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ABSTRACT
Several key transcription factors regulate cell growth, survival, and differentiation during neural crest and melanoblast development in the
embryo, and these same pathways may be reactivated in tumors arising from the progenitors of these cells. The transcription factors PAX3 and
FOXD3 have essential roles in melanoblasts and melanoma. In this study, we define a regulatory pathway where FOXD3 promotes the
expression of PAX3. Both factors are expressed in melanoma cells and there is a positive correlation between the transcript levels of PAX3 and
FOXD3. The PAX3 gene contains two FOX binding motifs within highly conserved enhancer regulatory elements that are essential for
neural crest development. FOXD3 binds to both of these motifs in vitro but only one of these sites is preferentially utilized in melanoma
cells. Overexpression of FOXD3 upregulates PAX3 levels while inhibition of FOXD3 function does not alter PAX3 protein levels,
supporting that FOXD3 is sufficient but not necessary to drive PAX3 expression in melanoma cells. Here, we identify a molecular
pathway where FOXD3 upregulates PAX3 expression and therefore contributes to melanoma progression. J. Cell. Biochem. 117: 533–541,
2016. © 2015 Wiley Periodicals, Inc.
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Paired box protein 3 (PAX3) is a transcription factor essential
during melanocyte development and is aberrantly expressed

in melanoma [Plummer et al., 2008]. In normal melanocyte
development, PAX3 is down-regulated upon terminal differentia-
tion but its expression ismaintained inmelanoma cells. PAX3 acts as
an oncogene in melanoma by driving the expression of genes
promoting cellular migration, invasion, and metastasis [Bonvin
et al., 2012]. While the mechanism responsible for promoting and
maintaining PAX3 expression in melanoma is unknown, some
insight may be gained from developmental studies. During develop-
ment, PAX3 expression is maintained by TEAD2, PBX, and POU
factors in the neural crest, a population of cells that ultimately gives
rise to melanocytes [Smit et al., 2000; Milewski et al., 2004; Pruitt
et al., 2004; Chang et al., 2008]. STAT3 and SMADs regulate PAX3
expression in normal melanocytes [Yang et al., 2008; Dong et al.,
2012], and the POU proteins OCT1, BRN1, and BRN2 bind to the
PAX3 promoter in murine B16 melanoma cells [Zhu and Pruitt,
2005]. Factors that drive or inhibit expression of PAX3 through

upstream genetic elements within human melanoma cells are
unknown. Inhibition of upstream factors driving PAX3 expression
may lead to the down-regulation of PAX3 and, therefore, a loss of
oncogenic function within melanoma cells.

The transcription factor FOXD3 is a member of the Forkhead Box
(FOX) protein family, a group of factors responsible for lineage
decisions during embryonic development [Clark et al., 1993]. FOXD3
expression in the developing neural crest retains a population of
uncommitted daughter cells, while loss of FOXD3 leads to a
concurrent premature differentiation and reduction of these neural
crest-derived cells [Dottori et al., 2001; Teng et al., 2008]. As the
neural crest undergoes commitment to lineage specificity, FOXD3
blocks cells from undergoing melanocyte differentiation [Kos et al.,
2001; Thomas and Erickson, 2009]. FOXD3 is also expressed in
melanoma, regulated by B-RAF, and over-expressed as a possible
adaptive response during B-RAF-inhibitor drug resistance [Abel and
Aplin, 2010; Katiyar and Aplin, 2011; Basile et al., 2012]. The
function of FOXD3 in melanoma is not well understood, but it is
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thought to parallel its developmental role as a transcriptional
regulator of genes promoting stem cell-like qualities while
simultaneously blocking terminal differentiation.

In this report, we determine that FOXD3 directly binds to
enhancers in the PAX3 locus and promotes the expression of this
protein. Examination of the PAX3 promoter identified two FOX
consensus motifs, both of which are sufficient to activate the PAX3
promoter in 293T cells. Melanoma cells, however, preferentially
utilize only one of these motifs for PAX3 promoter activation. We
find that FOXD3 overexpression causes an increase in PAX3 levels
but inhibition of the transcription factor activity of FOXD3 is not
sufficient to reduce PAX3 levels. These data support that FOXD3 is
sufficient but not necessary for PAX3 expression in melanoma cells.
Here, we discover a molecular pathway where the transcription
factor FOXD3 promotes PAX3 expression, thereby promoting
melanoma advancement.

MATERIALS AND METHODS

CELL CULTURE AND TRANSFECTION
Humanmelanoma lines (A375, mel-537, mel-624, mel-888, SKMEL-
5, SKMEL-23, and SKMEL-28), 293T, HELA, and 3T3 cells (ATCC and
University of Chicago Comprehensive Cancer Center Core Facilities)
were cultured in DMEM/10% FBS (Sigma). Morphology and
melanoma-marker testing verified melanoma cell identity. All cells
were negative for the presence of mycoplasma. Cells were
transfected with Lipofectamine 2000 (Life Technologies) reagent
following manufacturer0s protocols.

WESTERN BLOTS
Cells were lysed in RIPA buffer and 50mg total protein was separated
on 7.5% Bis-Tris gels, transferred to nitrocellulose membranes (Bio-
Rad), then probed with 1:200 PAX3 (University of Iowa Hybridoma
Bank), 1:500 FOXD3 (BioLegend), or 1:1,000,000 vinculin antibody
(Sigma).

QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION (QPCR)
The expression of FOXD3, PAX3, and GAPDH transcripts was
measured utilizing iScript cDNA Synthesis kit and the iTaq Universal
SYBR Green Supermix and CFX Connect Real-Time System (Bio-
Rad). Each reactionwas performed in triplicate. Primer sequences are
as follows: PAX3 forward TGA GCG AGC GAG CCT CAG, PAX3
reverse TCT GAC ACA GCT TGT GGA AT, hGAPDH forward ACA
TCA TCC CTG CCT CTA CT, hGAPDH reverse CTC TCT TCC TCT TGT
GCT CTT G, FOXD3 forward GCT GGT CGA GCA AAC TCA CCG C,
and FOXD3 reverse CAAAGAATT TCC CTC CCA TCC C. Values were
normalized to GAPDH mRNA levels.

EXPRESSION AND REPORTER DNA VECTORS
The PAX3 reporter construct (pGL2-PAX3pm) contains a 50 1.6 kb
region upstream of the murine pax3 start codon [Li et al., 1999]
cloned into a pGL2 reporter vector. Mutation of putative FOX sites
within pGL2-PAX3pm were created by site directed mutagenesis, by
changing sites (F1 and F2, as shown in Fig. 4) to NotI restriction sites.
The PAX3 expression construct was created as described [Lang and
Epstein, 2003]. The pcS2-mFoxD3 expression construct, containing

75 bp of 50 UTR, 600 bp of 30 UTR, and a complete cDNA for mouse
FOXD3, was kindly provided by P. Labosky, Vanderbilt University
[Labosky and Kaestner, 1998]. For the FOXD3 dominant negative
construct (FOXD3-DN), the C-terminal end of FOXD3 (amino acids
232-369) was cloned into pcDNA3 using primers CAGGAT CCA TGC
GGC GCC GGA AAC GCT TCA A and CAG AAT TCC TAT TGC GCC
GGC CAT TTG GCT T.

ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)
Protein lysate samples were prepared from 293T cells transfected
with FOXD3. The reaction was performed in 50mM Tris, HCl pH 7.5,
50mM NaCl, 4% glycerol, 1mM MgCl2, 0.5mM EDTA, 0.5mM DTT,

Fig. 1. Melanoma cells express FOXD3 and PAX3 with a positive correlation
between the two transcripts. (A) Western analysis for FOXD3 and PAX3 protein
levels in a panel of melanoma cell lines. HELA and NIH 3T3 cell lysates are
included as negative controls, and vinculin levels are measured as a loading
control. (B) FOXD3 and PAX3 transcript levels in melanoma cell lines, as
measured by Real-time PCR analysis. Levels for the cell line mel-624 were
arbitrarily assigned as 1, and the other bars represent relative expression levels
as compared to mel-624 transcripts. All levels were normalized to GAPDH. (C)
Graph demonstrating the correlation between PAX3 (x-axis) and FOXD3 (y-
axis) transcript levels in melanoma cell lines.
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50mg/ml poly (dI-dC) (USB), and 500mg/ml BSA. For probes, primer
sequences for the PAX3 promoter are CCA GAA GTC ATT GTT TCC
TTT ATT TCA AAG GGG and CAA GAC GTT GCT TCT TTT ATT TTT
CCA GCA GTT TAG for the FOXD3 F1 and F2 sites, respectively.
Annealed probes were labeled by end filing with T4 polynucleotide
kinase (New England Biolabs) and purified on microspin G-50
columns (GE healthcare Biosciences). Nuclear extracts were
incubated for 30min on ice with labeled probe. Electrophoresis
was performed on 7% native gels. Gels were dried and exposed to
Kodak Biomax MS film (Carestream Health).

LUCIFERASE ASSAYS
Cells were transfected with pGL2-PAX3pm reporter constructs,
pCMV-beta-galactosidase (Clontech) as an internal control, with or
without PAX3 and/or FOXD3 expression constructs. The total
amount of DNA transfected was kept constant by the addition of
empty vector. Cells were transfected, incubated for 48 h, then
luciferase and beta-galactosidase levels were measured (Promega).
Luciferase activity was normalized to the internal control beta-
galactosidase with all experiments performed in triplicate.

CHROMATIN IMUNOPRECIPITATION (CHIP) ASSAYS
Melanoma cells (SKMEL-28 and A375) were fixed in 1% form-
aldehyde and quenched in 0.125M glycine then processed according

to manufacturer0s protocol (EMD Millipore). For immunoprecipita-
tion of FOXD3 DNA complexes, 1ml of FOXD3 polyclonal antibody
(Cell Signaling) was added per experimental reaction. Normal IgG
(Sigma) was used as a negative control against non-specific DNA
precipitation by an antibody. Nested PCR was performed with
primers to the PAX3 enhancer, first with TTG TGG ACT GCT GAG
CGG CTA TAC C (F) and TAT TCA GGG ACT GTC ACT CCG G (R) then
a second PCR reaction with primers CAT CTT GCC TTC TGA GTT TGC
C (F) and AAAAGGATGAGAATCGGGCAGG (R). All ChIP samples
were tested for false positive PCR amplification using primers that
amplify a sequence from within the fourth large coding exon of the
beta-tubulin gene to control against genomic DNA contamination.
The nested primer set for this control was AAA GGC CAC TAC ACA
GAGGG (F) and TAC CAACTGATGGACGGAGAGG (R) for thefirst
PCR reaction, then TTG ATT CTG TCC TGG ATG TGG (F) and TCA
GAC ACT TTG GGT GAA GGC(R) for the second PCR round.

STATISTICAL ANALYSIS
Correlation coefficients between FOXD3 and PAX3 were determined
using Spearman rank tests. Significance of the differences between
variable conditions was determined by Graphpad Prism statistical
software (version 5.0) utilizing the Student0s t-test and x2 analysis
with a confidence interval of 95%. All values stated as significant
have P values of less than or equal to 0.05 unless indicated.

Fig. 2. FOXD3 is sufficient to drive PAX3 expression in melanoma cells. (A–D) Increasing levels of exogenous FOXD3 leads to an increase in PAX3 in A375 (A and B) and SKMEL-
28 (C and D) melanoma cells. Protein levels of PAX3, FOXD3, and vinculin weremeasured by western analysis in cells transfected with DNA containing increasing levels (1%, 10%,
100%) of FOXD3 expression construct (A and C). Corresponding densitometric analysis for each western blot is shown (B and D). Due to high levels of exogenous expression,
endogenous levels of proteins may not be visible in some samples.
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RESULTS

MELANOMA CELL LINES EXPRESS FOXD3 AND PAX3
FOXD3 and PAX3 protein and transcript expression levels were
determined in seven melanoma cell lines by western analysis and
Real-time PCR (qPCR). Both proteins are expressed in all lines tested
to variant degrees (Fig. 1A). Cell lines HELA and 3T3were included as
negative controls for PAX3 and FOXD3. Transcript levels of FOXD3
and PAX3 are positively correlated to each other when compared
using Spearman rank correlation tests (P¼ 0.0067; Fig. 1B and C).

FOXD3 OVEREXPRESSION INCREASES PAX3 PROTEIN LEVELS
To test if FOXD3 increases PAX3 protein levels in melanoma cells,
the FOXD3 construct was transfected into A375 and SKMEL-28 cells
at increasing amounts. While the DNA levels were constant for each
sample, the ratio of FOXD3 construct to empty vector pcDNA3 was
altered, where FOXD3 consisted of 0%, 1%, 10%, and 100% of the
total DNA content. Exogenous FOXD3 protein expression increased
PAX3 levels in A375 and SKMEL-28 melanoma cells (Fig. 2A and C).
Densitometry on these western blots show that FOXD3 increased
PAX3 levels 3.6-fold� 1.1-fold and 4.2-fold� 1.3-fold in A375 and
SKMEL-28 cells, respectively (Fig. 2B and D). These data support that
FOXD3 is upstream of PAX3 and is sufficient to drive PAX3
expression in melanoma.

INHIBITION OF FOXD3 FUNCTION DOES NOT REDUCE PAX3
EXPRESSION IN MELANOMA CELLS
In order to determine if FOXD3 is necessary for PAX3 expression in
melanoma cells, a FOXD3 dominant negative (FOXD3-DN) construct
was made by cloning the C-terminal half of the protein starting with
an endogenous nuclear localization signal (NLS) through the end of
the protein (Fig. 3A). Transfection of FOXD3-DN into A375 andmel-
624 melanoma cell lines did not reduce PAX3 protein levels (Fig. 3B
and C). Similar results were seen when siRNA against FOXD3 were
transfected into cells (data not shown). These data support that while
FOXD3 is sufficient to drive PAX3 expression in melanoma, it is not
necessary.

THE PAX3 PROMOTER CONTAINS TWO FOX BINDING SITES
CONTAINED IN TWO CONSERVED ENHANCERS
Since PAX3 levels increased in the presence of FOXD3, the PAX3
promoter was examined for FOX consensus motifs to determine if
FOXD3 directly regulates the PAX3 gene. Through phylogenic
footprinting and in silico promoter analysis, two highly conserved
islands of homologywithin the proximal 1.6 kbPAX3 promoter were
previously identified, referred to as either NCE1 and NCE2 ([Milewski
et al., 2004], shown schematically and by sequence in Fig. 4A and B)
or sites I and II [Natoli et al., 1997]. These regions are sufficient to
drive pax3 expression during murine neural crest development,
where NCE2 initiates induction and dorsal restriction in the embryo
and NCE1 is involved in anterior expression [Li et al., 1999; Li et al.,
2000; Milewski et al., 2004; Pruitt et al., 2004; Chang et al., 2008;
Sanchez-Ferras et al., 2012]. The PAX3 promoter sequence was
analyzed for transcriptional factor binding motifs, including FOXD3
long high-affinity sites (A/T)(A/T)T(A/G)TTTN(T/C) N(T/C) and short
core FOX DNA recognition sites T(A/G)TT(T/G)(A/G) (T/C) [Overdier

et al., 1994; Sutton et al., 1996]. Two FOX long sites were identified
in the PAX3 promoter, one in NCE1 (F1) and another in NCE2 (F2). To
determine if FOXD3 directly binds to the predicted cis regulatory
elements, EMSAs were performed (Fig. 5A and B). Nuclear extracts
containing exogenous FOXD3 protein produced slower migrating
bands with radioactive probes containing the F1 and F2 sites, and
these bands were reduced upon competition with unlabeled probe.
Here, we identify two FOX binding sites within the PAX3 promoter,
and determine that FOXD3 directly binds these sites in vitro.

THE F1 AND F2 SITES WITHIN THE PAX3 PROMOTER ARE ACTIVE IN
CELLS
To determine if the PAX3 promoter was active in cultured cells and
responsive to FOXD3, a PAX3 promoter reporter construct
(PAX3pm) was transfected into 293T cells with or without the

Fig. 3. FOXD3 is not necessary for PAX3 expression in melanoma cells.
(A) Schematics of the FOXD3 protein (top) and the portion of FOXD3 used in
the FOXD3 dominant negative construct (FOXD3-DN, bottom). The C-terminal
half of the FOXD3 protein starting from the nuclear localization signal (NLS)
through the end of the protein was cloned into pcDNA3 to create FOXD3-DN.
(B) Inhibition of FOXD3 activity does not alter PAX3 protein levels in melanoma
levels. Western blots were performed on A375 and mel-624 cells transfected
with the FOXD3-DN construct or pcDNA3 (as a negative control) and probed
for FOXD3, PAX3, and vinculin (loading control). (C) Densitometric
measurements of PAX3 levels in western blots.
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FOXD3 expression construct. The PAX3pm reporter construct
contained the 1.6 kb proximal PAX3 promoter sequence in the
pGL2 luciferase vector. Exogenous FOXD3 drove reporter expression
from the PAX3 promoter at significant levels, 7.2-fold� 0.5-fold
over reporter alone (Fig. 5C). PAX3pm constructs with or without
mutated F1 and/or F2 sites were also transfected into 293T cells in
the presence or absence of a FOXD3 expression vector (Fig. 5D).
FOXD3 was able to drive reporter expression at significant levels
when either or both sites were present in comparison to promoter
vector alone. However, when both sites were mutated, the ability of
FOXD3 to drive this construct was attenuated.

THE 50 PROXIMAL PAX3 PROMOTER IS ACTIVE INMELANOMA CELLS
To test if FOXD3 acts on the PAX3 promoter in melanoma cells, it
was first determined if the PAX3 proximal promoter element drives
expression in melanoma cells. The PAX3 promoter reporter
construct (PAX3pm) was transfected into A375 and SKMEL-28
melanoma cells (Fig. 6A and B). The PAX3pm produced significant

levels of luciferase reporter activity in A375 and SKMEL-28
melanoma cells over empty pGL2 reporter vector (Fig. 6A and B,
black bars, 8.85� 0.65 and 6.44� 1.72-fold induction over pGL2
vector, respectively). In 293T cells, FOXD3 was able to drive reporter
expression through either of the two conserved FOXD3 binding
motifs (Fig. 5C and D). To determine if these FOXD3 sites are active in
melanoma cells, PAX3pm constructs containing intact or mutated
F1 and F2 sites were transfected into A375 and SKMEL-28
melanoma cell lines (Fig. 6C and D). While mutation of the F1 site
reduced reporter expression to 78.5%� 18.6% (A375) and
82.1%� 19.4% (SKMEL-28) of the PAX3pm levels, this reduction
was not significant. However, if the F2 or both F1 and F2 sites were
mutated, the reporter levels dropped to 51.1%� 13.8% and
45.6%� 11.6% for A375 cells and 32.4%� 9.8% and
37.5%� 10.2% of the PAX3pm vector levels, respectively. This
supports that FOXD3 can drive PAX3 expression from both the F1
and F2 enhancers, but the F2 enhancer is the site utilized in
melanoma cells.

Fig. 4. The PAX3 promoter contains two highly conserved FOXD3 sites, F1 and F2. (A) Schematic of the PAX3 promoter, with the locations of the ATG, CDS start, and conserved
elements NCE1 and NCE2. Two putative FOXD3 sites, F1 and F2, are indicated. (B) Sequence of the NCE1 and NCE2 enhancer islands within the PAX3 promoter. The sequence
numbering is in relation to the translational start site, which is numberedþ1. The dotted boxes indicate the NCE1 and NCE2 islands of sequence homology between human and
mouse sequences. Putative FOX long sites are shown by black boxes.
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FOXD3 REGULATES PAX3 EXPRESSION
ChIP assays were performed to determine if endogenous FOXD3
could bind to the PAX3 promoter within melanoma cells. A PCR
amplicon was generated utilizing primers specific for the PAX3
promoter region when protein was precipitated with antibodies
specific for FOXD3 in A375 and SKMEL28 cells (Fig. 6E and F, lane
1). A PCR product was not generated for the following negative
controls: when the immunoprecipitation was performedwith normal
mouse IgG, when the primers were sequence specific for the coding
region of the beta-tubulin gene that does not possess FOX enhancer
sites, or when no ChIP sample template was added (PCRwater blank).
As a positive control of the input sample, DNA was isolated from the

cell lysate before immunoprecipitation and utilized as a template for
the PCR reactions (Fig. 6E and F lane 3). No PCR product was
generated using PAX3 promoter-specific primers and an antibody
against PAX3 protein (data not shown). Although these findings do
not exclude the auto-regulation by PAX3, we did not find any
evidence of this in these experiments. These findings support that
FOXD3 is located on the PAX3 promoter in melanoma cells.

In summary, we delineate a model where FOXD3 directly binds to
two consensus motifs within the PAX3 promoter from which it
promotes protein expression. While both of these binding motifs are
sufficient for FOXD3 to activate the PAX3 promoter in 293T cells,
FOXD3 utilizes only the F2 site within melanoma cells. Further, we

Fig. 5. FOXD3 binds to the F1 and F2 elements in the PAX3 promoter and can drive expression from these elements in cells. (A) Sequences for the probes used for the EMSA
analysis, with the putative FOX binding sites indicated by boxes. (B) EMSA analysis for FOXD3 binding of PAX3 promoter sequences in vitro. Labeled probe containing the PAX3
promoter F1 site (lanes 1–3) or F2 site (lanes 4–6) were mixed with 293T lysate without (lanes 1, 4) or with (lanes 2, 3, 5, 6) exogenous FOXD3 protein. Binding of the labeled
probe was inhibited with cold probe competition (lanes 3, 6). (C) FOXD3 promotes expression from the PAX3 promoter. Empty vector (pGL2) or PAX3pm reporter constructs were
transfected into 293T cells without (white bars) or with (black bars) FOXD3 expression constructs. (D) FOXD3 drives PAX3 promoter activity in 293T cells through the F1 and F2
sites. Reporter constructs containing the PAX3 genomic region (shown in Fig. 3A and B), driving the expression of luciferase without mutations in putative FOX sites (PAX3pm) or
with mutations in F1 (PAX3pmDF1), F2 (PAX3pmDF2), or both (PAX3pmDF1DDF2), were transfected into 293T cells without (white bars) or with (black bars) a FOXD3
expression construct. For luciferase assays shown in C and D, fold induction was calculated for each sample by the measurement of arbitrary light units produced divided by light
units obtained from samples transfected with vector without FOXD3. Each bar is n¼ 9, with standard error of the mean as shown.
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Fig. 6. The PAX3 1.6 kb proximal promoter is active in melanoma cells, and is bound to FOXD3 in melanoma cells. (A and B) A reporter construct containing 1.6 kb of PAX3
promoter (PAX3pm) expresses luciferase in melanoma cells. pGL2-luciferase constructs without (white bars) or with (black bars) a segment of the PAX3 promoter were
transfected into A375 (A) and SKMEL-28 (B) cells. (C and D) The F1 and F2 PAX3 promoter sites are active in melanoma cells, with the F2 element being a major driver of
expression. PAX3 promoter constructs with or without mutations in putative FOX sites were transfected into A375 and SKMEL-28 cells. For % PAX3pm levels, values were
calculated by the measurement of arbitrary light units produced by each reporter divided by the PAX3pm levels, and multiplied by 100. For luciferase assays shown in A–D, each
bar represents n¼ 9, with standard error of the mean as shown. (E and F) FOXD3 is located on the endogenous PAX3 promoter in A375 (E) and SKMEL-28 (F) cells. Chromatin
immunoprecipitation (ChIP) analysis was performed with primers specific for the PAX3 promoter region (top gels) or exon 4 of the beta tubulin gene (bottom gels, negative
control). Proteins were precipitated with antibodies against FOXD3 (lane 1) or normal mouse IgG (negative control, lane 2). DNA from the cell lysate was tested as a positive PCR
control (lane 3), and no DNA template as a negative control (lane 4).

JOURNAL OF CELLULAR BIOCHEMISTRY PAX3, FOXD3, AND MELANOMA 539



find that while FOXD3 overexpression results in an increase in PAX3
expression, loss of FOXD3 function does not alter PAX3 protein
levels in melanoma cell lines. These data support that FOXD3 is
sufficient but not necessary for PAX3 expression in melanoma cells.

DISCUSSION

THE IDENTIFICATIONOFHIGHLY CONSERVED ENHANCER ELEMENTS
IN THE PAX3 GENE
Transcription factors FOXD3 and PAX3 are both expressed in
melanoma cells and exhibit a positive correlation between transcript
levels (Fig. 1), suggesting a relationship between these two proteins.
We identified two putative FOXD3 binding sites within conserved
regions of the PAX3 gene, F1 and F2 (Fig. 4). FOXD3 is capable of
binding to both of these sites in vitro (Fig. 5B). These sites appear to
be redundant in driving the PAX3 element in 293T cells (Fig. 5C and
D), while the F2 element was necessary in the two different
melanoma cell lines tested (Fig. 6). These data suggest a mechanism
where both of the FOX binding motifs may be utilized in some cells
types but melanoma cells only utilize the F2 site (Fig. 7). The reason
for this is not known, but it likely due to differences in cell types as
well as the presence or absence of transcriptional co-factors. FOXD3
is known to bind to a variety of proteins in neural crest and
melanocytes, including PAX3 [Thomas and Erickson, 2009]. Other
FOXD3-interacting factors include Oct4 and GRG4/TLE4 [Guo et al.,
2002; Yaklichkin et al., 2007]. F1 and F2 are situated within two
separate conserved enhancer islands (NCE1 and NCE2, shown
schematically in Fig. 4A), and the regulation of PAX3 by FOXD3
may differ during normal development due to the genetic element,
cell type, and developmental stage. While the role of FOXD3 in the
regulation of PAX3 during normal neural crest development, in
melanoblasts, and in melanoma is not known, our work presented
here supports that FOXD3 upregulates PAX3 in the melanoma
disease state. It is predicted that FOXD3 regulates PAX3 through the
F1 and F2 sites in both parallel and independent pathways in these
different cell populations.

While the relationship between FOXD3 and PAX3 is not well
defined in melanoma cells, here we discover FOXD3 response
elements in the PAX3 locus. In addition, FOXD3 protein interacts

with PAX3, and this leads to an inhibition of PAX3-dependent
activation of MITF in neural crest cells [Thomas and Erickson, 2009].
It is not known if this pathway is also active in melanoma cells,
although MITF levels are often independent of PAX3 expression
status [Mascarenhas et al., 2010; He et al., 2011]. One intriguing
possibility is that FOXD3 promotes PAX3 expression but selectively
inhibits PAX3 activity in promoting MITF gene expression. Indeed,
while PAX3 and FOXD3 expression are linked with invasion and
drug resistance, so are lower MITF levels [Basile et al., 2012; Bonvin
et al., 2012; Liu et al., 2013; Konieczkowski et al., 2014; Muller et al.,
2014]. The possibility that FOXD3 functions in this manner in
melanoma cells will be a focus of future studies.

FOXD3 IS SUFFICIENT BUT NOT NECESSARY FOR PAX3 EXPRESSION
IN MELANOMA CELLS
We discovered that while overexpression of FOXD3 resulted in an
increase of PAX3 protein levels (Fig. 2), inhibition of FOXD3
transcription factor activity was not able to reduce PAX3 levels in
melanoma cells (Fig. 3), showing that FOXD3 is sufficient but not
necessary for PAX3 expression in melanoma. FOXD3 is not the sole
driver of PAX3 expression in melanoma but it does contribute to
PAX3 expression and thus to some of melanoma phenotypes
including growth, survival, and resistance to differentiation. That
FOXD3 drives PAX3 expression may be especially important in the
acquired resistance of melanoma to the mutant B-RAF inhibitor,
PLX4032, or Vemurafenib. FOXD3 levels were found elevated in
these cell death-resistant cells and knock-down of FOXD3 in these
cells returned the drug-sensitivity to these cells [Abel and Aplin,
2010; Basile et al., 2012]. A similar trend is seen for PAX3 in
Vemurafenib-resistant melanoma cells. Here, PAX3 levels are
elevated, but cells become vulnerable to the drug again if PAX3
expression is blocked [Liu et al., 2013]. Since FOXD3 drives PAX3
expression in melanoma, it is possible that the overexpression of
FOXD3 in these resistant cells is responsible, in part, for the increase
in PAX3 levels, conferring resistance to cell death. Whether part of
the mechanism through which increased FOXD3 expression confers
PLX4032-resistance to melanoma cells is through the upregulation
of PAX3 expression could be a focus of future research.
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