)
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were transduced into SK-Mel-147 cells followed by preparation

of nuclear extracts and immunoprecipitation with FLAG-specific

antibodies. The precipitated materials were probed in immuno-

blotting with b-catenin or pan-TLE antibodies (Figure 4C). We

detected a substantial enrichment of endogenous b-catenin

and TLE proteins in material precipitated with FLAG antibodies

from FLAG-FOXQ1-expressing cells compared to control cells

(Figure 4C). Reciprocally, materials co-precipitated with endog-

enous b-catenin or TLE proteins from nuclear extracts of

FLAG-FOXQ1-expressing cells were enriched with FOXQ1 as

compared to materials precipitated with IgG (Figures 4D and

4E). In addition, we observed similar results with regard to

FOXQ1 interaction with b-catenin and TLEs in transient

co-transfection experiments in HEK293T cells (Figures S4B

and S4C).

To assess interactions between endogenous FOXQ1, b-cate-

nin, and TLEs proteins, we performed reciprocal co-immunopre-

cipitations with control IgG antibodies or antibodies specific to

the above proteins from nuclear extracts of SCOV3 cells. We

demonstrated that similarly to exogenously expressed FOXQ1

in melanoma cells, endogenous FOXQ1 co-immunoprecipitated

b-catenin and TLEs in carcinoma cells (Figures 4F–4H).

To confirm that FOXQ1 recruits b-catenin and/or TLE to CDH2

promoter, we performed ChIP in SK-Mel-147-FLAG-FOXQ1

cells using FLAG or TLE antibodies and in uninfected SCOV3

cells using FOXQ1 or b-catenin antibodies. IgG antibodies

were used as a negative control. As shown in Figure 4I, DNA re-

gions containing FOXQ1 binding sites in CDH2 promoter were

enriched in the material precipitated with FLAG or TLE anti-

bodies in melanoma cells and with FOXQ1 or b-catenin anti-

bodies in carcinoma cells.

Next, to determine whether b-catenin affects TLE binding to

CDH2 promoter in melanoma cells, we performed ChIP with

IgG, FLAG, b-catenin, and TLEs antibodies in SK-Mel-147 cells

overexpressing FLAG-FOXQ1 alone or in combination with

EbP. As shown in Figure 4J, DNA regions containing FOXQ1

binding sites inCDH2 promoter were enriched inmaterial precip-

itated with FLAG or TLE antibodies (but not control IgG). Overex-

pression of EbP in these cells resulted in increased enrichment of

CDH2 DNA in material precipitated with b-catenin antibodies,

did not affect such enrichment in materials precipitated FLAG-

antibodies (i.e., FOXQ1), but decreased the CDH2 DNA enrich-

ment in materials precipitated with TLE antibodies. We therefore

concluded that b-catenin does not affect FOXQ1 DNA binding

but decreases TLE DNA binding presumably via disrupting

FOXQ1/TLE interactions and ultimately leading to alleviation of

CDH2 transcriptional repression.

Taken together, these results strongly argue for FOXQ1 phys-

ical interactions with b-catenin and TLE proteins.
(E) Cells described in (D) were probed in immunoblotting with the indicated antib

(F and G) Melanoma (F) or carcinoma (G) cells were co-transfected with either p

FOXQ1 cDNA or empty vector, and assayed for luciferase activity.

(H) CDH2 promoter. Shown are FOXQ1 binding sites (diamonds) and PCR prime

(I) ChIP assay. qPCR signals in reactions with DNA precipitated with FLAG antib

vector cells and by the signal obtained with CDH2 non-specific control primers (N

FOXQ1 binding regions ‘‘1,’’ and ‘‘2,’’ respectively.

See also Figure S3.
FOXQ1 Inhibits Melanoma Cell Invasion Mainly via
Repression of CDH2

We were interested in whether other genes involved in invasion-

associated processes are controlled by FOXQ1 in melanoma

and carcinoma cells similarly to CDH2. To this end, we per-

formed RNA sequencing (RNA-seq) analysis in SK-Mel-147

and SCOV3 cells transduced with empty or FOXQ1-expressing

vectors. We identified 784 genes that were suppressed by

FOXQ1 at least 1.5-fold in melanoma cells and at the

same time upregulated by FOXQ1 at least 1.5-fold in carci-

noma cells (19.4% of all FOXQ1-suppressed genes in melanoma

cells and 9.4% of all FOXQ1-upregulated genes in carcinoma

cells, respectively). This gene list was overlapped with the list

of b-catenin target genes identified via ChIP-seq methodology

(Sequence Read Archive: SRA012054). Thus, 36 genes were

identified, 13 of which have been previously reported to increase

invasion-associated phenotypes in carcinoma cells (Table S1).

For each of these 13 genes, we identified FOXQ1-dependent

activation in SCOV3 cells and FOXQ1-dependent suppression

in SK-Mel-147 via qRT-PCR (Figure S4D).

The above data suggest that FOXQ1-dependent invasion in

melanoma cells could bemediated bymultiple genes. Therefore,

we wanted to establish an individual role of CDH2 in FOXQ1-

dependent regulation of invasion. To this end, we ectopically

expressed CDH2 cDNA in SK-Mel-103 and SK-Mel-147 cells

via lentiviral infection achieving �2-fold increase in the total

amounts of N-cadherin. These cells were super-infected with

empty vector or a FOXQ1 cDNA expressing vector (Figure 4K).

Restoration of N-cadherin levels in FOXQ1-expressing mela-

noma cells abrogated the ability of FOXQ1 to suppress invasion

by �50%–70% (Figures 4L and 4M), suggesting that downregu-

lation of N-cadherin mediates in large part the invasion-

suppressing activity of FOXQ1.

b-Catenin and TLEs Determine the Mode of FOXQ1-
Dependent Regulation of CDH2

To evaluate the role of b-catenin in FOXQ1-dependent regulation

ofCDH2 gene inmelanoma cells, we increased the nuclear levels

of b-catenin in SK-Mel-103 and SK-Mel-147 cells via lentivirus-

based expression of constitutively active S33Y b-catenin mutant

(EbP). The obtained cell populations were super-infected with

control or FOXQ1-containing lentiviral vectors, followed by

assessment of CDH2 mRNA and protein levels. Expression of

EbP in SK-Mel-103 and SK-Mel-147 melanoma cells prevented

FOXQ1-mediated repression of CDH2 mRNA and protein levels

(Figures 5A and 5B).

In parallel, we performed experiments in HMLER and SCOV3

cells, where shRNA-mediated depletion of b-catenin was carried

out with concomitant FOXQ1 overexpression. Depletion of
odies.

GL3-basic (black) or pGL3-CDH2 (red) vectors and the indicated amounts of

rs (arrows).

odies from FLAG-FOXQ1-cells were normalized by corresponding signals in

S). Black, red, and blue bars correspond to FOXQ1 non-specific DNA region,
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b-catenin decreased endogenous FOXQ1 (in agreement with

previously published data) (Christensen et al., 2013; Peng

et al., 2015) and N-cadherin levels (Figures 5C and 5D). Impor-

tantly, ectopic expression of FOXQ1, while compensating for

downregulation of endogenous FOXQ1, was still unable to signif-

icantly upregulate N-cadherin levels when b-catenin was

depleted (Figures 5C and 5D) further supporting ourmodel. Simi-

larly, opposite results with regard to FOXQ1 regulation of CDH2

in melanoma and carcinoma cells were obtained in luciferase re-

porter assay using the control and CDH2 promoter-containing

pGL3 vectors (Figures 5E and 5F).

b-Catenin Regulates FOXQ1-Dependent Invasion and
Metastasis
To determine whether b-catenin affects FOXQ1-dependent sup-

pression of invasion, vector or EbP-expressing SK-Mel-103 and

SK-Mel-147 cells were super-infected with control or FOXQ1-

containing lentiviral vectors followed by assessment of invasion

potential (Figure 5G).

Interestingly, ectopic expression of activated b-catenin by

itself suppressed invasion in melanoma cells by 30%–50% (Fig-

ure 5G). This was in agreement with previous reports on b-cate-

nin invasion-inhibiting activity in melanoma cells (Domingues

et al., 2014, 2017; Rambow et al., 2016). On the other hand,

co-expression of FOXQ1 and EbP negated each other inva-

sion-suppressing activities (Figure 5G). The ability of FOXQ1 to

suppress invasion (and N-cadherin levels) was also blunted by

small interfering RNA (siRNA)-mediated depletion of TLE pro-

teins (Figures S5A and S5B) further supporting our model of

FOXQ1 function in melanoma cells.

To establish whether the FOXQ1-dependent control of meta-

static potential in melanoma cells is also affected by b-catenin,

SK-Mel-147-Luc cells were transduced with the following com-

bination of vectors: two empty vectors, vector and FOXQ1, vec-

tor and EbP, or EbP and FOXQ1, and injected via the tail vein

into SCID mice. The animals were monitored for luciferase activ-

ity using the IVIS imaging platform. FOXQ1-expressing mela-

noma cells demonstrated suppressed metastasis compared to

empty-vector cells (Figure 5H). Similar to invasion assay, EbP
Figure 4. FOXQ1 Interacts with b-Catenin/TLE Proteins

(A) Nuclear extracts from the indicated cells were probed in immunoblotting with

(B) TOP:FOP luciferase reporter assay performed in the indicated cells.

(C) SK-Mel-147 cells were transduced with empty vector (V) or FOXQ1-expressi

with FLAG antibodies, and immunoblotting with the indicated antibodies.

(D and E) Nuclear extracts were prepared from SK-Mel-147-FOXQ1 cells, follo

antibodies (E) and immunoblotting with the indicated antibodies (middle and righ

(F–H) Nuclear extracts were prepared from SCOV3 cells, followed by immunopr

with b, b-catenin antibodies (H), and immunoblotting with the indicated antibodie

(I) SK-Mel-147 cells expressing FLAG-FOXQ1 (left) or untreated SCOV3 (right) wer

signals in reactions with DNA precipitated with the indicated antibodies and DNA

(J) SK-Mel-147 cells expressing FLAG-FOXQ1 (FOXQ1) or FLAG-FOXQ1 and Eb

bottom. Shown are ratios of qPCR signals in reactions with DNA precipitated wi

(K) Cells were transduced with empty vector (V) or N-cadherin-expressing vector (

and probed in immunoblotting with the indicated antibodies.

(L) Cells described in (K) were probed in invasion assay (representative chamber

(M) Shown are invasion indexes of cells described in (K). All invasion indexes we

SEM. Statistical significance was assessed using two-tailed Student’s t tests. A

See also Figure S4.
suppressed experimental metastasis of SK-Mel-147-Luc cells

but reverted the suppression of metastasis by FOXQ1 (Fig-

ure 5H). Therefore, our data strongly suggest that although

b-catenin demonstrates tumor-suppressive function in mela-

noma cells, it abolishes tumor suppressor activity of FOXQ1.

In parallel, using a similar experimental design, we performed

a reciprocal set of experiments in HMLER andSCOV3 carcinoma

cells. b-catenin depletion blunted FOXQ1-dependent induction

of invasion and experimental metastasis in studied carcinoma

cells (Figures 5I and 5J).

Cumulatively, our data demonstrate that FOXQ1 represses

CDH2 transcription, invasion, and metastasis in the absence of

nuclear b-catenin in melanoma cells, whereas FOXQ1-depen-

dent transcriptional induction ofCDH2, invasion, and metastasis

requires activated b-catenin in carcinoma cells.

DISCUSSION

Melanoma cells with low or undetectable MITF levels comprise a

prominent portion of humanmelanoma specimens. Understand-

ing the mechanisms governing invasion of these cells is impor-

tant for identification of melanoma targets. We demonstrate

that in contrast to carcinoma cells, FOXQ1 acts as a tumor sup-

pressor in all tested melanoma cells including those with unde-

tectable MITF levels (SK-Mel-103, SK-Mel-147). These cells

represent an excellent model for studying still poorly understood

MITF-independent pathways controlling the EMT-like switch

occurring in melanoma.

Several papers reported that carcinoma oncogenic EMT-TFs,

SNAI2 and ZEB2, behave as tumor suppressors in melanoma

cells specifically via stimulation of MITF-dependent differentia-

tion programs (Caramel et al., 2013; Denecker et al., 2014).

Our data reveal that the EMT-suppressing activities of FOXQ1

in melanoma cells rely in large part on its MITF-independent abil-

ity to repress transcription of the CDH2 (N-cadherin) gene. Thus,

unlike SNAI2 and ZEB2, the distinguishing feature of FOXQ1

tumor suppressor/oncogenic activity is that it depends on in-

verse regulation of the same gene in different lineage-specific

contexts.
the indicated antibodies (TBP, TATA-binding protein).

ng vector (F) followed by preparation of nuclear extracts, immunoprecipitation

wed by immunoprecipitation with pan-TLE (T) antibodies (D) or b-catenin (b)

t panels).

ecipitation with F, FOXQ1 antibodies (F), or with T, pan-TLE antibodies (G), or

s.

e probed in ChIP assaywith the indicated antibodies. Shown are ratios of qPCR

precipitated with IgG antibodies.

P (FOXQ1+EbP) were probed in ChIP assay with antibodies indicated on the

th the indicated antibodies and DNA precipitated with IgG antibodies.

NCAD) and superinfected with empty vector (V) or FOXQ1-expressing vector (F)

images are shown). Scale bars, 200 mm.

re normalized by the same in ‘‘vector-vector’’ cells. All data represent mean ±

p < 0.05 (*) was considered significant.
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In search for nuclear determinants of the lineage-specific dif-

ference in FOXQ1 regulation of CDH2, we turned to b-catenin,

a multifunctional protein that plays a role in cell-cell adhesion

and in activation of transcription. Our data on physical interac-

tions among FOXQ1, b-catenin, and TLE proteins in conjunction

with functional interactions between FOXQ1 and b-catenin

argue, for the first time, that the mode of transcriptional regula-

tion by FOXQ1 depends on nuclear b-catenin.

Importantly, unlike in carcinomas where activation of the Wnt/

b-catenin pathway is associated with increased tumorigenesis

and decreased patient survival (Kahn, 2014; Novellasdemunt

et al., 2015), in melanomas the role of b-catenin is controversial

(Kuphal andBosserhoff, 2011;Webster et al., 2015). Themajority

of studies have reported that nuclear b-catenin levels decrease

in metastatic melanoma specimen and cell lines (Bachmann

et al., 2005; Kuphal and Bosserhoff, 2011). It is also well estab-

lished that b-catenin signaling in melanoma cells suppresses

cell migration and/or invasion (Arozarena et al., 2011; Chien

et al., 2009; Domingues et al., 2014). This phenomenon is attrib-

uted mostly to the b-catenin-mediated transcriptional activation

of the MITF gene (Arozarena et al., 2011; Gallagher et al., 2013;

Widlund et al., 2002), although MITF-independent suppression

of melanoma cell migration by b-catenin has also been reported

(Gallagher et al., 2013).

Our data suggest that loss of b-catenin in the course of mela-

noma progression should associate with the decrease in the

levels of FOXQ1, which otherwise, in the absence of b-catenin,

would suppress melanomagenesis. Because FOXQ1 has been

reported as b-catenin transcriptional target (Peng et al., 2015)

at least in carcinoma cells, the above scenario appears to be

likely.

Despite multiple FOXQ1-responsive genes undergoingCDH2-

like regulation in melanoma and carcinoma cells, suppression of

CDH2 alone is in large part responsible for invasion inhibition by

FOXQ1 as was evidenced by N-cadherin reconstitution experi-

ments (Figures 4K–4M). Direct transcriptional upregulation of

CDH2 and/or suppression of CDH1 (E-cadherin) are considered

the major events in promotion of EMT and invasion by several

EMT transcription factors other than FOXQ1 such as TWIST1
Figure 5. FOXQ1 Regulates CDH2, Invasion, and Metastasis in a b-Cat

(A) Melanoma cells were transduced with indicated constructs (V, empty vector; E

in qRT-PCR. Shown are CDH2/ACTB ratios normalized to the same in the cells t

(B) Cells described in (A) were probed in immunoblotting with the indicated antib

(C) Carcinoma cells were treated like melanoma cells in (A).

(D) Carcinoma cells were treated like melanoma cells in (B).

(E) Indicated cells described in (A) or (C) were co-transfected with the mixture o

pressing vector, followed by luciferase reporter assay.

(F) Indicated cells described in (C) were treated like in (E).

(G) Melanoma cells described in (A) were probed in invasion assay (representati

indexes were normalized by the same in ‘‘vector-vector’’ cells. Scale bars, 200 m

(H) Melanoma cells stably expressing luciferase were transduced with the indica

types of cells were simultaneously imaged 2–4 weeks post-injection and quantifi

(I) Carcinoma cells described in (C) were probed in invasion assay (representativ

indexes were normalized by the same in ‘‘vector-vector’’ cells. Scale bars, 200 m

(J) Carcinoma cells stably expressing luciferase were transduced with the indicat

the same types of cells were simultaneously imaged 2–4 weeks post-injection

significance was assessed using two-tailed Student’s t tests. A p < 0.05 (*) was

See also Figure S5.
and ZEB2 (Heerboth et al., 2015; Kalluri andWeinberg, 2009; La-

mouille et al., 2014; Nieto et al., 2016). However, FOXQ1 did not

alter TWIST1 or ZEB2, whereas E-cadherin did not express in

studied cells (Figure 3A). Thus, the above factors are unlikely

to account for FOXQ1-dependent suppression of invasion in

melanoma cells.

Taken together, our data provide a mechanistic explanation to

the opposite roles of FOXQ1 in regulation of CDH2 gene, inva-

sion, and metastasis in melanoma versus carcinoma cells and

reveal interplay between FOXQ1 and b-catenin, two nuclear fac-

tors negating each other’s tumor suppressor activity in mela-

noma cells while enhancing each other’s oncogenic properties

in carcinoma cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents

Melanoma cell lines SK-Mel-19, SK-Mel-28, SK-Mel-29, SK-Mel-94, SK-Mel-

103, SK-Mel-147, SK-Mel-173, andG-361were obtained fromMemorial Sloan

Kettering Cancer Center and cultured in DMEM supplemented with 10% fetal

bovine serum, 2 mM glutamine, and 1% penicillin-streptomycin antibiotics.

Populations of normal human melanocytes (NHM) were purchased from Invi-

trogen and maintained in Medium 254 (Invitrogen) supplemented with human

melanocyte growth supplement (Invitrogen). Colo679, UACC-257, WM1366,

SCOV3, and HeLa were purchased from ATCC. HMLE and HMLER cells

were a gift from Dr. Robert A Weinberg (Whitehead Institute).

Immunohistochemistry

This study was approved by the Roswell Park Cancer Institute Institutional Re-

view Board. Primary cutaneous melanoma specimens were studied using

whole sections. Metastatic melanoma specimens were evaluated using

TMAs. Formalin-fixed and paraffin-embeddedmelanoma tissues were stained

with FOXQ1 antibodies (ab51340, Abcam) at the Pathology Core Facility (Ros-

well Park Cancer Institute) and visualized with the Novocastra (Newcastle, UK)

PowerVision kit, followed by Fast Red (Thermo Scientific). Specimens were

scored for intensity and percentage of stained cells by a board-certified

pathologist. An immunohistochemistry (IHC) H-score was calculated as a

product of these parameters.

RT-PCR Analysis

Total RNA was isolated from cells using the RNeasy Mini Kit (QIAGEN, Valen-

cia, CA). cDNA was prepared using cDNA reverse transcription kit (Invitrogen).
enin-Dependent Manner

bp, constitutively active b-catenin; shb, b-catenin shRNA), followed by probing

ransduced with empty vector.

odies.

f pGL3-CDH2 and Renilla-expressing vector or pGL3-control and Renilla-ex-

ve chamber images are shown). Numbers correspond to invasion indexes. All

m.

ted constructs, tail-vein injected into SCID mice. Mice injected with the same

ed for tumor burden.

e chamber images are shown). Numbers correspond to invasion indexes. All

m.

ed constructs, tail-vein injected into SCID mice (n = 5 mice). Mice injected with

and quantified for tumor burden. All data represent mean ± SEM. Statistical

considered significant.
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qRT-PCR was performed using 7900HT Fast Real-Time PCR System (Applied

Biosystems, Carlsbad, CA) using SYBr GreenMaster Mix (Invitrogen). For

primer sequences, see Table S2.

RNA-Seq Assay

The sequencing libraries are prepared with the TruSeq Stranded Total RNA

kit (Illumina), from 1 mg total RNA according to the manufacturer’s instruc-

tions. Raw reads that passed the Illumina RTA quality filter were first pre-pro-

cessed by using (1) FASTQC for sequencing base quality control, and (2)

Cutadapt to remove adaptor sequences. The remaining reads were mapped

to the human reference genome (hg19) and RefSeq annotation database

using Tophat (Trapnell et al., 2009). A second round of quality control was

performed to identify potential RNA-seq library preparation problems by

examining mapped BAM files using RSeQC (Wang et al., 2012) The number

of reads aligning to each gene was calculated using HTSeq (Anders et al.,

2015). Differentially expressed genes were identified using DESeq2 (Love

et al., 2014).

Immunoblotting

Polyvinylidene difluoride (PVDF) membranes were developed using alkaline

phosphatase-conjugated secondary antibodies and signals were detected

and visualized using the Alpha-Innotech FluorChem HD2 imaging system

(Alpha Innotech) and quantified using ImageQuant software (GE Healthcare

Life Sciences). Antibodies used included: FOXQ1 (K-12 sc-47597) and (C-9

sc-166265), MITF (Clone 5, Thermofisher, MA5-14146), GAPDH (Thermo-

fisher, PA1-987), N-cadherin (CST, D4R1H-13116), b-catenin (CST, D10A8-

8480), TLE1/2/3/4 (CST, 4681S), FLAG (Sigma, F3165) LaminA (sc-56137),

VIM (sc-73258), TWIST1 (sc-15393), ZEB2 (sc-271984), E-cadherin (sc-

71009), AXIN2 (ab32197), and TBP (ab51841). ChIP grade from Abcam

included: H3K9ac (ab4441), H3K27me3 (ab6002), H3K4me3 (ab8580),

H3K9me2 (CS200587), and RNAPol-II (ab26721).

Lentiviral Vectors

FOXQ1 ORF was PCR amplified from NHM cDNA and cloned into the lentiviral

expression vector pLV-puro in frame with an N terminus flag-tag. Lentiviral

expression vector containing beta-catenin cDNA (S33Y)-pcw107-V5 was a

gift from Drs. David Sabatini and Kris Wood (Addgene plasmid #64616).

TLE1-4 was purchased from OriGene (SC111039, RC224066, RC220536,

and RC202474), Lentiviral vector containing N-cadherin was purchased from

Addgene (Plasmid #38153). shRNAs targeting human FOXQ1, MITF, and

pLKO-1.puro lentiviral control vectors were purchased from Sigma-Aldrich

(Sigma, St. Louis, MO). pLKO.1 puro shRNA beta-catenin was a gift from

Dr. Robert Weinberg (Addgene plasmid #18803).

Cell Proliferation Analysis

Cells (5 3 103/well) were seeded onto 96-well pates and grown for 24–72 hr

followed by fixation and staining with 0.5% methylene blue in water/methanol

(50:50). The plates were rinsed using ddH20 and air-dried. The stain was sol-

ubilized in 200 mL of 1% SDS in PBS, and the optical density was determined

at 650 nm using a fluorimeter (SpectraMax).

Chromatin Immunoprecipitation

Cultured cells (5 3 107) were fixed in 1% formaldehyde at room temperature

(RT) for 15 min, followed by addition of glycine (0.125 M) for 5 min. Cells

were washed with ice-cold PBS, pelleted, and resuspended in ice-cold cell

lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1, and protease in-

hibitors) (EZ-ChIP kit, Millipore, CA). Samples were incubated on ice for

20 min, followed by sonication (123 for 30 s each at 30-s intervals) with a

Microson (Misonix). The samples were then centrifuged at 15,000 rpm, 4�C,
for 10 min. A control aliquot (whole-cell extract) was set aside and superna-

tants were diluted 10-fold in ChIP dilution buffer (16.7 mM Tris-HCl [pH 8.1],

167 mM NaCl, 1.1% Triton X-100, 0.01% SDS, 1.2 mM EDTA protease inhib-

itor) (EZ-ChIP kit, Millipore, CA). Non-specific background was removed by

incubating samples with protein A/G beads for 2 hr at 4�C on a rotating plat-

form. The pre-cleared chromatin material was incubated with anti-FLAG-con-

jugated beads (25 mL slurry per 13 106 cells) on a rotating platform overnight at

4�C followed bymagnetic separation. The beads were washed and the precip-
2830 Cell Reports 20, 2820–2832, September 19, 2017
itatedmaterial was de-crosslinked and treated according to the EZ-ChIP kit in-

structions (Millipore, CA). The DNA was recovered by column purification and

quantified using QUBIT DNA HS assay kit (Invitrogen).

Immunoprecipitation

Nuclear extracts were prepared by lysing cells in 10 mM HEPES, pH7.9,

1.5 mM MgCl2, 10 mM KCl, and 0.5 mM DTT followed by centrifugation at

1,500 3 g. The pellets were resuspended in 50 mM HEPES-NaOH, pH 7.9,

300 mM NaCl, 1% (v/v) NP-40, 10 mM MgCl2, and 15% glycerol, followed

by centrifugation at 12,000 3 g for 10 min and overnight incubation of the su-

pernatants with either FLAG-specific magnetic beads, IgG, or antibodies spe-

cific to the protein of interest at 4�C. If needed, agarose A/G beads were added

and the material was incubated for additional 4 hr. The beads (Flag or A/G)

were washed three times with 25 mM HEPES, pH 7.9, 300 mM NaCl, 0.2%

NP-40.

Generation of LUC-Containing Cells

The lentiviral vector encoding the firefly luciferase gene (Addgene, Plasmid

#17477) was used to transduce cells. Cells were selected in puromycin for

5 days, after which cells were seeded in a 96-well plate (�1 cell/well) for clono-

genic selection. 7 days later cells were analyzed using IVIS bioluminescence

imaging. High and consistent luciferase expressing cells were selected and

serially expanded in puromycin containing media. No differences in lumines-

cence intensity or variability were observed for cells grown with or with

continued puro-selection.

Animal Studies Using a Subcutaneous Xenograft Model

Cells (1–5 3 106) were inoculated subcutaneously in both flanks of 4- to

6-week-old female SCID mice (strain: C.B-Igh-1bIcrTac-Prkdcscid/Ros,

bred and maintained by the in-house transgenic mouse facility at RPCI; n =

5 per group). Mice were monitored daily until the experiment reached its

endpoint. Tumor burden was measured using calipers and volume was deter-

mined using the formula V = 0.5 (length) 3 (width2). Mice were euthanized

when tumor volume reached 2 cm3, when a tumor became ulcerated, or if

the mice displayed any morbidity. While the animals were not randomized

after the injections, the animals were coded to blind the investigator until the

experimental endpoint was reached.

IVIS Imaging

1 3 106 cells stably expressing firefly luciferase were injected via the tail vein

into 4- to 6-week-old female SCIDmice. 2–4 weeks later, bioluminescence im-

aging was performed using the IVIS imaging platform for assessment of tumor

burden. During each imaging session, mice were anesthetized using isoflurane

and intraperitoneally injected with D-luciferin (150 mg/kg). Mice were posi-

tioned uniformly within the imaging platform. Imaging was performed in

2-min intervals starting 4 min post injection for 3–4 intervals. Total flux

(p s�1) in the regions of interest was measured. Image acquisition and biolumi-

nescence imaging data analysis were done with Living Image 4.0 Software

(PerkinElmer). The signal intensity of tumor burdens expressed as total pho-

tons/s/cm2 (p/s/cm2/sr) was normalized and data were represented as fold

change in tumor burden.

Luciferase Assay

The CDH2 promoter region (�2,200:500 bp) was synthesized using GeneArt

synthesis (Thermo Fisher Scientific, GeneArt) followed by sub-cloning into a

pGL3-basic firefly luciferase vector (Promega, Madison, WI) generating

pGL3-CDH2. The obtained constructs were mixed with pRLSV40 plasmid ex-

pressing the Renilla luciferase gene (Promega). Cells were transfected in

triplicates with the plasmid mixtures, using SuperFect reagent (QIAGEN).

Approximately 48 hr after transfection, Firefly luciferase and Renilla signals

were detected according to manufacturer’s instructions via Dual-Luciferase

Assay Kit (Promega). Firefly luciferase signals were normalized by correspond-

ing Renilla signals to control for transfection efficiency.

TOP-FLASH/FOP-FLASH Reporter Assay

The reporter assay consisted of a lentiviral-TOP-dGFP-reporter, a gift from

Dr. Tannishtha Reya (Addgene plasmid # 14715) (Reya et al., 2003) (harboring



three b-catenin binding sites upstream of the TCF promoter) and a M51 Super

8x FOP-Flash (TOP-Flash mutant) (Veeman et al., 2003), a gift from Dr. Randall

Moon (Addgene plasmid # 12457) (harboring three mutant b-catenin binding

sites). The latter was used as a control for the background luciferase signal

due to non-specific binding. Cells were transfected with reporter constructs

including plasmid expressing the Renilla luciferase gene (Promega) and har-

vested 24–48 hr later followed by measurement of luciferase activities using

dual luciferase reporter assay system as per manufacturer’s instructions

(Dual Glo Reporter Assay, Promega).

Matrigel Invasion Assay

Cells (1–5 3 103) were seeded in serum-free media onto polycarbonate 8-mm

inserts (migration) and Matrigel coated-insert (invasion) (BD Bioscience, San

Jose, CA). Serum-containingmedia was added at the bottom. Cells were incu-

bated overnight (o/n) at 37�C, and cells in the top chamber were wiped off.

Cells on the underside of the insert were fixed and stained using Diff-quick

stain (VWR Scientific, West Chester, PA). The inserts were imaged at five

random fields at 203 magnification followed by determination of invasion in-

dex (ratio of migration/invasion).

Statistical Analysis

Each experiment was performed at least twice with consistent results. For

in vitro studies, statistical significance was determined using Student’s

t test. A two-tailed p value %0.5 was considered significant for all analyses.

For animal studies, sample size was determined as a function of effect size

((difference inmeans)/(SD) = 2.0) for a two-sample t test comparison assuming

a significance level of 5%, a power of 90%, and a two-sided t test. Normal dis-

tribution was confirmed using normal probability plot (GraphPad Prism 6.0,

GraphPad Software, San Diego, CA), variance was also assessed using

GraphPad Prism 6.0, both within and between groups, and were approxi-

mately the same. For statistically analysis of immunohistological scores, an

unpaired Student’s t test was used and a value of p % 0.05 was considered

statistically significant.
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Supplemental Figure S1, related to Figure 1. FOXQ1 levels decrease in melanoma progression 

A. Representative IHC images of FOXQ1 staining in primary and metastatic melanoma samples. See Methods for sample 

description and analysis. B. Expression levels of FOXQ1 (probe ID shown) in tissue specimens representing different stages 

of melanoma progression derived from the publically available dataset GSE4587.  
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Supplemental Figure S2, related to Figure 2. FOXQ1 induces transformed phenotypes in carcinoma cells 

A.  Cells were transduced with the indicated constructs, followed by immunoblotting with the indicated antibodies.  B. 

Representative images of cells described in (A) after completion of Boyden invasion chambers assay. Scale bars 200µm.  C. 

Quantification of invasion assay in (B). D. Cells described in (A) were counted on indicated days starting 48hrs after infect ion. 

E. Cells described in (A) were subjected to tumorigenicity assay in SCID mice, (n=5, two injection sites per mouse). Tumor 

measurements were done at indicated days post-injection. F. SCOV3LUC and HMLERLUC cells stably expressing luciferase 

were transduced with the indicated constructs and injected via the tail-vein (1x106 cells) into SCID mice (n=6 per cell line). 

Three weeks later mice were subjected to bioluminescence detection using the IVIS imaging platform. Representative mice 

are shown. G. Total metastatic burden was measured using IVIS and analyzed.  All data represent mean ± s.e.m. Statistical 

significance was assessed using two-tailed Student’s t-tests. A p<0.05 (*) was considered significant. 
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Supplemental Figure S3, related to Figure 3. FOXQ1 differentially regulates CDH2 in melanoma and carcinoma cells 

A. Cells were probed in immunoblotting with the indicated antibodies. B. Cells transduced with empty vector (V) of FOXQ1-

expressing vector FOXQ1 (F) were probed in Q-RT-PCR. Shown are CDH2/ACTB ratios in F-cells normalized to the same in V-

cells. C-D. Cells were transduced with empty vector (V), FOXQ1 expressing vector (F), control shRNA (CL) or FOXQ1 

shRNAs (F1, F2) and probed in immunoblotting with the indicated antibodies. E. Cells were transduced with control shRNA 

(CL) or MITF shRNAs (M1, M2) followed by superinfection with empty vector or FOXQ1-expressing vector. Cells were probed 

in immunoblotting with the indicated antibodies. F. Cells described in (E) were assayed for invasion in Boyden chambers 

followed by calculation of invasion indexes. Shown are invasion indexes in CL-FOXQ1, M1-FOXQ1 and M2-FOXQ1 cells 

normalized by that in CL-Vector, M1-Vector and M2-Vector cells, respectively. Note, that FOXQ1 continues to suppress 

invasion in MITF-depleted cells. G. Q-PCR signals in reactions with DNA precipitated with the indicated antibodies from either 

SK-Mel-103 (top) or SCOV3 (bottom) cells expressing Vector or FOXQ1 were normalized by corresponding signals from IgG-

precipitated DNA.  Numbers below the graph correspond to FOXQ1 binding sites in CDH2 promoter described in Figure 3H.  

All data represent mean ± s.e.m. Statistical significance was assessed using two-tailed Student’s t-tests. A p<0.05 (*) was 

considered significant 
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D. 

Supplemental Figure S4, related to Figure 4. FOXQ1 interacts with β-catenin/TLE proteins  

A. Indicated cells were probed in immunoblotting with indicated antibodies. B. HEK293T cells were transfected with empty 

vector (V) or FLAG-FOXQ1-expressing vector (F), followed by preparation of nuclear extracts, immunoprecipitation with 

FLAG antibodies and probing in immunoblotting with the indicated antibodies. C. HEK293T cells were transfected with a 

mixture of TLE1-4 cDNAs (TLE) or EβP, followed by preparation of nuclear extracts, immunoprecipitation with IgG, pan-TLE 

(T) or β-catenin (β) antibodies and probing in immunoblotting with the indicated antibodies. D. SCOV3 cells (top) and SK-Mel-

147 cells (bottom) were transduced with empty vector or FOXQ1-expressing vector and probed in Q-RT-PCR. Shown are ratios 

of a gene-specific signal to ACTB-specific signal in FOXQ1-expressing cells normalized to the same in cells transduced with 

empty vector 
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Supplemental Figure S5, related to Figure 5. TLE depletion counteracts FOXQ1-dependent suppression of N-cadherin 

and invasion  

A. Cells transduced with empty vector (Vector) or FOXQ1-expressing vector (FOXQ1) were transfected with control siRNA 

(CL) or mixture of siRNAs against TLE-1, -2, -3, and -4 (siTLE). Cells were probed in immunoblotting with the indicated 

antibodies. B. Cells described in (A) were probed in invasion assay. Shown are invasion indexes of cells described in (A) 

normalized by the same in vector cells. 
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