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Background: CXCR4 promotes melanoma metastasis.
Results: FOXD3 and PAX3 drive CXCR4 expression. Blocking these factors inhibits cell migration, but this is rescued by ectopic
CXCR4 expression.
Conclusion: PAX3- and FOXD3-mediated melanoma cell migration is dependent on promoting the expression of CXCR4.
Significance: This study identifies a new pathway and targets for therapeutic strategies to treat invasive melanoma.

Metastatic melanoma is an aggressive and deadly disease. The
chemokine receptor CXCR4 is active in melanoma metastasis,
although the mechanism for the promotion and maintenance of
CXCR4 expression in these cells is mostly unknown. Here, we
find melanoma cells express two CXCR4 isoforms, the common
version and a variant that is normally restricted to cells during
development or to mature blood cells. CXCR4 expression is
driven through a highly conserved intronic enhancer element by
the transcription factors PAX3 and FOXD3. Inhibition of these
transcription factors slows melanoma cell growth, migration,
and motility, as well as reduces CXCR4 expression. Overexpres-
sion of these transcription factors drives the production of
increased CXCR4 levels. Loss of PAX3 and FOXD3 transcrip-
tion factor activity results in a reduction in cell motility, migra-
tion, and chemotaxis, all of which are rescued by CXCR4 over-
expression. Here, we discover a molecular pathway wherein
PAX3 and FOXD3 promote CXCR4 gene expression in
melanoma.

Melanoma is an aggressive cancer where metastasis occurs
early in disease progression. There is currently no cure for met-
astatic melanoma, and the 5-year survival rates are less than
12% (1). It is therefore essential that the molecular pathways
governing melanoma metastasis be identified to drive new ther-
apeutic discoveries. CXC chemokine receptor 4 (CXCR4)3 has

been linked to metastasis in a number of different tumor types
and is detected in the invasive edge of melanoma primary
lesions, regional lymph nodes, and distal metastases (2, 3). In
addition, CXCR4 actively promotes melanoma cell motility,
invasion, and metastasis (4 –7). Inhibition of CXCR4 through
small molecule inhibitors AMD3100 and AMD11070 (3, 8 –10)
or peptides T22 or a variant of the CXCR4 ligand CXCL12 (11,
12) attenuate melanoma progression and metastasis but do not
alter primary tumor growth. Whereas CXCR4 is expressed in
melanoma and drives disease progression, very little is known
about what initiates, promotes, and maintains CXCR4 expres-
sion in melanoma. Although there is some evidence that sup-
ports regulation of CXCR4 expression in melanoma through
the SMAD/TGF� pathway (13), any direct regulation of the
CXCR4 promoter in this tumor type is previously unknown.

PAX3, a transcription factor that actively drives melanoma
progression, is aberrantly expressed in both melanoma cell
lines and in primary tumors. PAX3 inhibition leads to a
decrease in melanoma cell proliferation and survival (14 –17).
PAX3 has also been implicated in melanoma migration, inva-
sion, and metastasis (18). The mechanism by which PAX3 acts
as an oncogene is poorly understood, although it most likely
parallels its role during development by regulating growth and
differentiation. PAX3 likely exerts its oncogenic potential
through the regulation of downstream effector genes. A limited
number of PAX3 direct targets have been discovered in mela-
noma including the MET tyrosine kinase receptor as well as
transcription factors TBX2 and BRN2 (15, 18, 19). The full
scope of PAX3 activity in melanoma cannot be explained by the
regulation of these factors alone, therefore, PAX3 must also
regulate other downstream effectors.

PAX3 is generally a weak transcription factor on its own, and
often recruits other proteins to act in activator or repressor
complexes (20). A small number of PAX3 transcriptional cofac-
tors have been identified, but only SOX10 and ETS1 have been
verified within melanoma cells (15, 21, 22). PAX3 binds directly
to both SOX10 and ETS1, resulting in a synergistic activation of
downstream targets (21, 23). Due to the propensity of PAX3 to
recruit cofactors, it is logical to assume that PAX3 has several
cofactors in melanoma. One potential cofactor for PAX3 is the
transcription factor FOXD3. FOXD3 is expressed in mela-
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noma, regulated by B-RAF, and overexpressed as a possible
adaptive response during BRAF-inhibitor drug resistance (24 –
26). Although the functionality of FOXD3 in melanoma is not
clear, it acts as a transcription factor and binds DNA as a mono-
mer or with other proteins during development (27). There is
some evidence to support that FOXD3 is upstream of CXCR4
and that FOXD3 and PAX3 interact. FOXD3-related proteins
FOXC1 and FOXC2 up-regulate CXCR4 through an element in
the 5� proximal promoter, and an increase in FOXC2 within
endothelial progenitor cells is correlated with a rise in CXCR4
expression (28, 29). Another FOXD3-related protein, FOXO1,
is involved in a translocation mutation in alveolar rhabdomyo-
sarcomas, resulting in a chimeric protein that fuses the DNA-
binding domains of PAX3 with the transactivation domain of
FOXO1 (30, 31). This translocation product promotes CXCR4
expression through an undefined binding site (32, 33). There is
also evidence of a functional interaction between PAX3 and
FOXD3 during development, as well as support that the pro-
teins may physically interact (34, 35). Although there is evi-
dence of an interaction between PAX3 and FOXD3 and these
proteins are linked to similar developmental functionalities
such as cellular specification, migration, and survival, a shared
pathway in melanoma is not characterized.

In this report, we determine that PAX3 and FOXD3 interact
and activate the CXCR4 promoter through a highly conserved
island of sequence homology located within intron 1. Although
both FOXD3 and PAX3 modestly activate the CXCR4 pro-
moter alone, together these transcription factors synergistically
activate this promoter. This molecular pathway is active in mel-
anoma cells with PAX3 and FOXD3 overexpression resulting in
an increase of CXCR4 protein levels. Conversely, inhibition
FOXD3 and PAX3 transcription factor activity through domi-
nant-negative constructs resulted in a reduction of CXCR4 pro-
tein levels. The loss of FOXD3 and PAX3 activity negatively

affected cell motility, migration, and chemotaxis, with reintro-
duction of CXCR4 rescuing these phenotypes. Here, we dis-
cover a molecular pathway where the transcription factors
PAX3 and FOXD3 drive CXCR4 expression, thereby promot-
ing melanoma cell motility, migration, and chemotaxis.

Experimental Procedures

Cell Culture and Transfection—Human melanoma lines
(A375, mel-537, mel-624, mel-888, SKMEL-5, SKMEL-23, and
SKMEL-28), 293T, and 3T3 cells (ATCC and University of Chi-
cago Comprehensive Cancer Center Core Facilities) were cul-
tured 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 trans-
fected with Effectene (Qiagen) or Lipofectamine 2000 (Life
Technologies) reagent following the manufacturer’s protocols.

Quantitative Real-time Polymerase Chain Reaction—The
expression of CXCR4-A, CXCR4-B, and GAPDH transcripts
was measured utilizing SYBR Green mixture and the CFX Con-
nect Real-time System (Bio-Rad). Each reaction was performed
in triplicate with values normalized to GAPDH mRNA levels.
Primer sequences are provided in Table 1.

Western Blots—Cells were lysed in RIPA buffer and 50 �g of
total protein was separated on 7.5% BisTris gels, transferred to
nitrocellulose membranes (Bio-Rad), then probed with 1:200
Pax3 (University of Iowa Hybridoma Bank), 1:500 FOXD3 (Bio-
Legend), 1:1,000 CXCR4 (AbCam), 1:10,000 GAPDH (Cell Sig-
naling), or 1:1,000,000 vinculin antibody (Sigma).

Phylogenetic Footprinting/in Silico Promoter Analysis—For
promoter analysis, human and mouse candidate gene loci were
blasted against each other (NCBI/Blast), or multiple species
were compared with human (dcode) or blat search, Ensemble)
to identify genetic islands of homology. For sequence analysis,
the match (reward score) to mismatch (penalty score) ratio was

TABLE 1
Primer and probe sequences

Primer name Application Sequence

pGexFOXD3 forward Cloning ATG GAT CCA TGA CCC TCT CCG GC
pGexFOXD3 reverse Cloning CTG AAT TCA TAT GAC CCT CTC CGG C
FOXDN forward Cloning CAG GAT CCA TGC GGC GCC GGA AAC GCT TCA A
FOXDN reverse Cloning CAG AAT TCC TAT TGC GCC GGC CAT TTG GCT T
FOX enhancer forward Cloning TCG AGT GTT TGC CCG CTA TTG TTA TTT TCC CCC GTT TGT TGT TTT CCC C
FOX enhancer reverse Cloning CAT GGG GGA AAA CAA CAA ACG GGG GAA AAT AAC AAT AGC GGG CAA ACA C
hGAPDH forward RT-PCR ACA TCA TCC CTG CCT CTA CT
hGAPDH reverse RT-PCR CTC TCT TCC TCT TGT GCT CTT G
CXCR4 canonical forward RT-PCR CCG AGG GCC TGA GTG CTC CAG
CXCR4 noncanical forward RT-PCR GCA GAG GAG TTA GCC AAG ATG
CXCR4 reverse RT-PCR ATC CAT TGC CCA CAA TGC CAG
CXCR4 round1 forward ChIP TTT GTT GGC TGC GGC AGC AGG
CXCR4 round1 reverse ChIP TTT TGG AGT ACG GGT ACC TCC
CXCR4 nested forward ChIP TAG CAA AGT GAC GCC GAG GG
CXCR4 nested reverse ChIP AAT GTC CTG GCC GCT TCT GC
�-Tubulin round1 forward ChIP AAA GGC CAC TAC ACA GAG GG
�-Tubulin round1 reverse ChIP TAC CAA CTG ATG GAC GGA GAG G
�-Tubulin nested forward ChIP TTG ATT CTG TCC TGG ATG TGG
�-Tubulin nested reverse ChIP TCA GAC ACT TTG GGT GAA GGC
CXCR4 WT forward EMSA CTT GAG TCC CGC CGC GCG CGG CGG CTT GCA CGC TGT TTG CAA A
CXCR4 WT reverse EMSA CTT ACG TTT GCA AAC AGC GTG CAA GCC GCC GCG CGC GGC GGG ACT
CXCR4 �P1 forward EMSA CTT GAT TAA TTA CGC GCG CGG CGG CTT GCA CGC TGT TTG CAA A
CXCR4 �P1 reverse EMSA CTT ACG TTT GCA AAC AGC GTG CAA GCC GCC GCG CGC GTA ATT AAT
CXCR4 �P2 forward EMSA CTT GAG TCC CGC CGC GCG CGG CGG CTT TAA TTA TGT TTG CAA A
CXCR4 �P2 reverse EMSA CTT ACG TTT GCA AAC ATA ATT AAA GCC GCC GCG CGC GGC GGG ACT
CXCR4 �F forward EMSA CTT GAG TCC CGC CGC GCG CGG CGG CTT GCA CGC GGC CGG CAA A
CXCR4 �F reverse EMSA CTT ACG TTT GCC GGC CGC GTG CAA GCC GCC GCG CGC GGC GGG ACT
CXCR4 �P1�P2 forward EMSA CTT GAA CTC AGC CGC GCG CGG CGG CTT GGG CGA TGT TTG CAA A
CXCR4 �P1�P2 reverse EMSA ACG TTT GCA AAC ATC GCC CAA GCC GCC GCG CGC GGC TGA GTT
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set at 1 to �1 to locate islands with 75% conservation between
species, with high stringency for wordsize (of 11) for small con-
served segments, and a low stringency for gaps between con-
served nucleotides. After identification of potential enhancer
islands, these sequences were analyzed for potential PAX3
homeodomain TAAT(N2–3)ATTA (36) or paired (G)T(T/
C)(C/A)(C/T)(G/C)(G/C) (20, 37– 40) cis-response elements,
and FOXD3 long high-affinity sites (A/T)(A/T)T(A/G)
TTTN(T/C)N(T/C) or short core FOX DNA recognition sites
T(A/G)TT(T/G)(A/G)(T/C) (27, 41).

Plasmid Construction—The human CXCR4 reporter con-
structs shown schematically in Fig. 3 contain either 572 or 393
base pairs (bp) (pGL2-CXCR4pm572 or pGL2-CXCR4pm393,
respectively) of proximal promoter and 92 bp of exon 1 includ-
ing the start codon (42) cloned in-frame with the luciferase
gene. These constructs produced a protein containing the first
10 codons of CXCR4-B and the entire luciferase enzyme. The
pGL2-CXCR4pm393L construct contains 1781 bp of intron 1
and the first three codons of exon 2 cloned in-frame with the
luciferase reporter. In the pGL2-CXCR4 pm�ISH construct, a
267-bp segment flanked by BstXI and AgeI sites was removed
from intron 1, which included a 52-bp island of sequence ho-
mology (ISH) shown in Fig. 3E. Specific point mutations in the
P1, P2, and/or F sites were created by site-directed mutagenesis.

For EMSAs the pGex2T-PAX3 construct was a gift from J.
Epstein (University of Pennsylvania). The FOXD3 coding
sequence was cloned in-frame into pGex2T (GE Healthcare)
using primers pGexFOXD3 forward and reverse (Table 1), sub-
jected to restriction digest with BamHI and EcoRI, followed by
ligation.

The PAX3 expression, PAX3 dominant-negative, and MET
promoter constructs were created as described (21, 23). The
pcS2-mFoxD3 expression construct, containing 75 bp of 5�
UTR, 600 bp of 3� UTR, and a complete cDNA for mouse
FOXD3, was kindly provided by P. Labosky, Vanderbilt Univer-
sity (43). The FOXD3 dominant-negative construct (FOXD3-
DN) was created by cloning the C-terminal end of FOXD3
(amino acids 232–369) into pcDNA3 using primers FOX-DN
forward and reverse (Table 1). The FOXD3 reporter construct
(FOX-rep) was created including three FOX binding motifs in
primers FOX enhancer forward and reverse (Table 1) and
cloned into pGL2 containing the minimal Ret promoter (23).

Luciferase Assays—Cells were transfected with pGL2-
CXCR4 reporter constructs, pCMV-�-galactosidase (Clon-
tech) 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 pBlue-
script vector (Stratagene). Cells were transfected, incubated for
48 h, then luciferase and �-galactosidase levels were measured
(Promega). Luciferase activity was normalized to the internal
control �-galactosidase. For all luciferase experiments shown,
fold-induction was calculated by the measurement of the arbi-
trary light units produced by luciferase reporter protein divided
by the measurements obtained from the reporter vector alone.
Each bar represents n � 9, with mean � S.E.

Chromatin Immunoprecipitation (ChIP) Assays—SKMEL-28
and A375 cells were fixed in 1% formaldehyde, quenched in
0.125 M glycine, then processed according to the manufactu-

rer’s protocol (EMD Millipore). For immunoprecipitation of
PAX3 or FOXD3 DNA complexes, 1 �l of PAX3 or FOXD3
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 CXCR4 enhancer (Table 1). All
ChIP samples were tested for false positive PCR amplification
using primers that amplify a sequence from within the fourth
coding exon of the �-tubulin gene to control against genomic
DNA contamination. The nested primer set for this control is
provided in Table 1.

Electrophoretic Mobility Shift Assay (EMSA)—GST-tagged
proteins were expressed in BL21 cells and purified with gluta-
thione-Sepharose 4B beads according to the manufacturer’s
protocol (GE Healthcare). GST-tagged proteins or melanoma
protein lysates were mixed in reaction buffer (10 mM Tris-HCl,
pH 8.0, 150 mM KCl, 0.5 mM EDTA, 0.1% Triton X-100, 12.5%
glycerol, 0.2 mM DTT, and 100 �g/ml of poly(dI-dC)) for 30 min
at room temperature, then incubated 15 min after the addition
of �100 cold competitor probe. Probe sequences are listed in
Table 1. Cold (unlabeled) and hot (radiolabeled) probe sets con-
tain identical sequences. Probes were prepared by annealing
primers (Fig. 4B), labeled by end filling with DNA polymerase I
Large (Klenow) fragment (New England Biolabs), purified on
Illustra ProbeQuant G-50 Micro columns, then added to the
mixture for 15 min. Gels were run as stated above on 5% native
gels.

Immunoprecipitation—For in vivo co-immunoprecipita-
tions, cells were sonicated in 2� GS buffer (40 mM HEPES, 100
mM KCl, 40% glycerol, 2 mM 2-mercaptoethanol) supple-
mented with protease inhibitor mixture (Sigma) and 1 mM

PMSF. Cell lysates were mixed with either FOXD3 or normal
human IgG (Sigma) antibodies for 2 h at 4 ºC, then with Protein
G/Protein A-agarose beads (Calbiochem) for an additional 2 h.
Precipitates were spun down, washed 3 times in lysis buffer,
resolved on 10% SDS-PAGE gels, and evaluated by standard
Western blot analysis for PAX3 expression.

Scratch Cell Migration Assay—A375 and mel-624 cells were
transfected with pcDNA3 (as a negative control), CXCR4,
PAX3-DN, FOXD3-DN, PAX3-DN, and FOXD3-DN, or all
three expression constructs and were allowed to grow for 48 h
at which time the cell monolayer was scratched with a 100-�l
pipette tip. Photographs were taken at 0, 6, and 24 h then the
distance migrated was measured and graphed as percent of
wound area closed (wound width at time 6 or 24 h divided by
the wound width at time 0, multiplied by 100). Six wound areas
were quantified per experiment, and each experiment was
repeated in triplicate.

Transwell Chemotactic Assay—Transwell chambers with
8-�m pores were prepared by coating the bottom of the top
chamber with 15 �g/ml of fibronectin (Fisher) overnight at
4 °C. A375 and mel-624 cells were transfected with expression
constructs pcDNA3 (negative control), CXCR4, PAX3-DN,
FOXD3-DN, PAX3-DN, and FOXD3-DN, or all three con-
structs and trypsinized 24 h post-transfection. The A375 and
mel-624 cells were seeded into the top of the chamber in
DMEM without FBS at 120,000 or 75,000 cells, respectively.
DMEM supplemented with 10% FBS and 100 ng/ml of SDF-1�
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(Sigma) was added to the bottom chamber as a chemotactic
agent. Cells were allowed to migrate for 48 h and then cells in
the top chamber were removed and the remaining cells were
fixed in 4% paraformaldehyde, 0.1% gluteraldehyde and photo-
graphed. Data were graphed as number of cells per microscopic
field. Six independent areas per transwell filter were photo-
graphed and cell numbers were recorded. Each experiment was
performed in triplicate.

Statistical Analysis—Significance of the differences between
variable conditions was determined by GraphPad Prism statis-
tical software (version 5.0 GraphPad Software) utilizing the
Student’s t test and Chi-square analysis with a confidence inter-
val of 95%. All values stated as significant have p values of less
than or equal to 0.05 unless indicated.

Results

Melanoma Cell Lines Express Two CXCR4 Transcript
Isoforms—Comparative genomics between the human and
mouse genomes reveal conservation of several regions of the
CXCR4 gene (Fig. 1A). Significant conservation (�70% identi-
cal) 5� proximal to the exon 1 untranslated region (UTR) is less
than 100 bp. Even with this region being relatively small, other
studies find that this proximal promoter (�191 to 	88 from the
5� UTR start) is biologically active (44, 45). The genomic region
5� to the promoter region contains simple repeats and low
sequence conservation. The intronic region of the CXCR4 gene
has several regions of high homology (�70%) between the
human and mouse.

Two human alternate spliced transcripts have been identi-
fied (46) that differ from one another at the N-terminal end of
the resulting protein (Fig. 1C). The more common isoform
(CXCR4-B NM_003467, also known as CXCR4 variant 2 or
canonical CXCR4) is coded from exons 1 and 2 of the CXCR4

gene and is expressed in a wide variety of tissues (46). For this
transcript, exon 1 is 92 bp and includes the 5� UTR plus the first
five codons (Figs. 1C and 3A). The other transcript encodes a
longer protein (CXCR4-A NM_001008540, also known as
CXCR4-Lo or CXCR4 variant 1) and is encoded in its entirety
from exon 2 and has a distinct start codon and 5� UTR.
CXCR4-A expression is restricted in normal tissues to periph-
eral blood lymphocytes and spleen cells. Although the impact of
these differences has not been comprehensively studied, there
is some evidence that the receptors have differential responses
to ligands (46, 47). Differential expression of CXCR4 isoforms
in melanoma and cancer in general is nearly unexplored. In a
panel of melanoma cell lines, the CXCR4-B/canonical tran-
script is expressed in all cell lines tested (Fig. 1D). In addition,
the variant transcript is expressed to some degree in 3/7 mela-
noma cell lines (Fig. 1E). How these two isoforms are differen-
tially regulated, and any functional difference between CXCR4
isotype proteins in melanoma, is unknown.

Melanoma Cell Lines Express PAX3, FOXD3, and CXCR4 —
Expression of PAX3, FOXD3, and CXCR4 was determined in
seven melanoma cell lines. These proteins are expressed in all
lines tested to variant degrees (Fig. 2). CXCR4 in the melanoma
lysates is 
47 kDa, and a slower migrating band at 52 kDa may
also be present. Although the predicted molecular mass of
CXCR4 is 
40 kDa, multiple sizes have been documented due
to post-transcriptional modification including phosphoryla-
tion and glycosylation (48). Cell line 3T3 is shown as negative
controls for PAX3 and FOXD3.

PAX3 Activates the CXCR4 Gene—Published data support,
albeit indirectly, that PAX3 is directly upstream of CXCR4.
During embryonic muscle development, CXCR4 and PAX3
have similar but not identical expression patterns (49). All

FIGURE 1. The CXCR4 locus is highly conserved between human and mouse genomes and encodes two CXCR4 isoforms, CXCR-A and CXCR4-B. A, comparison
of human and mouse CXCR4 gene loci (analyzed using NCBI DCODE comparative genomics resources). The y axis indicates levels of homology, with the x axis level at
�50% homology. Exons are shaded, with coding regions indicated in black and untranslated regions in gray. Schematic of two transcripts generated, CXCR4-B and
CXCR4-A, are shown above the alignment graph. Length of genomic region is indicated in the scale bar below the graph in kilobases (kb), with the transcriptional start
of exon 1/CXCR4-B transcript assigned as zero. B, schematics of genomic segments in construct utilized in studies. The diagrams are in alignment with their genomic
locations in A. C, schematic of CXCR4-B and CXCR4-A transcripts, with the amino acid sequences indicated. The protein sequences are identical except for the most
N-terminal residues. D and E, both CXCR4 transcripts are expressed in melanoma cells. All cell lines in the panel expressed the canonical CXCR4-B transcript (D) as
detected by quantitative PCR analysis, whereas 3/7 expressed the non-canonical CXCR4-A transcript (E).
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CXCR4 positive cells expressed PAX3, however, not all PAX3
positive cells expressed CXCR4. In rhabdomyosarcoma, the
translocation product PAX3-FOXO1 (PAX3-FHKD) also pro-
motes CXCR4 expression, although it was not determined if
PAX3 alone was able to activate this gene (32, 33). To determine
whether PAX3 activates the CXCR4 5� proximal promoter
and/or intronic elements, plasmids containing regions from
the CXCR4 locus driving luciferase expression were trans-
fected into 293T cells in the presence or absence of a PAX3
expression vector. Three constructs were initially tested:
pGL2-CXCR4pm572, CXCR4pm393, and pGL2-
CXCR4pm393L, containing either 572 or 393 bp of the 5� prox-
imal promoter sequence with or without the full intronic
sequence. The sequence of the CXCR4-B promoter is shown in
Fig. 3A, and the constructs created are shown schematically in
Fig. 3B. PAX3 activated the reporter constructs significantly
only with the construct containing intron 1 (Fig. 3C,
CXCR4pm393L). This induction, whereas significant, was
modest (3.4 � 0.23-fold light units over levels without PAX3).
This weak induction is unsurprising because PAX3 is generally
not a strong transcription factor alone, and often recruits other
cofactors to effectively activate promoter sequences (20). Here,
we find that PAX3 activates genomic elements within intron 1
of CXCR4.

A Highly Conserved Enhancer Region within Intron 1 Con-
tains PAX3 and FOXD3 Consensus Motifs—Because PAX3
often works with co-factors, potential binding partner candi-
dates were tested. The ability of two known PAX3 co-factors,
SOX10 and ETS1, failed to synergistically activate pGL2-
CXCR4pm393L with PAX3 (data not shown). In silico pro-
moter analysis and phylogenetic footprinting was performed to
identify any islands of sequence homology conserved between
species in which the PAX3 binding site as well as potential rec-
ognition motifs of PAX3 co-activators may be located. An
island of sequence homology between human and mouse
CXCR4 loci is situated within intron 1, 3� proximal to exon 1
(black highlight, Fig. 3A). This 52-bp sequence, which is highly
conserved between Homo sapiens, Gorilla gorilla, Mus muscu-
lus, and Rattus noregicus (Fig. 3D), contains two putative PAX
paired binding sites (P1 and P2) and a short FOX core recogni-
tion sequence (FOX). The pGL2-CXCR4pm393L vector, as
well as pGL2-CXCR4pm393L-�ISH, a construct with a section
of intron 1 deleted (spliced region shown in Fig. 3A, with a
dotted line, schematic of plasmids shown in Fig. 3E), were trans-

fected into 293T cells in the presence or absence of PAX3
expression construct (Fig. 3F). PAX3 was able to drive the com-
plete CXCR4 promoter luciferase reporter construct but this
activity was abolished in the �ISH construct where the island of
sequence homology was removed.

Due to the presence of a FOXD3 binding site within the
CXCR4 intronic enhancer (Fig. 3D) and expression of FOXD3
in all seven melanoma lines (Fig. 2), luciferase assays were per-
formed to verify if FOXD3 drives expression of luciferase from
the CXCR4 reporter constructs. The pGL2-CXCR4pm393L
and pGL2-CXCR4pm393L-�ISH reporter constructs were
transfected into 293T cells with PAX3, FOXD3, or both expres-
sion constructs. The addition of FOXD3 protein lead to a 4.0 �
0.23-fold induction of light units over reporter vector alone,
and luciferase levels increased significantly after the addition of
PAX3 to 16.6 � 2.0-fold (Fig. 3F) but was abolished if the
reporter construct lacked the intronic enhancer. These data
support that FOXD3 activates the CXCR4 enhancer element
and this induction is significantly enhanced in the presence of
PAX3.

Mutation of Specific Binding Sites within the CXCR4 Intronic
Enhancer Leads to a Loss of Activation by PAX3 and FOXD3—
Specific mutations were created in the identified P1, P2, and/or
F sites (Fig. 3D) within the pGL2-CXCR4pm393L reporter con-
struct and transfected into 293T cells with or without PAX3
and/or FOXD3 expression constructs. In 293T cells, the P1 site
was dispensable for activation by PAX3 alone or synergistically
with FOXD3 (Fig. 4A, set 2, p � 0.194 and 0.206, respectively).
Conversely, mutation of the P2 site resulted in a loss of the
ability of PAX3 to drive luciferase expression alone or in com-
bination with FOXD3 (Fig. 4A, sets 3, 5, 7, and 8, p � 0.05 and
0.005, respectively). Furthermore, mutation of the F site lead to
a loss of FOXD3-dependent luciferase transcription either
alone or in combination with PAX3 (Fig. 4A, sets 4 and 6 – 8, p �
0.05 and 0.0005, respectively). These findings support that, in
293T cells, the P2 and F sites within the CXCR4 intronic
enhancer are necessary for PAX3- and FOXD3-dependent gene
expression and synergistic activation.

PAX3 and FOXD3 Directly Bind to the CXCR4 Enhancer
Element—Electromobility shift assays (EMSA) were performed
to determine whether PAX3 and FOXD3 directly bind to the
CXCR4 intronic enhancer element. GST-tagged PAX3 and
FOXD3 were able to bind to the probe specific to the enhancer
element (Fig. 4B) and cold probe inhibited these interactions
(Fig. 4C, lanes 4 and 9, lanes 5 and 10, respectively). Probe alone
and GST alone were run as negative controls and did not pro-
duce bands (Fig. 4C, lanes 2 and 3). Specific mutations in each of
the putative binding sites further identified which sites are uti-
lized in vitro. Cold probe with mutations in the P1 site was still
able to compete (Fig. 4C, lane 6), whereas cold probes with
mutations in the P2 site lost their ability to compete (Fig. 4C,
lanes 7 and 8). These results demonstrate that the P2 site is
utilized in vitro over the P1 site. When the F site was mutated
(Fig. 4C, lane 11), there was an incomplete competition, sug-
gesting that this site is in use as well. The addition of both PAX3
and FOXD3 proteins resulted in a supershift (Fig. 4C, lane 12).
These data show that FOXD3 and PAX3 directly interact with
the conserved enhancer element of CXCR4.

FIGURE 2. PAX3, FOXD3, and CXCR4 are expressed in melanoma cells.
Western analysis for PAX3, FOXD3, CXCR4, and GAPDH was performed in a
panel of cell lines (lanes 1–7). Negative controls for PAX3 and FOXD3 were
included (lane 8).
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The CXCR4 Intronic Enhancer Is Active in Melanoma Cells—
To determine whether the CXCR4 intronic enhancer drives
expression in melanoma cells, CXCR4 reporter constructs were
transfected into A375, SKMEL-28, and mel-624 cells (Fig. 5A).
CXCR4pm393L produced significant levels of luciferase
reporter activity in all melanoma cells tested (Fig. 5A, black
bars, 11.3 � 1.6 (A375), 9.5 � 2.0 (SKMEL-28), and 6.72 � 1.1
(mel-624)-fold induction over pGL2 vector p � 0.001). The
levels of reporter expression were attenuated when the intronic
enhancer was removed (Fig. 5A, gray bars, 5.1 � 0.8 (A375),
4.4 � 1.4 (SKMEL-28), and 3.59 � 0.5 (mel-624)-fold induction
over pGL2 vector alone, p � 0.02). These experiments support
that the CXCR4pm393L reporter construct is able to drive gene
expression in melanoma cells, and this function was reduced in
the absence of the intronic enhancer element.

To determine which specific sites are responsible for the loss
of activity of the intronic enhancer in melanoma cells, reporter
constructs with specific mutations in P1, P2, and/or F sites were
transfected into A375 and mel-624 melanoma cells (Fig. 5B).
For both cell lines, mutation in either P1 or P2 site was dispens-

able (Fig. 5B, sets 2 and 3, all p � 0.07). Mutation of both P1 and
P2 lead to a significant loss in luciferase activity when compared
with a reporter with a wild-type sequence (Fig. 5B, sets 1 and 5,
p � 0.001 (A375) and 0.0015 (mel-624)). Loss of the F site did
not lead to a significant reduction in luciferase activity when
compared with controls alone (set 4) or in combination with the
P2 site (set 7). Mutation of the F site in combination with the P1
site or both the P1 and P2 site mutated resulted in a significant
loss of luciferase activity (Fig. 5B, set 6, p � 0.0045 (A375) and
p � 0.0016 (mel-624), and set 8, p � 0.018 (A375) and p �
0.0021 (mel-624)). In these experiments, mutation of the P1 site
in combination with a loss of either the P2 or the F site leads to
a significant loss of the CXCR4 intronic activity of the enhancer.

Endogenous Proteins Do Not Bind Completely to Probes Con-
taining Mutations of Specific Binding Sites within the CXCR4
Intronic Enhancer—Radioactive probes containing the wild-
type CXCR4 intronic enhancer sequence (Fig. 4B) generate
bands in an EMSA analysis that are lost when �100-fold excess
cold probe is added in melanoma cell lysates (Fig. 5C, lanes 2
and 3). When the P1, P2, or F sites were mutated, the ability to

FIGURE 3. The CXCR4 locus contains a conserved element within intron 1 that is PAX3 and FOXD3 responsive. A, 393 bp of 5� sequence proximal to the
CXCR4-B transcriptional start site, exon 1, and partial intron 1 is shown. Within the promoter region, the previously defined TATA box and FOXC1/C2 site are
underlined and labeled (28, 42). Exon 1 is highlighted with gray, and the translational start site ATG is boxed. The region deleted in the CXCR4-�ISH constructs
is contained within the dotted area. A highly conserved 52-bp region is highlighted with black. B, schematics of CXCR4 luciferase reporter constructs. The
pGL2-CXCR4pm572 and pGL2-CXCR4pm393 vectors contain 572 or 393 bp of 5� promoter sequence, respectively, as well as a partial 5� UTR fused to the
luciferase gene. The pGL2-CXCR4pm393L construct contains 393 bp of promoter, exon 1, intron 1, and a partial exon 2 cloned in-frame with a luciferase
reporter cassette. The dotted and block box areas shown in A are highlighted. C, intron 1 of the CXCR4 gene contains a PAX3 response element. Reporter
constructs shown in B were transfected into 293T cells without (white bars, control) or with (black bars) a PAX3 expression construct. Luciferase levels shown as
fold-units over controls. D, intron 1 of the CXCR4 gene contains a 52-bp enhancer element possessing PAX and FOX sites that is highly conserved between
humans, gorillas, rats, and mice (ISH). E, comparison between pGL2-CXCR4pm393L and pGL2-CXCR4pm393L-�ISH constructs. The constructs are identical
except that the region containing the ISH removed in the latter. F, reporter constructs shown in E were transfected into 293T cells with PAX3 (white), FOXD3
(gray), or both PAX3 and FOXD3 (black) expression constructs. Luciferase levels are shown as fold-units over controls (levels without PAX3 or FOXD3
expression).
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completely inhibit binding was lost (lanes 4 –7). The probe with
a mutated P2 site was only partially able to compete in A375
cells (lane 5). In addition, probes containing an F site mutation
only partially competed against the wild-type probe in all cell
lines tested (lane 7). These findings demonstrate that proteins
within melanoma cells bind to DNA sequences from the
CXCR4 intronic enhancer that require wild-type P1, P2, and F
sites.

PAX3 and FOXD3 Reside on the Endogenous CXCR4 Locus in
Melanoma Cells—PAX3 and FOXD3 are also located within
the CXCR4 locus in melanoma cells, as determined by chroma-
tin immunoprecipitation (ChIP) assays. A PCR amplicon was
generated utilizing primers specific for the CXCR4 gene region
near the intronic enhancer when proteins were precipitated
with antibodies specific for either PAX3 or FOXD3 (Fig. 5, D
and E, lanes 1 and 2). No product was generated when the
immunoprecipitation was performed with normal mouse IgG,
when the primers were sequence specific for the coding region
of the �-tubulin gene that does not have PAX or FOX enhancer
sites, or when no ChIP sample template was added (PCR water
blank, Fig. 5, D and E, lane 5), supporting that the amplified
bands are specifically generated from the ChIP analysis. As a
positive control of the input sample, DNA was isolated from the
cell lysate before immunoprecipitation and utilized as a tem-
plate for the PCR (Fig. 5, D and E, lane 4). These experiments
support that both PAX3 and FOXD3 are bound to the CXCR4
gene locus in melanoma cells.

PAX3 and FOXD3 Directly Interact in Melanoma Cells—
PAX3 and FOXD3 are both expressed in melanoma cells, and
activate the CXCR4 reporter constructs more robustly together
than alone, form a supershift complex in EMSA experiments,
and are both located on the endogenous CXCR4 gene (Figs. 2, 3,

4C, and 5, D and E). Immunoprecipitation assays were per-
formed to determine whether these proteins interact within
melanoma cells. Immunoprecipitation of protein lysates from
mel-624 or SKMEL-28 melanoma cells utilizing an anti-
FOXD3 antibody yielded a band when probed for PAX3 by
Western analysis (Fig. 5F, lane 1), but not in the absence of a
FOXD3-specific antibody (Fig. 5F, lane 2) or with nonspecific
antibody (Fig. 5F, lane 3). We find that PAX3 and FOXD3
directly interact in melanoma cells.

Dominant-negative PAX3 and FOXD3 Proteins Inhibit the
Ability of the Wild-type Proteins to Promote Transcription—For
cell biology experiments, a technical roadblock occurred when
introducing both expression constructs and siRNA molecules,
due to difficulties arising in differences in kinetics of inhibition
of expression and ideal methodologies of transfection. As an
alternative approach, dominant-negative constructs were
employed and tested. To validate that the dominant-negative
proteins functioned as inhibitors, proteins were expressed with
or without the wild-type proteins with reporter constructs con-
taining known PAX or FOX binding sites (Fig. 6, A–F). The C
terminus of PAX3, which contains a transactivation domain,
was deleted to create a PAX3 dominant-negative protein
(PAX3-DN) (Fig. 6A). A reporter construct containing a seg-
ment of the MET gene with a validated PAX3 binding site was
used as a control (Fig. 6B). As previously reported (15), PAX3
was able to promote luciferase expression, and this was atten-
uated with the addition of PAX3-DN (Fig. 6C). A previously
described FOXD3 dominant-negative protein (FOXD3-DN)
comprised of only the C-terminal end of FOXD3 (Fig. 6D) (50),
was transfected with a synthetic reporter construct (FOX
reporter construct) (Fig. 6E). The FOX reporter construct con-
tains three FOXD3 binding motifs cloned upstream of a DNA

FIGURE 4. The CXCR4 gene intronic enhancer region has specific PAX and FOX binding sites. A, mutations in putative PAX and FOX sites within the CXCR4
intronic enhancer alter the ability of PAX3 and FOXD3 to drive expression. pGL2-CXCR4pm393L or constructs with mutant P1, P2, and/or F sites were
transfected into 293T cells with PAX3 (white), FOXD3 (gray), or both PAX3 and FOXD3 (black) expression constructs. Luciferase levels shown as fold-units over
controls (levels without PAX3 or FOXD3 expression). B, sequence of the probe used in C with the PAX and FOX sites boxed. C, EMSA analysis for PAX3 and FOXD3
binding in vitro. Labeled probe encompassing the CXCR4 enhancer region as shown in B was incubated without any protein (lane 2), or with GST alone (lane 3)
as negative controls. Lane 1 is without protein or probe (empty lane, negative control). The labeled probe was incubated with GST-PAX3 (lanes 4 – 8) or
GST-FOXD3 (lane 9-11), or both (lane 12), and in the presence of �100 cold probes with or without PAX or FOX sites mutated as indicated (lanes 5– 8, 10, and 11),
which may inhibit protein binding to the labeled probe.
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segment from the RET gene locus that functions as a minimum
promoter but does not have significant basal activity on its own
(23, 27). The FOXD3-DN completely blocked the ability of
wild-type FOXD3 to drive luciferase expression from the FOX
reporter construct (Fig. 6F). In parallel to these validation stud-
ies, both dominant-negative proteins completely inhibited the
ability of PAX3 and FOXD3 to activate expression utilizing the
CXCR4 enhancer (Fig. 6G). The dominant-negative constructs
were transfected into cells to measure consequences on cell
numbers. Using siRNA molecules, inhibition of PAX3 results in
a significant reduction of cell numbers, whereas FOXD3 loss
leads to an increase in cell growth in both A375 and mel-624
cells (Fig. 6, H and I), following previous observations (24, 51).
Introduction of PAX3-DN or FOXD3-DN lead to a significant
change in cell numbers (p � 0.05) following the same pattern as
the siRNA-treated cells, albeit to a lesser degree. In these exper-
iments, we find that PAX3-DN and FOXD3-DN inhibit the
ability of the wild-type proteins to act as transcription factors,
and result in similar cellular effects when compared with
siRNA-mediated transcript-specific interference.

PAX3 and FOXD3 Proteins Are Sufficient at Driving CXCR4
Expression in Melanoma Cells—FOXD3 and PAX3 were over-
expressed in melanoma cell lines to determine whether CXCR4
protein levels would be altered. Melanoma cell lines A375 and
SKMEL-28 were transfected with empty vector pcDNA3, or
with expression constructs for PAX3 and/or FOXD3. Protein
lysates from these cells were analyzed for the expression of
CXCR4 and vinculin (Fig. 7, A–D). In A375 cells, CXCR4 levels
increased significantly with the addition of either PAX3 or
FOXD3, and to even higher levels (383.0 � 72.6-fold over
cDNA3 controls) when both PAX3 and FOXD3 were added
(Fig. 7, A and B). In SKMEL-28 cells, addition of PAX3 and
FOXD3 alone did not promote a significant increase in CXCR4
expression. However, together PAX3 and FOXD3 increased
CXCR4 expression 8.3 � 1.4-fold over control levels (Fig. 7, C
and D). CXCR4 protein was increased at multiple molecular
masses, including 47, 52, and 75 kDa. Here, we find that the
addition of exogenous PAX3 and/or FOXD3 protein was suffi-
cient to increase the level of CXCR4 receptor in melanoma
cells.

FIGURE 5. The CXCR4 enhancer is active in melanoma cells through the PAX and FOX sites. A, the CXCR4 intronic enhancer is active in melanoma cells.
Empty vector (pGL2) or CXCR4 reporter constructs shown in Fig. 3E were transfected into A375, SKMEL-28, and mel-624 melanoma cells. Luciferase levels are
shown as fold-units over controls (levels without PAX3 or FOXD3 expression). B, mutation of PAX and FOX sites attenuates the activity of the CXCR4 enhancer
in melanoma cells. A375 and mel-624 cells were transfected with pGL2-CXCR4pm393L constructs with or without mutations in P1, P2, and/or F sites. Luciferase
levels are shown as percent of control luciferase levels (pGL2-CXCR4pm393L). C, EMSA analysis using a probe with the CXCR4 enhancer element with melanoma
cell lysates produces slow migrating bands. Labeled probe encompassing the CXCR4 enhancer region as shown in Fig. 4B was incubated with SKMEL-28, A375,
and mel-624 cell lysates without (lane 2) or with (lanes 3–7) �100 cold probes with or without PAX or FOX sites mutated as indicated, which may inhibit protein
binding to the labeled probe. Lane 1 contains samples with labeled probe without added cell lysate (negative control). Major shift band is indicated with arrows.
D and E, PAX3 and FOXD3 are located at the CXCR4 locus in A375 (D) and SKMEL-28 (E) cells. ChIP analysis was performed by precipitating proteins with
antibodies specific for PAX3 (lane 1), FOXD3 (lane 2), or with nonspecific normal mouse IgG (lane 3) as a negative control. Additional controls were DNA input
(positive control, lane 4) and no template DNA/water blank (negative control, lane 5). Precipitated DNA fragments were utilized as PCR templates with primers
specific for the CXCR4 intronic region (top gels) or exon 4 of the �-tubulin gene (bottom gels, negative controls). F, PAX3 and FOXD3 directly interact in
melanoma cells. Lysates from mel-624 (top bands) and SKMEL-28 (bottom bands) cells are immunoprecipitated (IP) with a FOXD3-specific antibody (lane 1), no
antibody/beads only (lane 2), or with a nonspecific human IgG (lane 3), and probed for PAX3 expression. WB, Western blot.
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PAX3 and FOXD3 Are Necessary to Maintain Full CXCR4
Levels in Melanoma Cells—To determine whether inhibition of
PAX3 and/or FOXD3 function alters CXCR4 levels, vectors
encoding PAX3 and/or FOXD3 dominant-negative proteins
were transfected into melanoma cells (Fig. 7, E–G). Levels of
CXCR4 were reduced when FOXD3-DN was present in A375
cells, but not significantly, whereas PAX3-DN lead to signifi-
cant decreases (44.7 � 16.5% of control levels, p � 0.006). Pres-
ence of both PAX3-DN and FOXD3-DN lead to significant
decreases in CXCR4 levels in both A375 (28.4 � 9.2%, p �
0.009) and mel-624 (47.8 � 15.4%, p � 0.002) melanoma cells.
Reduction of CXCR4 was not found with either dominant-neg-
ative protein alone in mel-624 cells. Decrease in CXCR4 inten-
sity was predominantly seen in the 52-kDa band. These domi-
nant-negative findings trend with experiments where siRNAs
are employed (data not shown). These data support that
FOXD3 alone is not necessary for CXCR4 expression in the
melanoma cells analyzed, but that PAX3 is necessary, either
alone or together with FOXD3.

Inhibition of PAX3 and FOXD3 Leads to a Reduction of Motil-
ity, Migration, and Chemotaxis—To determine whether inhibi-
tion of PAX3 and FOXD3 leads to an inhibition of cellular
motility, migration, and chemotaxis, cells were transfected with
empty vector (pcDNA3), or constructs expressing dominant-
negative PAX3, dominant-negative FOXD3, or both (Fig. 8).
Cells were transfected at high density and an open region was
introduced by scratching the cell layer, creating a “wound” area.
Cells were photographed after the creation of the wound area,
as well as 6 (A375 cells) or 24 h (mel-624 cells) post-wound
generation. Percent wound area closed was calculated to deter-
mine motility rates compared with control groups. Although
control groups demonstrated significant wound closing
(24.70 � 9.37%, A375, and 66.7 � 3.54%, mel-624), there were
significant decreases in motility for both cell lines with either
dominant-negative protein or both (p � 0.05, Fig. 8A). To test if
the presence of dominant-negative proteins would affect cellu-
lar migration and chemotaxis, cells were seeded in transwell
chambers, with transfected cells and serum-free media in the

FIGURE 6. Dominant-negative PAX3 and FOXD3 proteins inhibit wild-type protein transcriptional function and melanoma cell growth. A, a schematic
comparison of PAX3 wild-type and dominant-negative (PAX3-DN) proteins. B, schematic diagram of a PAX3-responsive reporter construct, containing
sequence comprised of the UTR and 5� proximal promoter segments of the MET gene. This reporter is PAX3 responsive, as previously reported (15). C, PAX3-DN
protein inhibits the ability of wild-type PAX3 to activate a reporter construct containing the MET promoter. PAX3 promoted luciferase activity 4.47 � 0.43-fold
over reporter levels alone, whereas the addition of PAX3-DN reduced these levels (all p � 0.0005). D, schematic comparison of FOXD3 wild-type and dominant-
negative (FOXD3-DN) proteins. E, schematic of a synthetic FOX reporter construct. The gene cassette contains three FOX binding motifs (as shown, boxed)
cloned 5� to a minimum promoter element that is upstream of a luciferase open reading frame. F, FOXD3-DN blocks the ability of FOXD3 to drive luciferase
expression. FOXD3 drove luciferase activity 4.48 � 0.18-fold over reporter levels alone, whereas the addition of FOXD3-DN inhibited this activation (all p �
0.0005). G, dominant-negative PAX3 and FOXD3 block the ability of the wild-type proteins to activate expression through the CXCR4 intronic enhancer.
PAX3-DN and FOXD3-DN alone did not drive luciferase activity from the CXCR4 reporter vector (sets 3 and 5, respectively, p � 0.2). The dominant-negative
proteins significantly inhibited the synergistic activation of the CXCR4 reporter by PAX3 and FOXD3 (PAX3-DN, set 7; FOXD3-DN, set 8; p � 0.0005 compared
with set 6). H and I, dominant-negative protein expression or siRNA targeting of PAX3 or FOXD3 results in similar consequences in melanoma cell growth. A375
(H) and mel-624 (I) cells were transfected with Scramble siRNA (control, first lanes), or siRNA targeted against PAX3 or FOXD3 (second and third lanes). Cells were
also transfected with empty vector (fourth lanes) or with PAX3-DN or FOXD3-DN expression constructs (fifth and sixth lanes). Growth changes seen for PAX3 or
FOXD3 inhibition are significant when compared with controls (*, p � 0.05; ***, p � 0.0005).
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FIGURE 7. PAX3 and FOXD3 are sufficient to overexpress CXCR4 protein in melanoma cells, and PAX3 with or without FOXD3 is necessary for full
CXCR4 expression. A–D, the addition of exogenous PAX3 and FOXD3 in A375 (A and B) or SKMEL-28 (C and D) cells leads to an increased level of CXCR4 protein.
In A375 cells, endogenous CXCR4 is expressed in multifold lower levels in comparison to transfected cells and is not detectable at the exposure presented in
A. A representative Western analysis is shown (A and C), and densitometry of four independent experiments are displayed in graph form (B and D). PAX3,
FOXD3, or both proteins together were able to overexpress significant levels of CXCR4 protein in A375 cells (B, p � 0.002 all groups), whereas only the
expression of both PAX3 and FOXD3 overexpressed CXCR4 at significant levels in SKMEL-28 (D, p � 0.0005 PAX3 	 FOXD3 group). E–G, the inhibition of PAX3,
or PAX3 and FOXD3, leads to a reduction of CXCR4 protein. Dominant-negative proteins shown in Fig. 6 are transfected into A375 (E) or mel-624 (F) cells.
Exogenous PAX3-DN protein is detected by the HA tag, whereas endogenous PAX3 levels are revealed using an antibody that recognizes the C terminus that
is lacking in the PAX3-DN. Endogenous FOXD3 levels are expressed at significantly lower levels in comparison to FOXD3-DN protein and is not detectable at the
exposure shown in E and F. A representative Western analysis is shown (E and F), and densitometry of four independent experiments are displayed in graph
form (G). Significant decreases in CXCR4 was seen when PAX3-DN alone (44.7 � 16.5% of control levels, p � 0.006) or with PAX3-DN and FOXD3-DN together
(28.4 � 9.2%, p � 0.009) were added to A375 cells (top graph), or both dominant-negative proteins in mel-624 cells (47.8 � 15.4%, p � 0.002, bottom graph).
Decrease in CXCR4 intensity was predominantly seen in the slower migrating 52-kDa band.

FIGURE 8. Inhibition of PAX3 and FOXD3 function leads to a significant decrease in motility, migration, and chemotaxis in melanoma cells, but this
inhibition is reversed with the addition of exogenous CXCR4. A and B, dominant-negative PAX3 and FOXD3 proteins reduce cellular motility (A), whereas
added CXCR4 restores this loss (B). Cellular scratch assays of cells were transfected with either pcDNA3 (control group), or with FOXD3-DN, PAX3-DN, and/or
CXCR4 expression constructs. Graphs are shown as percent scratch area closed, calculated as measurements of the wound area at 6 (A375) or 24 h (mel-624)
post-creation of the scratch, divided by the measurements at the start of the experiment and multiplied by 100. Dominant-negative proteins demonstrated
decreased motility compared with control groups (graphs in A, A375 p � 0.05, mel-624 p � 0.005). The addition of CXCR4 restored cellular motility (CXCR4
group versus PAX3-DN 	 FOXD3-DN 	 CXCR4 groups, p � 0.17 both cell types). C and D, dominant-negative PAX3 and FOXD3 proteins decrease cellular
migration and chemotaxis, whereas added CXCR4 restores this loss. Melanoma cells were tested in transwell assays with FBS and SDF1 added to the lower
chamber as a chemoattractant (shown schematically in C) that were transfected with either pcDNA3 (control groups), or with vectors expressing CXCR4,
PAX3-DN and FOXD3-DN, or both (D). For each group, six fields of cells for each experiment was counted and averaged. The addition of CXCR4 increased
migration significantly (66.72 � 5.45 cells/field (pcDNA3) to 107.17 � 32.19 (CXCR4) for A375, and 69.33 � 7.54 (pcDNA3) to 115.67 � 15.09 for mel-624, p �
0.05 both cell lines). The presence of both dominant-negative proteins significantly inhibited migration (42.72 � 12.45 for A375, 41.94 � 12.70 for mel-624, p �
0.05 both cell lines). Adding CXCR4 to cells transfected with both dominant-negative proteins restored cellular migration (84.50 � 24.90 for A375, 104.28 �
10.22 for mel-624, p � 0.19 when comparing CXCR4 groups to PAX3-DN 	 FOXD3-DN 	 CXCR4 groups, both cell lines).
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top chamber and media with FBS and the CXCR4 ligand SDF1
in the lower chamber (Fig. 8C). Presence of both dominant-
negative proteins significantly affected migration and che-
motaxis for both cell lines (Fig. 8D, pcDNA3 group versus
PAX3-DN 	 FOXD3-DN group, p � 0.05). At longer time
points, detrimental affects on cellular growth and survival were
observed, consistent with previous observations for both PAX3
and FOXD3 (14, 24). These data support that inhibition of
PAX3 and/or FOXD3 in melanoma cells leads to a significant
reduction in cellular motility, migration, and chemotaxis.

Reintroduction of CXCR4 Expression Rescues Decrease in
Motility, Migration, and Chemotaxis Due to Inhibition of PAX3
and FOXD3 in Melanoma Cells—We find that inhibition of
PAX3 and FOXD3 results in both a loss of cellular movement
and CXCR4 expression. To determine how much of a role
CXCR4 expression is playing in PAX3- and FOXD3-dependent
cell migration, motility, and chemotaxis, CXCR4 expression
was reintroduced in cells expressing PAX3 and FOXD3 domi-
nant-negative proteins. In scratch assays, no significant
increase in cell motility was noted for either cell line when exog-
enous CXCR4 protein expression was present (Fig. 8B, p �
0.10). Although the presence of both dominant-negative pro-
teins significantly inhibited cell motility, the addition of CXCR4
restored motility to control levels. Furthermore, whereas the
addition of CXCR4 alone increased cell migration and che-
motaxis in transwell assays (Fig. 8D, p � 0.05 both cell lines),
CXCR4 expression maintained this migration ability when
both dominant-negative proteins were present (p � 0.19 both
cell lines). We find that, in scratch and transwell assays, the
addition of exogenous CXCR4 expression rescues the effects of
PAX3 and FOXD3 inhibition on cellular motility, migration,
and chemotaxis. In summary, we define a pathway involving
PAX3 and FOXD3 promoting CXCR4 expression in melanoma
through a highly conserved intronic enhancer, thereby promot-
ing melanoma cell motility and migration.

Discussion

Melanoma Cells Express Two CXCR4 Isoforms, One Com-
monly Expressed in Cells (CXCR4-B), Whereas the Other Is Nor-
mally Restricted to Cells during Development or Mature Blood
Cells (CXCR4-A)—In humans, two alternate spliced transcripts
of CXCR4 have been identified (1). The two isoforms differ
from one another by 9 amino acids in the functionally impor-
tant N-terminal extracellular region of the receptor (Fig. 1 and
Ref. 11). The common isoform, called CXCR4-B, is expressed in
all of the melanoma cell lines. The other variant, CXCR4-A, is
expressed in a subset of the cell lines screened (3/7 lines tested).
The expression of the alternate transcript is not expected,
because it has been reported to have a restricted expression
pattern in mature tissues to peripheral blood lymphocytes and
spleen cells (11). Although the impact of these differences
between isoforms have not been extensively studied, it appears
that this alteration in the N-terminal region results in
CXCR4-A being less efficient in its response to CXCL12/SDF1
as measured by calcium ion flux and chemotactic responses
(11). We did not detect any differential expression between
CXCR4 isoforms in our studies (data not shown). The role of
CXCR4-A in cancer will be a focus of future studies, due to the

potential clinical relevance. Although CXCR4 is presently a tar-
get in current cancer therapy trials, the expression of a more
cell-type restricted isoform may provide a unique drug target.
Because CXCR4-A features a unique extracellular N-terminal
region, it is plausible that a small molecule inhibitor could be
designed to specifically inhibit CXCR4-A while sparing the
function of the more widely expressed canonical CXCR4 pro-
tein. Furthermore, CXCR4-A may serve as a unique diagnostic
marker in melanoma if it is associated with cells that are more
prone to metastasis. Thus, CXCR4-A may represent a more
focused therapeutic target and should be further studied in the
context of melanoma and other cancers.

PAX3 and FOXD3 Are Expressed in Melanoma, Directly
Interact, and Promote the Expression of CXCR4 through a
Highly Conserved Genomic Element—Here, we identified a
highly conserved enhancer located within intron 1 of the
CXCR4 gene, containing both PAX and FOX binding sites (Figs.
3 and 4). These sites are active in melanoma cells (Fig. 5). In our
experiments, loss of this enhancer element, or the P1 and P2
sites specifically, abolished the ability of PAX3 to activate the
CXCR4 regulatory element (Figs. 3F, 4A, and 5). The deletion of
the intronic enhancer region or the F site within the CXCR4
locus reduced but did not eliminate the ability of FOXD3 to
activate a CXCR4 reporter construct (Figs. 3F, 4A, and 5). This
may be due to a secondary FOXD3 binding site within the
genomic segment contained in the construct, perhaps the pre-
viously identified FOXC binding site just 5� to the first exon (see
Ref. 28 and marked in Fig. 3A). However, loss of the intronic
enhancer abrogated synergistic activation of FOXD3 and PAX3
together. Our data support that FOXD3 and PAX3 synergisti-
cally activate the CXCR4 gene through the intronic enhancer in
melanoma cells.

In this report, we find that PAX3 and FOXD3 directly inter-
act and form a super-shifted complex in a gel shift containing
the CXCR4 enhancer element (Figs. 4C and 5C). This is a par-
allel finding to what occurs during development in the neural
crest, which are the precursors to future melanocyte cells. In
the neural crest, FOXD3 acts as a regulator of PAX3 transcrip-
tional function and represses a pathway that drives cells to dif-
ferentiate into a melanocytic fate (35). It is unclear if this mech-
anism is recycled in melanoma cells. If so, FOXD3 may be an
inhibitor to melanocyte differentiation and promotes a more
stem-cell like fate. In development, FOXD3 binds to PAX3 and
acts as a repressor to PAX3-mediated MITF activation (35).
This is a different mechanism than what we discovered here,
where the two factors bind and act together as transcriptional
activators of CXCR4. Potential future studies will focus on
other potential downstream genes that are both PAX3 and
FOXD3 activated in addition to CXCR4, and if FOXD3 retains
its ability to act as a repressor of PAX3 activity for other genes.

CXCR7, an Alternate SDF1 Receptor in Melanoma—In this
report, we focus on the CXCR4 receptor, an established driver
of melanoma metastasis (4 –7). Recently, expression of CXCR7
was found through candidate gene RT-PCR and RNAseq anal-
ysis in human melanoma cell lines (52, 53), as well as medaka
aquarium fish melanomas (54) and normal melanocytes (55).
Furthermore, CXCR7 is necessary for melanocyte and medaka
melanoma SDF1-dependent migration (54, 55). These works
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conclude that CXCR4 is not necessary in their models; how-
ever, expression of CXCR4-A is overlooked. In this report, we
discovered that both the canonical CXCR4-B and the variant
CXCR4-A are expressed in melanoma cells (Fig. 1). Medaka has
two separate genes for CXCR4, cxcr4a and cxcr4b, and although
both are expressed in medaka melanomas at similar levels, only
cxcr4b was blocked in this study (54). In normal melanocytes,
CXCR4 was inhibited with neutralizing antibody Abcam
ab2074 (55). This antibody targets the most N-terminal
epitopes of CXCR4-B, and many of these amino acids are not in
the CXCR4-A protein. In our experiments, we do not detect
CXCR4-A with this antibody, but do with another antibody
(Thermo Scientific, PA3-305) that targets residues 338 –359 of
CXCR4 (data not shown). Although there is good evidence that
demonstrates CXCR7 role in migration, CXCR4-A cannot be
ruled out.

In our studies, the role of CXCR7 is unknown. Fig. 8 is
focused on the very specific question if FOXD3- and PAX3-de-
pendent migration was due to the loss of CXCR4. In this figure,
we were able to rescue the reduction in cell migration with the
addition of CXCR4. It may be that the residual migration seen
with loss of CXCR4 (Fig. 8D) is CXCR7 dependent, and inhibi-
tion of this second receptor will fully block cell migration.
Alternatively, PAX3 and/or FOXD3 may also regulate CXCR7
and levels of this second receptor were altered. Furthermore,
there is some suggestion of cross-talk between receptors in
other cell types, and CXCR7 may be affected by changes in
CXCR4 levels. Only limited studies now exist that examine
CXCR7 in melanoma (52, 54) and this receptor may complicate
clinical approaches to CXCR4-specific therapeutic targeting.

FOXD3 and PAX3 Involvement in Melanoma Metastasis
through the Promotion of CXCR4 Expression—Although over-
expression of FOXD3 may inhibit migration and invasion,
FOXD3 also promotes metastasis through the activation of
ERBB3 (26, 56). PAX3 drives melanoma migration and inva-
siveness, and this is due at least in part by the activation of the
BRN2 gene (18).

CXCR4 has been clearly implicated in melanoma invasion
and metastasis (4 –7). Here, both FOXD3 and PAX3 are linked
to melanoma progression and metastasis by driving CXCR4
expression. In melanoma, CXCR4 is primarily correlated with
melanoma lung metastasis (6). At present, it is not known what
role PAX3 and FOXD3 plays in tissue-specific metastases.
Here, we find that inhibition of PAX3 and FOXD3 reduce cel-
lular motility and migration, at least in the in cellulo models
tested. Our findings support that this reduction of cell move-
ment through PAX3 and FOXD3 inhibition is due to a decrease
in CXCR4 expression. Other studies have made similar find-
ings, where inhibition of CXCR4 in both transwell and scratch
assays lead to an impaired motility and migration (10). If these
transcription factors purely drove metastasis through CXCR4,
it would be expected that PAX3 and FOXD3 driven melanoma
would preferentially direct metastasis to the lung. However, if
these transcription factors promoted metastasis to other distal
sites commonly seen as metastatic destinations for melanoma,
such as skin, liver, lymph nodes, and brain, some other CXCR4-
independent pathway would be responsible. If this second pos-
sibility is true, this supports that targeting PAX3 and FOXD3

expression in melanoma would inhibit melanoma metastasis.
Although our data support nearly full rescue of the PAX3/
FOXD3-dependent loss by reintroducing exogenous CXCR4 in
the model systems tested, it is not clear if this will translate to in
vivo studies. Future studies will aim to determine whether
PAX3 and FOXD3 actively promote metastasis, if this is solely
due to the expression of CXCR4, or if there are other down-
stream targets mediating cellular invasion and metastatic
spread.
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