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Abstract  

The PAX3 transcription factor is the key regulator of melanocyte development during 
embryogenesis and is also frequently found in melanoma cells. While PAX3 is known to 
regulate melanocyte differentiation, survival, proliferation and migration during 
development, it is not clear if its function is maintained in adult melanocytes and 
melanoma cells. To clarify this we have assessed which genes are targeted by PAX3 in 
these cells. We show here that similar to its roles in development, PAX3 regulates 
complex differentiation networks in both melanoma cells and melanocytes, in order to 
maintain cells as “stem” cell-like (via NES and SOX9). We show also that mediators of 
migration (MCAM and CSPG4) are common to both cell types but more so in melanoma 
cells. By contrast, PAX3-mediated regulation of melanoma cell proliferation (through 
TPD52) and survival (via BCL2L1 and PTEN) differs from that in melanocytes. These 
results suggest that by controlling cell proliferation, survival and migration as well as 
maintaining a less differentiated “stem” cell like phenotype, PAX3 may contribute to 
melanoma development and progression. 
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Introduction 



Melanoma is an aggressive skin cancer and mortality rates remain high for advanced 
stage patients where the five year survival rate is less that 20% [1]. Current therapies 
have limited success, and while targeted therapies are proving more successful [2-4], 
knowledge of the mechanisms that drive disease progression is urgently required. Of 
particular interest here are the key regulators of cellular process in both normal skin 
melanocytes and melanoma cells, as differences between these two are likely to provide 
strategic clues to the process of melanomagenesis.  

The transcription factor, PAX3, is at the top of the hierarchy of genes that regulate 
melanocyte specification, maintenance of the undifferentiated state, proliferation and 
migration during embryonic development (reviewed in [5]). PAX3 is also highly 
expressed in melanoma [6,7], where it is shown to contribute to melanoma cell survival 
[8,9]; however, it is not known whether it continues to control pathways of 
differentiation, migration and proliferation and whether this contributes to melanoma 
progression.  

In contrast to its well known role in embryonic development and in maintenance of the 
undifferentiated postnatal melanocyte stem cell [10], not much is known about the role of 
PAX3 in adult epidermal melanocytes, since its expression there has only recently been 
confirmed [11,12]. Our own studies indicate that PAX3-positive epidermal melanocytes 
exhibit a variable phenotype, from a more mature to a less differentiated and proliferative 
form, frequently showing expression of the antiapoptotic factor BCL2L1 (BCL2 like 
protein 1) [12]. Taken together with other studies [13,14], the results suggest that even in 
normal adult skin melanocytes PAX3 regulates differentiation and proliferation, as it does 
during development. It seems likely then, that PAX3 would continue to control 
maintenance of the undifferentiated state, proliferation and migration, throughout 
melanocyte development and maturation, and melanomagenesis, possibly playing a 
significant role in driving melanoma development and progression.  

To clarify its role and identify any potential differences in the functional repertoire of 
PAX3 between melanocytes and melanoma, we analysed its direct target genes, and 
assessed their differential activation in each cell type.  We show here that PAX3 is 
similarly involved in promoting a “stem” cell phenotype in both melanoma cells and 
melanocytes (via NES (Nestin) and SOX9 (SRY (sex determining region Y)-box 9)). 
There is however, a hitherto unreported difference in PAX3 regulation of melanoma cell 
proliferation relative to melanocytes (through TPD52 (Tumour protein D52)). We also 
confirm that its role in cell survival (via BCL2L1 and PTEN (Phosphatase and tensin 
homologue deleted from chromosome 10)) is distinct for melanoma cells. Moreover, 
while PAX3 commonly regulates cell migration through MCAM (Melanoma cell 
adhesion molecule) and CSPG4 (Chondroitin sulfate proteoglycan 4) in both melanocytes 
and melanoma cells, binding and expression of these genes are significantly enhanced in 
melanoma cells, presumably affecting the functional outcome. Therefore, PAX3 may 
indeed ‘tick all the boxes’ as an intrinsic factor in melanoma development and 
progression. 

 



Materials and Methods 

 
Cell culture. Human primary neonatal foreskin melanocytes HEM1455 (Cell 
Applications) were cultured as previously described [15]. A2058 metastatic melanoma 
cells (ATCC) were cultured in DMEM medium (Invitrogen) supplemented with 10% 
FBS (Interpath). Cell cultures were incubated at 37°C in a humidified incubator 
supplemented with 5% CO2.  
 
Immunocytochemistry. Immunofluorescent analysis was done as previously described 
[12]. Briefly, 5x104 cells/ cover slip were grown for 24 hours, as described above. 
Following fixation in 4% paraformaldehyde, and blocking with 10% NGS, cells were 
double-stained with anti-PAX3 (Invitrogen, 1/500) and anti-MITF (Merck, 1/200) 
antibody overnight. Controls with primary antibodies withheld were immunonegative.  
 
Western blotting. Total cellular proteins were extracted using RIPA lysis buffer 
containing protease inhibitors (Roche). Proteins (30–50 mg) were resolved on 12% SDS-
polyacrylamide gels and transferred to Immobilon-P membranes (Millipore). Western 
blots were probed with antibodies against PAX3 (DSHB) and β-actin (Abcam), and 
proteins detected with ECL Western Blot Detection Kit (Amersham). 
 
ChIP. Chromatin immunoprecipitation was performed using the EZ-Magna ChIP A kit 
(Millipore) according to the manufacturer’s recommendations. Briefly, melanocyte and 
melanoma cells were fixed in 1% formaldehyde, harvested, lysed, and DNA was sheared 
using a Branson450 Sonifier. Immunoprecipitation (IP) was performed with 5µg of either 
anti-PAX3 (from either DSHB or Invitrogen) or anti-IgG antibody (Millipore) as 
negative control. A 2% aliquot of sheared DNA prior to immunoprecipitation was used as 
input. All IPs were done in duplicate. Positive control promoters of Microphthalmia 
associated transcription factor (MITF) (-332/+5) and Dopachrome tautomerase (DCT) (-
186/-3), encompassing the confirmed PAX3 binding sites [16-18], were amplified with 
5’-TCCTCCAAAGGGGCATTCTGCT and 5’-TCCCGAGACACCACCGGAAA 
(MITF); and 5’-TGCCCTCCTGAAATAAAGCC and 5’-AAGCCAAACACCGTGCTG 
(DCT). Negative control primers (Millipore) amplified a non-related GAPDH promoter 
sequence. All PCRs were amplified using a Taq DNA Polymerase kit (Qiagen) for 40 
cycles. 
 
qPCR analysis of the gene promoter. Profiling of ChIP samples was done with custom 
designed ChampionChIP PCR array (Qiagen) containing 12 genomic sites of interest 
(Table S1). qPCR analysis was performed according to the manufacturer’s 
recommendations. Briefly, PAX3 or IgG immunoprecipitated DNA samples (IPs) and 
input DNA samples were loaded with RT2qPCR SYBR Green/Fluorescein Master Mix 
(Qiagen) into arrays and amplified for 40 cycles on iQ5 cycler (BioRad).  Additionally, 
MITF, DCT and GAPDH genomic sites were amplified with KAPA SYBR FAST qPCR 
Master Mix (KapaBiosystems) for 40 cycles. Each PCR reaction was performed in 
duplicate and mean Ct values were used for quantification. Each IP Ct value was 
normalised against the Input Ct value for the same PCR assay (ΔCt), before the fold 
enrichment in PAX3-IP over negative control IgG-IP (ΔΔCt) was calculated for each 



genomic site. Enrichment for the non-specific site (GAPDH) was determined to be the 
background and only enrichment above this value was considered true enrichment for 
each specific genomic site. Specific genomic enrichment was then calculated for each 
individual ChIP experiment, by subtracting the background from it, and the mean value 
for duplicate ChIP experiments was calculated.  
 
RNA extraction and RT-qPCR. Total RNA was extracted from cultured HEM1455 and 
A2058 cells using either Isolate RNA Mini Kit (Bioline), or Tryzol reagent (Invitriogen) 
with a column clean up (Qiagen). Quantity and quality of RNA were measured with a 
nanodrop spectrophotometer and assessed by agarose gel electrophoresis. 250ng of total 
RNA was reverse transcribed using Omniscript RT kit (Qiagen) and PCR products were 
amplified with either KAPA SYBR FAST qPCR Master Mix (KapaBiosystems) or 
SYBR GreenER qPCR SuperMix (Invitrogen), for 40 cycles. Each PCR reaction was 
performed in triplicate and the mean Ct value was used to calculate fold change over 
GAPDH (ΔΔCt). Primers used for RT-qPCR are listed in the supplementary information 
(Table S2). 
 
Statistical analyses. Statistical analyses of specific site enrichment and gene expression 
were performed using a Student’s t-test.  

 

Results 

PAX3 expression in HEM1455 primary melanocytes and A2058 melanoma cells  

We have previously reported persistent PAX3 expression in melanocytic lesions and 
normal skin melanocytes, both follicular and epidermal [12]. Here we confirm PAX3 
expression in both HEM1455 and A2058 cell lines (Figure 1), showing slightly higher 
(however not statistically significant) PAX3 levels in A2058 compared to HEM1455 
cells. This is most likely due to the variable expression of PAX3 in A2058 cells, as 
evidenced by differences in PAX3-staining intensity across the cultured cells, including 
some PAX3-negative cells. Others have also reported high variation in PAX3 levels 
across a variety of melanoma cell lines, but more uniform staining and higher expression 
in melanocytes [8].  

PAX3 target genes in HEM1455 and A2058 cell lines 

In order to assess PAX3 function/s and identify differential regulation mediators between 
melanocytes and melanoma cells, we have analysed 12 out of 56 potential direct PAX3 
target genes (Supplementary Table S3). These genes were selected as indicators of key 
PAX3-regulated processes, ie differentiation (SOX9, NES, and Hairy and enhancer of 
split 1 (HES1)), proliferation (TPD52, Cyclin A2 (CCNA2), and Nuclear factor kappa β 2 
(NF-Kβ2)), cell survival (BCL2L1, PTEN, and Transforming growth factor-beta 1 
(TGFβ1) and migration (MCAM, CSPG4, and CXC chemokine receptor 4 (CXCR4)). 

 



In addition MITF and DCT, known PAX3 targets in the melanocytic cell lineage, were 
chosen as positive controls to assess ChIP assay efficiency. ChIP with anti-PAX3 
antibody (DSHB) showed enrichment for both MITF and DCT promoters over the IgG 
control in A2058 cells, and this was confirmed using a different anti-PAX3 antibody 
(Invitrogen), albeit with less efficiency (Figure 2A). 

After validating the PAX3 ChIP assay on A2058 cells, we assessed binding of our 
selected genes (Table S1) in HEM1455 and A2058 cells. Enrichment in PAX3-IP relative 
to control IgG-IP was observed for most of the genomic sites analysed (Figure 2B), 
which is consistent with these genes being direct downstream targets of PAX3 in these 
cell types. However, there was no enrichment in NFKβ2 genomic site in either HEM1455 
or A2058, indicating it is not a target of PAX3 in either cell. 

Interestingly the overall fold enrichment at all sites is higher in A2058 compared to 
HEM1455, indicating a stronger binding of PAX3 to its targets in melanoma cells. In 
melanocytes four genomic sites, NES, TPD52, BCL2L1 and PTEN, do not show 
enrichment in PAX3-IP, suggesting that PAX3 regulates different pathways in 
melanocytes and melanoma cells. The fact that these genes are involved in differentiation 
(NES), proliferation (TPD52), and cell survival (BCL2L1 and PTEN) signifies PAX3 
involvement in regulation of these processes in melanoma by instigating melanoma-
exclusive mechanisms. 

In addition, genomic sites for SOX9, MCAM and CSPG4, even though common for both 
cell types, show significantly higher fold enrichment in melanoma cells compared to 
melanocytes. This suggests that PAX3 utilises the same mechanisms (via MCAM and 
CSPG4) to regulate migration of melanocytes and melanoma cells.  

In summary, the fourteen potential PAX3 target genes analysed here can be categorised 
as follows: i) PAX3 targets specific for melanoma (NES, TPD52, PTEN and BCL2L1); ii) 
PAX3 targets common to both melanocytes and melanoma (MITF, DCT, HES1, SOX9, 
CCNA2, TGFβ1, MCAM, CSPG4, and CXCR4); and iii) not a PAX3 target, such is 
NFKβ2).    

Expression of PAX3 targets in HEM1455 and A2058 

We next analysed the expression of the thirteen identified target genes in the two cell 
lines to confirm that the mRNA profile corresponds to PAX3 binding (Figure 3). Results 
here show downregulation of MITF, BCL2L1, and PTEN in A2058 compared to 
HEM1455, by 4.96*, 2.47, and 1.81*-fold, respectively (asterisk indicates statistical 
significance, p<0.05). HES1 shows no change in expression levels between the two cell 
lines (0.86-fold). By contrast, the remaining nine genes show upregulation in A2058 cells 
compared to HEM1455: DCT (2.74), SOX9 (6.13*), NES (10.66*), CCNA2 (2.17*), 
TPD52 (6.09*), TGFβ1 (3.24*), MCAM (38.04*), CSPG4 (2.37*), and CXCR4 (11.35*) 
(asterisk indicates statistical significance, p<0.05).  



We observe here a correlation between PAX3 binding to the target gene and its 
expression level; ie genes showing statistically significant enrichment in PAX3 binding 
in the melanoma cells vs. melanocytes, also show a significant difference in expression 
levels. Melanoma specific PAX3 targets, NES and TPD52 show significant upregulation 
in A2058, whereas BCL2L1 is downregulated although this is not statistically significant. 
Also, PTEN is significantly downregulated in melanoma. Furthermore, targets that are 
common in melanoma and melanocytes, but show significantly higher PAX3 binding in 
melanoma (such as SOX9, MCAM and CSPG4) also show significant upregulation in 
A2058 suggesting a role for PAX3 in their increased activation.   

Discussion 

To elucidate the role of PAX3 in melanoma relative to its role in melanocytes, we 
focused on processes known to be regulated by PAX3 during melanocyte development 
that might also be critical for melanoma progression. Fourteen chosen genes associated 
with these processes were analysed here as potential PAX3 targets, and proved to be 
informative in clarifying PAX3 involvement not just in melanoma, but also in 
melanocyte cellular processes.  

Traditional developmental roles of PAX3 in regulating differentiation, proliferation, cell 
survival and migration, are retained in melanocytes and melanoma cells, utilising 
common pathways/ mediators (such are MITF, DCT, HES1, SOX9, CCNA2, TGFβ1, 
MCAM, CSPG4, and CXCR4). However, additional regulatory mechanisms are employed 
specifically in melanoma (exemplified by NES, TPD52, PTEN, and BCL2L1). Moreover, 
several of the common targets, namely SOX9, MCAM and CSPG4, show significant fold 
enrichment in melanoma cells compared to melanocytes, suggesting that PAX3 mediated 
mechanisms are amplified in melanoma. Interestingly, those targets that are more 
strongly activated in melanoma are those that determine a less differentiated (SOX9 and 
NES), more motile (MCAM and CSPG4) cell phenotype, characteristic of melanomas 
with a higher metastatic potential [19]. In addition PAX3 targets that appear restricted to 
melanoma cells, promote cell survival (via PTEN) and proliferation (via TPD52).  

For the first time, we identify TPD52 as a novel PAX3 target, and this PAX3-mediated 
activation is restricted to melanoma cells rather than melanocytes. Overexpression of 
TPD52 associated with cellular proliferation is frequently observed in cancer, and in 
melanoma it is the fifth most upregulated gene [20-22]. Thus we show here that PAX3 
regulates melanocyte and melanoma proliferation [13,14], and it does so in melanoma via 
TPD52. 

We also identify that the clearest difference in PAX3 function between melanoma and 
melanocytes is in regulating cell survival. PAX3 binds to antiapoptotic factor BCL2L1 
and tumour suppressor gene PTEN in melanoma cells. PTEN overexpression results in 
cell cycle arrest and apoptosis, and mutations and inactivation of this gene are common in 
tumours [23,24]. Moreover PAX3 was previously reported to repress PTEN transcription 
in rhabdomyosarcoma and myoblasts [24]. Indeed, we show here strong PAX3 binding 
and downregulation of PTEN in melanoma. The strong decrease in expression may be 



exacerbated by the presence of three heterozygous PTEN mutations in A2058 cells 
including a 35bp deletion and two missense point-mutations [25].  

The mechanism of melanocytes and melanoma cell migration appears to be similar, since 
it binds to MCAM, CSPG4 and CXCR4 in both cell types, suggesting that the mere 
presence of PAX3 predisposes both cells to a highly motile phenotype. However, this is 
the first time that MCAM and CSPG4, known to promote cell motility [26,27], are shown 
to be direct targets of PAX3. We also confirm PAX3 binding to CXCR4, associated with 
metastatic spread of melanoma [28]. CXCR4, and its ligand CXCL12, regulate 
chemotactic migration and “homing” of tumour cells to a secondary organ/site, and 
facilitate tumour cell extravasation [29,30]. While PAX3 might regulate melanocyte and 
melanoma cell migration via the same mechanisms, it does so with increased strength in 
melanoma. By contrast, the low MCAM expression and PAX3 binding in melanocytes are 
consistent with low levels of PAX3/MCAM coexpression restricted to melanocytes of the 
growing hair follicles of normal skin, whereas epidermal melanocytes show no MCAM 
expression [12]. These observation highlight the likelihood of PAX3 involvement in 
melanoma progression to metastasis [21,31]. 

The overall higher fold enrichment at all gene sites, observed in melanoma compared to 
melanocytes, suggests a higher affinity of PAX3 for its targets in melanoma, since there 
is a similar level of PAX3 expression in both cell types. The increased binding might be 
due to the upregulation of “appropriate” cofactors in melanoma cells, providing a more 
favourable environment for PAX3 binding to target genes; or perhaps chromatin changes 
allow increased binding to targets. PAX3 binding efficiency to genes can also be altered 
in the presence of competitors (such as MITF) and transcriptional activation affected by 
cofactors (like SOX10, GRG4, DAXX) or antagonists (TGFβ2) [10,16,32].  For example, 
we did see here a very high increase of TGFβ2 expression in melanoma cells (180.84-
fold, data not shown). 

Finally, our results show that PAX3 is a key element in the complex regulating networks 
defining differentiation in melanocytes and melanoma cells, balancing the cells between a 
less or more differentiated state, through MITF, DCT and TRP1 [10,16,33], together with 
transcription factors SOX9 and HES1, as well as the TGFβ signalling pathway. We 
confirm here that MITF, DCT, SOX9 and HES1 are all direct targets of PAX3. It is 
evident from our results that regulation of the differentiation status of melanocytes and 
melanoma cells operates via PAX3-regulated mechanisms. We see exceptionally strong 
PAX3 binding to SOX9 and HES1 in melanoma, presumably to maintain the less 
differentiated phenotype. SOX9 promotes melanocyte differentiation, whereas HES1 
maintains a less differentiated phenotype [34,35]. PAX3 represses SOX9, and activates 
HES1, whereas TGFβ2 has the opposite effect [32]. However, we do not see the expected 
changes in SOX9 and HES1 expression levels in these cells. One likely explanation is the 
significant upregulation of TGFβ2 in melanoma, known to antagonise PAX3, which 
could override PAX3-regulated SOX9 repression and HES1 activation. 



Moreover, we find that NES is regulated by PAX3 exclusively in melanoma cells. NES is 
thought to mark a subpopulation of quiescent melanoma ‘stem’ cells with higher 
metastatic potential [36], which contribute to melanoma progression.  

It is interesting to note that even though PAX3 is known to activate MITF, and MITF 
expression in melanocytes is very high, its promoter shows minimal occupancy by PAX3. 
This suggests limited involvement of PAX3 in transcriptional regulation of MITF in 
melanocytes. Indeed, melanocyte transfection with Pax3 did not result in an increase in 
Mitf [31], confirming that Pax3 is not required to activate Mitf in these cells. It is possible 
that, in contrast to embryonic development, once the required level of MITF has been 
established in postnatal melanocytes, PAX3 is no longer necessary for its maintenance. In 
melanomas, however, PAX3 might once again regulate MITF, maintaining low to 
intermediate levels required to promote proliferation rather than differentiation [37].  

In conclusion, the key transcription factor PAX3 is expressed both in normal melanocytes 
and melanoma cells and regulates a number of processes similarly in both cells. In 
melanoma cells however, PAX3 appears to have a higher affinity / binding capacity for 
target genes, which regulate cell proliferation and cell survival. Since PAX3 acts as an 
internal rheostat to regulate cell differentiation, and maintenance of the stem cell 
phenotype, its expression in melanocytes and then in melanoma cells may increase the 
aggressive phenotype associated with metastatic melanoma, by promoting proliferation 
and preventing apoptosis, a lethal mixture. Moreover, by conferring migratory properties 
to melanocytes PAX3 predisposes them to a more motile phenotype upon malignant 
transformation thus contributing to metastatic spread of melanoma cells. Future studies to 
evaluate PAX3 as a potential target for melanoma treatment are suggested.  
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Figure Legends 

Figure 1. PAX3 expression in melanocytes and melanoma cells. A) PAX3 expression 
in A2058 cells confirmed by immunocytochemistry, showing coexpression of PAX3 with 
MITF, a known marker of the melanocytic lineage. B) PAX3 expression in HEM1455 
and A2058 cells confirmed by western blotting. C) Graph shows PAX3 mRNA levels in 
HEM1455 and A2058 (relative to GAPDH) assessed by RT-qPCR.  
 
Figure 2. PAX3 binding to target genes in melanocytes and melanoma cells. A) 
PAX3 binding to MITF and DCT promoters in A2058 cells was assessed by end-point 



PCR. ChIP assay was performed with two different PAX3 antibodies (from DSHB, lane 
3; or Invitrogen, lane 5) and matching control IgG antibodies (lanes 4 and 7). Non-
specific GAPDH promoter was included as a negative control for PAX3-IP; and IP with 
AcH3 (acetylated Histone H3) serves as positive IP control. Blank (lane 1) is no-template 
control for PCR reaction. B) Graph shows PAX3 binding to potential target genes in 
HEM1455 and A2058 cells, quantified by qPCR. For each target site, enrichment in 
PAX3-IP was normalised to the input DNA and calculated as a fold increase over 
normalised IgG-IP. Only enrichment above the enrichment value for the non-specific site 
(GAPDH) was considered true enrichment. Therefore, for each IP, specific promoter 
enrichment was subtracted from non-specific promoter enrichment (which was 5.58-fold 
for both HEM1455 IP1 and 2 and 2.6 and 5.135-fold for A2058 IP1 and 2, respectively). 
Asterisk (*) indicates statistically significant fold difference, p<0.05. 
 
Figure 3. PAX3 “target” gene expression levels in melanocyte and melanoma cells. 
Relative expression of PAX3 targets was analysed by RT-qPCR. Asterisk (*) indicates 
statistically significant fold difference, p<0.05. 
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