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Treatments for primary and metastatic melanomas are rarely effective. Even therapeutics such as retinoic acid 
(RA) that are successfully used to treat several other forms of cancer are ineffective. Recent evidence indicates 
that the antiproliferative effects of RA are mediated by the transcription factor SOX9 in human cancer cell 
lines. As we have previously shown that SOX9 is expressed in normal melanocytes, here we investigated SOX9 
expression and function in human melanomas. Although SOX9 was expressed in normal human skin, it was 
increasingly downregulated as melanocytes progressed to the premalignant and then the malignant and metas-
tatic states. Overexpression of SOX9 in both human and mouse melanoma cell lines induced cell cycle arrest 
by increasing p21 transcription and restored sensitivity to RA by downregulating expression of PRAME, a 
melanoma antigen. Furthermore, SOX9 overexpression in melanoma cell lines inhibited tumorigenicity both 
in mice and in a human ex vivo model of melanoma. Treatment of melanoma cell lines with PGD2 increased 
SOX9 expression and restored sensitivity to RA. Thus, combined treatment with PGD2 and RA substantially 
decreased tumor growth in human ex vivo and mouse in vivo models of melanoma. The results of our experi-
ments targeting SOX9 provide insight into the pathophysiology of melanoma. Further, the effects of SOX9 on 
melanoma cell proliferation and RA sensitivity suggest the encouraging possibility of a noncytotoxic approach 
to the treatment of melanoma.

Introduction
Melanomas are generally resistant to radiotherapy, and even under 
the best circumstances, chemotherapy can usually only provide a 
few additional months of survival. Although used with success in 
several cancers, such as leukemia and some breast cancers, retinoic 
acid (RA) or its derivatives are ineffective in treating patients with 
melanoma. PRAME is a melanoma antigen expressed in melano-
mas and many cancer cell lines. PRAME acts as a dominant repres-
sor of the RA receptor, and recent evidence indicates that silenc-
ing of PRAME restores sensitivity to RA (1, 2). Although little is 
known about the mechanism(s) controlling PRAME expression, 
downregulation of that protein by tumor cells would be expected 
to play a critical role in melanoma therapy.

SOX9 is a transcription factor that plays a key role in sex deter-
mination and chondrogenesis during development (3, 4). Several 
recent studies have demonstrated that SOX9 plays active roles 
in adult tissues as well (5–7). Recently, we reported that SOX9 
directly activates the microphthalmia transcription factor (MITF) 
promoter (8), which is critical for regulating the differentiation 
of normal melanocytes and also for modulating the proliferation 
of melanoma cells (9). Interestingly, recent evidence suggests that 
the antiproliferative effects of SOX9 are mediated by RA in human 
cancer cell lines (10). Thus, the key interactions of SOX9 with 

melanoma survival factors and RA make it an emerging prime tar-
get for melanoma therapy.

For those reasons, we have characterized the mechanism by 
which SOX9 exerts its antiproliferative effects on melanoma cells 
and tumors. We report that SOX9 expression was downregulated 
in 37 of 39 melanoma specimens examined. Analysis of an addi-
tional set of specimens revealed that SOX9 was expressed in only 
18% of nevi, in less than 4% of primary melanomas, and in none of 
the metastatic melanoma specimens tested. We show that SOX9 
functions by binding the p21 promoter, which results in a strong 
suppression of cell growth, and further that SOX9 decreases the 
expression of PRAME and restores the sensitivity of melanoma 
cells to RA. In fact, stronger antiproliferative effects of RA were 
obtained after cells were stably transfected with SOX9. Interest-
ingly, treatment with PGD2 upregulated the expression of endog-
enous SOX9, which in turn downregulated PRAME and restored 
sensitivity to RA. We found, using mouse and reconstructed 
human skin models, that overexpression of SOX9 prevented 
melanoma cell invasion and metastatic spread. Finally, we show 
that pharmacological treatment with BW245C, which activates 
the PGD2 pathway, combined with RA treatment decreased the 
growth of melanoma tumors in mouse and in human ex vivo 
melanoma models. Therefore, upregulation of SOX9 expression in 
human melanomas, which has the potential to dramatically slow 
the growth of tumors and enhance their sensitivity to RA treat-
ment, represents a novel approach for melanoma therapy.

Results
SOX9 expression is downregulated in nevi and in melanomas. We analyzed 
the expression patterns of SOX9 using a tissue array containing 39 
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human melanoma specimens. Immunohistochemistry confirmed 
that SOX9 expression was weak or negative in 37 (95%) of the 39 
melanoma specimens (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI34015DS1). 
Similarly, we studied the relative expression of SOX9 in normal skin 
exposed or unexposed to UVB (Supplemental Figure 1). In agree-
ment with our previous results (8), SOX9 was expressed in normal 
human melanocytes (positive for the melanocytic marker MART1), 
and its expression increased dramatically after UVB exposure. To 
confirm these data and to further study the expression of SOX9 in 
vivo, we used immunohistochemistry of a different human tissue 
array to stain 22 nevi (and surrounding perilesional skin), 56 pri-
mary melanomas, and 20 metastatic melanomas. The expression of 
SOX9 was positive in the normal skin areas, but weak or negative 
in 81.8% (18 of 22) of nevi, in 96.4% (54 of 56) of primary melano-
mas, and in 100% (20 of 20) of metastatic melanomas (Figure 1 
and Table 1).Thus, SOX9 expression decreases as melanocytic cells 
progress from the normal condition to the premalignant (nevi) 
to the transformed state and is completely negative in the most 
advanced (metastatic) state of malignancy.

SOX9 induces cell cycle arrest by upregulating p21 and MITF expression 
in melanoma cells. MITF controls the proliferation of melanoma 
cells through the cyclin-dependent kinase inhibitor p21CIP1 (here-
after called p21) (9). In addition, SOX9 also regulates pigmenta-
tion through direct binding to MITF in melanocytes (8). Based on 
the marked downregulation of SOX9 expression observed in pri-
mary and in metastatic melanomas, we hypothesized that SOX9 
may have a role in regulating the proliferation of melanocytic cells. 
To test that hypothesis, we transiently transfected either a SOX9 
cDNA or an empty cDNA vector into 3 human melanoma cell lines 

(A375, Mel Juso, and SK-Mel28) and into 1 murine melanoma cell 
line (B16/F10). After 15 days, all 4 melanoma cell lines transfected 
with SOX9 showed a significant decrease in proliferation (P < 0.05) 
compared with controls (Figure 2, A–C). To determine whether the 
reduced proliferation was due to cell cycle arrest or to an increase in 
apoptosis, we analyzed the cell cycle profile of human A375 melano-
ma cells and murine B16/F10 melanoma cells, stably transfected 
with SOX9 or with a vector expressing only GFP. Interestingly, the 
cell cycle profile confirmed that cells overexpressing SOX9 showed 
marked cell cycle arrest in the G1 phase, demonstrating that the 
decrease in proliferation is caused by cell cycle arrest (Figure 2D). 
To determine whether the SOX9-induced G1 arrest required p21 
activation, we overexpressed SOX9 in A375 cells containing a BRAF 
mutation (A375-SOX9) or in Mel Juso cells containing a NRAS 
mutation. These mutations are known to downregulate the anti-
proliferative effects of MITF (11). Immunoblot analysis confirmed 

Figure 1
Expression of SOX9 in normal skin, nevi, and 
melanomas in vivo. Immunohistochemistry of 
paraffin-embedded sections of the ME1001 
human melanoma tissue array stained with 
the SOX9 antibody (red). Three representative 
specimens from each group are shown (results 
summarized in Table 1). +, positive staining;  
–, negative staining. Scale bar: 50 μm.

Table 1
Expression of SOX9 in nevi, primary melanomas, and metastatic 
melanomas in vivo

Specimen	 SOX9–	 SOX9+	 Total
Nevi	 81.8% (n = 18)	 18.2% (n = 4)	 22
Primary melanoma	 96.4% (n = 54)	 3.6% (n = 2)	 56
Metastatic melanoma	 100% (n = 20)	 0% (n = 0)	 20

Results of immunohistochemistry on paraffin-embedded sections of the 
ME1001 human melanoma tissue array stained with the SOX9 antibody. 
The percentage of tumor specimens positive and negative for SOX9 is 
reported for nevi, primary melanomas, and metastatic melanomas.
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that the expression of p21 was increased by the overexpression of 
SOX9 in both cell lines (Figure 3A). Interestingly, SOX9 markedly 
increased MITF levels in A375 cells, but the increase in MITF was 
very slight in Mel Juso melanoma cells. This latter observation was 
difficult to reconcile with the strong increase in p21 expression 

also observed in the Mel Juso cells (see below). Immunofluores-
cence confirmed that both p21 and MITF signals were increased 
in A375 cells overexpressing SOX9 (Figure 3B). Similar results 
were obtained in Mel Juso and B16/F10 melanoma cells (data not 
shown). These results are consistent with findings from our previ-

Figure 2
SOX9 decreases the proliferation of melanoma cells. (A) B16/F10 murine melanoma cells were cotransfected with a puromycin resistance vec-
tor and either an empty vector (Control) or the SOX9 cDNA (SOX9) and were grown in medium containing puromycin for 15 days. Upper panel: 
Macroscopic view of the proliferative clones. Middle panels: The same clones at a magnification of ×10. An immunoblot of proteins extracted 
from those cells using antibodies against SOX9 and GAPDH is shown. (B) A375 human melanoma cells were cotransfected with a puromycin 
resistance vector and with either an empty vector or the SOX9 cDNA and were grown in medium containing puromycin for 15 days. Upper panel: 
Macroscopic view of the proliferative clones. Middle panels: The same clones at a magnification of ×10. An immunoblot of proteins extracted from 
those cells using antibodies against SOX9 and GAPDH is shown. (C) Relative proliferation of SOX9-transfected cells compared with the control 
for B16/F10, SK-Mel28, A375, and Mel Juso melanoma cell lines. *P < 0.001. (D) SOX9 induces melanoma cell arrest in the G1 phase. B16/F10 
and A375 melanoma cells were transduced with SOX9 lentivirus or with GFP lentivirus as a control and then were selected with blasticidin. After 
5 days, the cells were stained with propidium iodide, and the cell cycle was studied using FACS analysis. Percentages of cells in G1 are indicated. 
G1/(S + G2), ratio of cells in G1 to cells in S plus G2.
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ous studies on normal human melanocytes (8). To further confirm 
the results, we knocked down p21 expression using an siRNA or a 
mock siRNA in A375 and in B16/F10 cells overexpressing SOX9. 
Immunoblot analysis confirmed the complete reduction of p21 
protein levels in those cells (Figure 3C). The siRNA-mediated inhi-

bition of p21 also allowed a significant (P < 0.05) rescue of colony 
formation activity in A375-SOX9 and in B16-SOX9 cells compared 
with controls (Figure 3C). RT-PCR analysis of A375 cells overex-
pressing SOX9 showed that the increase in p21 protein expression 
was due to increased transcription of the p21 gene (Figure 3D).

Figure 3
SOX9 acts on MITF and p21 to inhibit proliferation. (A) A375 and Mel Juso melanoma cells were transduced with SOX9 lentivirus or with GFP 
lentivirus as a control. One week after selection with blasticidin, proteins were extracted and analyzed using immunoblotting with SOX9, p21, 
MITF, and GAPDH antibodies. (B) A375 melanoma cells were transfected with SOX9 cDNA and were fixed 48 hours after transfection and 
stained for SOX9 (red), DAPI (blue), and either p21 (left panels) or MITF (right panels) antibodies (green). Transfected cells are identified with 
arrows. Original magnification, ×20. (C) Proliferation assay of B16/F10 murine melanoma cells comparing empty vector (Control); SOX9 cDNA 
combined with siRNA mock (SOX9/siRNA mock); and SOX9 cDNA combined with siRNA of p21 (SOX9/siRNA p21). Assays were stopped after 
10 days, and images are shown at a magnification of ×10 (upper panels). The lower panels show higher-magnification (×40) images of individual 
cells. Note the clear differentiation observed in SOX9-transfected cells with melanosomes accumulating at the peripheries of the dendrites. 
The graph shows the relative proliferation of SOX9-transfected B16 or A375 cells with or without silencing of p21 compared with the controls  
(*P < 0.001). The immunoblot below shows proteins extracted from B16/F10 cells in the same conditions using antibodies against SOX9, p21, 
and GAPDH. (D) Expression levels of the p21 using RT-PCR in A375 cells transfected for 48 hours with GFP or cDNA SOX9 cDNA. GAPDH 
expression served as the control. (E) ChIP assays performed on A375 melanoma cells using IgG or SOX9 antibodies. Immunoprecipitated DNAs 
were analyzed using PCR with p21 and HSP70 primers.
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To further study the association of SOX9 and p21 in vivo, we 
examined the melanoma specimens using immunohistochemistry. 
Of interest, only the 2 melanomas that showed positive expression 
of SOX9 in the tissue array (Supplemental Figure 1) also showed 
a clear expression of p21, emphasizing the strong relationship 
between SOX9 and p21 in vivo. It is worth noting that those 2 
melanomas were also highly pigmented.

Since SOX9 increases MITF levels in melanoma cells, we first 
hypothesized that SOX9 may act on p21 by upregulating MITF. 
However, the relatively small increase in MITF expression after 
overexpression of SOX9, compared with the marked elevation of 
p21 that was observed in some melanoma cells such as Mel Juso, 
suggested that SOX9 might also act directly on the p21 promoter. 
Analysis of the p21 promoter sequence indicates several potential 

Figure 4
PGD2 restores RA sensitivity by increasing SOX9 expression, which in turn downregulates PRAME. (A) A375 melanoma cells were transduced 
with SOX9 lentivirus or with GFP lentivirus as a control. One week after transduction and selection with blasticidin, proteins were extracted and 
analyzed using immunoblotting with PRAME, SOX9, and GAPDH antibodies (upper panels). Expression levels of PRAME were determined using 
RT-PCR in A375 cells transfected for 48 hours with GFP or SOX9 cDNA; GAPDH expression served as the control (lower panel). (B) Proliferation 
assays with A375 and B16/F10 melanoma cells, which are resistant and sensitive to RA, respectively. Addition of RA at 10–7 M has no effect on 
A375 cells but decreases the proliferation of B16/F10 cells. Transfection of SOX9 induces a strong decrease in proliferation in both types of cells. 
The combination of SOX9 transfection and RA treatment (at 10–7 M) produces an additive decrease in proliferation in both B16/F10 and A375 cells, 
in which sensitivity to RA was restored. (C) Immunoblotting of A375 cells treated for 48 hours with PGD2 (0.5 μg/μl) with or without RA (10–7 M)  
compared with A375 cells treated in the same conditions but silenced for SOX9 by using an siRNA. Protein expression was analyzed using 
PRAME, p21, SOX9, and β-actin antibodies. (D) Metabolic 35S labeling of A375 cells treated with 0.5 μg/μl PGD2 for 4 and 24 hours. Labeled pro-
teins were immunoprecipitated with PRAME or GAPDH antibodies. (E) Top panels: Proliferation assays of A375 cells treated with RA at 10–7 M  
and/or PGD2 at 0.5 μg/μl compared with untreated controls. The upper row shows macroscopic views of the proliferative clones and the lower 
row, the same clones at a magnification of ×10. Bottom panel: Graphic representation of the proliferation assays of A375 and B16/F10 cells 
treated with RA and/or PGD2. *P < 0.01, **P < 0.001.
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consensus DNA binding sequences for SOX9 (12). ChIP assays 
of A375 melanoma cells, which express both MITF and p21, 
confirmed that SOX9 binds to the p21 promoter in vivo under 
non-stress conditions. No signal above background was seen with 
nonspecific IgG or with primers specific for the HSP70 promoter 
as controls (Figure 3E). Thus, the strong increase in p21 protein 
expression results both from direct binding of SOX9 to the p21 
promoter and from an indirect effect mediated by MITF, which 
explains the effect of SOX9 on p21 expression in cells in which the 
induction of MITF by SOX9 is compromised.

SOX9 restores sensitivity to RA through downregulation of PRAME in 
melanoma cells. The resistance of cancer cells to RA treatment is 
due in part to the expression of PRAME (2). We previously dem-
onstrated that SOX9 promotes the differentiation of normal 
melanocytes and thus sought to determine whether SOX9 would 
affect the expression of PRAME in melanoma cells. A375 mela-

noma cells express high levels of PRAME and are resistant to RA, 
while B16/F10 cells are sensitive to RA (2, 13, 14). Immunoblot 
analysis of A375 cells transfected with SOX9 showed a marked 
reduction in PRAME protein levels (Figure 4A, upper panel). 
RT-PCR analysis of A375 cells transfected with SOX9 showed 
no decrease in PRAME mRNA levels (Figure 4A, lower panel), 
suggesting a posttranscriptional action of SOX9 on PRAME. To 
determine whether a reduction in PRAME improves sensitivity to 
RA treatment, we cultured A375 cells with or without RA for 15 
days and then analyzed their proliferative properties. Strikingly, 
SOX9-expressing cells treated with RA showed a marked decrease 
in proliferation compared with controls (Figure 4B). In contrast, 
RA had no effect on the proliferation of untreated cells. Note 
that in B16/F10 melanoma cells, RA treatment alone decreased 
proliferation (as expected) but also enhanced the effect of SOX9 
transfection. This confirmed that increasing SOX9 expression 

Figure 5
SOX9 blocks melanoma proliferation in vivo. (A) A375 melanoma cells transduced with SOX9 lentivirus or parental cells as a control were 
included in a human reconstructed skin model. H&E staining of melanoma cells shows clear proliferation with some invasiveness of the dermis 
in the control, while no proliferation was noted in A375 cells transduced with SOX9 at days 10 and 17. (B) Immunostaining of the human recon-
structed skin model with S100 antibody (red) and DAPI (blue). Scale bars: 100 μm. (C) A375 and B16/F10 melanoma cells, parental (control) or 
transduced with GFP or SOX9 lentivirus, were injected subcutaneously into nude and C57BL/6 mice, respectively. The graphs show the number 
of tumors observed in mice from day 7 to day 25 in B16/F10 melanoma–challenged mice (left) and in A375 melanoma–challenged mice (right). 
The photos of mice show examples of the tumorigenicity of A375 cells in nude mice at day 25 (left to right: A375 parental, A375-GFP, A375-
SOX9); dashed circles denote injection sites.
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restores sensitivity to RA treatment by reducing PRAME expres-
sion in melanoma cells.

PGD2 increases endogenous SOX9 expression. The strong antiprolif-
erative effects of SOX9 prompted us to look for agents that may 
activate SOX9 or upregulate its endogenous expression within 
melanoma cells. PGD2 and more recently its metabolite Δ2-PGJ2 
have been shown to decrease the proliferation of melanoma and 
other cancer cells, although their mechanism of action has not 
been fully elucidated (15–18). It is known that PGD2 increases 
SOX9 function by promoting its phosphorylation and its nuclear 
translocation in human testis cancer cells (19). To examine whether  
SOX9 is regulated by treatment of melanoma cells with PGD2, we 
grew A375 cells with or without PGD2 for 3 days. Immunoblot 
analysis confirmed increases in SOX9 and in p21 accompanied 
by decreased PRAME expression in PGD2-treated cells (Figure 
4C, left panels, and Supplemental Figure 2). For further confir-
mation of these results, cells were treated with or without PGD2, 
then were metabolically labeled with 35S and chased for 4 hours 
and 24 hours. In untreated cells, PRAME levels increased after the  

24-hour chase. However, PGD2 kept PRAME levels low after the 
same period of time (Figure 4D).

Additive action of SOX9 and RA in treatment of melanoma. Our obser-
vations thus suggest a novel regulatory mechanism whereby SOX9 
downregulates PRAME, restoring sensitivity to RA in melanoma 
cells resistant to that therapy. Therefore, we hypothesized that 
combining treatment with PGD2 and RA would inhibit the pro-
liferation of melanoma cells usually resistant to RA. To test this, 
A375 cells were left untreated or were treated with RA and/or 
PGD2 for 15 days. Proliferation assays showed a 50% decrease 
in proliferation in cells treated with PGD2 alone compared with 
untreated cells, whereas RA alone had no effect on proliferation 
(Figure 4E). Strikingly, the combination of PGD2 and RA further 
reduced proliferation by 75%, suggesting that PGD2 restores, 
at least in part, the sensitivity of A375 cells to RA. For B16/F10 
melanoma cells, RA or PGD2 treatment reduced proliferation, 
while RA combined with PGD2 led to an additive decrease in pro-
liferation. Immunoblot assays performed on B16/F10 cells treated 
with RA showed an increase in SOX9 expression, whereas no effect 

Figure 6
Combined treatment with PGD2 
and RA inhibits melanoma growth in 
human ex vivo and in mouse mod-
els. (A) A375 melanoma cells were 
included in a human reconstructed 
skin model and were treated with 
PGD2 (0.5 μg/μl) and/or RA (10–7 M) 
for 10 days. H&E staining of mela-
noma cells shows a clear prolifera-
tion, with some invasiveness of the 
dermis in the untreated control sam-
ples and in RA-treated samples. RA 
had no effect on tumor growth, but 
decreased tumor size was observed in 
melanoma reconstructed skins treated 
with PGD2, while a marked further 
decrease in proliferation was noted in 
samples treated with a combination 
of PGD2 and RA. Scale bar: 100 μm.  
(B) A375 and B16/F10 melanoma 
cells were injected subcutaneously 
into nude and C57BL/6 mice, respec-
tively. After 8 days, mice were treated 
intraperitoneally with BW245C and/or 
RA 3 times a week for 3 weeks. The 
graphs show the mean tumor diam-
eters observed after treatment in B16/
F10 melanoma–challenged mice (left) 
and in A375 melanoma–challenged 
mice (right). *P < 0.05, **P < 0.01.
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on SOX9 was observed in A375 cells treated in the same conditions 
(Supplemental Figure 3).

To further elucidate the role of SOX9 in mediating the effects of 
RA and PGD2 treatments on PRAME and p21 expression, we used a 
specific SOX9 siRNA probe on A375 melanoma cells. Immunoblot 
analysis confirmed that the combination of PGD2 and RA induced 
greater expression of SOX9 protein compared with PGD2 treatment 
alone (Figure 4C). The increase in p21 expression and the decrease in 
PRAME expression were also enhanced when PGD2 was combined 
with RA. In comparison, when SOX9 was silenced, PGD2 in the pres-
ence or absence of RA had no effect on p21 or PRAME expression.

Overexpression of SOX9 prevents the proliferation of melanoma cells in 
human melanoma reconstructed skin and in mouse melanoma models. 
The strong inhibition of proliferation observed in melanoma cells 
in vitro following overexpression of SOX9 led us to test the tum-
origenic potential of those cells in vivo. First, we used a melanoma 
reconstructed skin model in which melanocytes were replaced by 
A375 melanoma cells with or without stable transfection with 
SOX9. After 10 days, several tumors were observed within the epi-
dermis, and evidence of early metastasis into dermal structures 
was observed with A375 control cells (Figure 5A). In contrast, no 
tumor formation was observed with A375-SOX9 cells. Similar pat-
terns were also observed at day 17. All tumor cells showed expres-
sion of the S100 protein, a known melanoma marker (Figure 5B). 
A375-SOX9 melanoma reconstructed skins showed moderate but 
clear staining of SOX9 in the nuclei of melanoma cells, whereas 
SOX9 staining in A375-control cells was negative, except for some 
cells (circled), where staining was noted in the cytoplasm. Interest-
ingly, costaining for MITF corroborated the in vitro data, showing 
clear expression of MITF in A375-SOX9 cells and none in the A375 
controls (Supplemental Figure 4).

In an independent approach, A375 and B16 cells were transduced 
with GFP or SOX9 lentivirus and, after 7 days of selection, SOX9 
expression was analyzed by immunoblotting (data not shown). 
A375 and B16 cells were then injected subcutaneously into nude 
and C57BL/6 mice, respectively. By day 25, both parental and GFP-
transduced melanoma cells induced tumors in all mice, whereas 
SOX9-transduced cells did not induce any tumors (Figure 5C).

Activation of the PGD2 pathway combined with RA provides useful 
treatment of melanoma tumors in human and mouse melanoma models. 
Melanoma reconstructed skins with parental A375 melanoma cells 
were treated with PGD2 and/or RA. After 10 days, several tumors 
were observed within the epidermis, and evidence of early metasta-
sis into dermal structures was observed in untreated skins and also 
in skins treated with RA (Figure 6A). However, tumor growth was 
significantly reduced after PGD2 treatment, and a marked further 
decrease in proliferation was observed when PGD2 and RA treat-
ment were combined.

BW245C is a PGD2 agonist that has been used in humans to test 
platelet aggregation responses and intraocular pressure (20–22). 
We injected A375 and B16/F10 melanoma cells subcutaneously 
in nude and C57BL/6 mice, respectively. After 8 days, subcutane-
ous tumors formed, and treatment with BW245C and/or RA was 
given intraperitoneally 3 times a week for 3 weeks. At the end of 
the treatment regimen, BW245C-treated nude and C57BL/6 mice 
showed slight but significant decreases in tumor size compared 
with untreated controls (Figure 6B). RA treatment alone decreased 
B16 tumor size but had no effect on A375 tumors. In B16 and A375 
tumors, the combination of BW245C and RA induced marked and 
significant decreases in tumor size compared with controls. Immu-

nohistochemistry performed on those tumors showed increases 
in SOX9 and MITF expression in BW245C- and in BW245C plus 
RA–treated tumors (Supplemental Figure 5).

Discussion
In this study, we demonstrate a critical role for SOX9 in the regula-
tion of melanoma cell proliferation and suggest a novel approach 
to targeting malignant melanoma by upregulating SOX9 expres-
sion. SOX9 has been increasingly reported to be expressed in vari-
ous adult tissues (5–7), and we recently reported its expression in 
normal human melanocytes in the skin and its role in UVB-induced 
melanogenesis (8). A potential role of SOX9 has also been reported 
in breast, prostate, ovarian, and colon cancers (10, 23–25). Here, 
we shed light on the mechanisms by which SOX9 decreases pro-
liferation and promotes the differentiation of malignant cells. We 
demonstrate that increased expression of SOX9 effectively inhibits 
the proliferation of melanoma cells and leads to complete aboli-
tion of tumorigenicity in mouse and in human ex vivo skin mod-
els. This effect is achieved by 2 distinct mechanisms: (a) an indirect 
effect, whereby SOX9 activates MITF, which in turn acts on p21 
and blocks melanoma proliferation (9, 11); and (b) a direct effect, 
whereby SOX9 directly binds the p21 promoter and increases its 
expression. Interestingly, the increase in MITF was found to be 
more dramatic in A375 and B16/F10 cells than in Mel Juso mela-
noma cells, suggesting that alternative mechanisms might regulate 
SOX9’s effects on MITF and/or p21.

To the best of our knowledge, no protein has been previously 
reported that downregulates the expression of PRAME. Further, 
overexpression of SOX9, most probably through its action on 
PRAME, restores the sensitivity of melanoma cells to RA, which 
leads to an additive inhibitory effect on proliferation. Our data show 
that PRAME transcription is not affected by the overexpression of 
SOX9, which suggests a posttranscriptional regulatory mechanism. 
The mechanism of action of SOX9 on PRAME expression warrants 
further study. This downregulation of PRAME opens encouraging 
therapeutic perspectives not only for melanoma but also potentially  
for all cancers that are resistant to RA due to the expression of 
PRAME. Interestingly, RA has also been shown to increase SOX9 
expression in a cartilage-derived cell line (26), and RA receptor ago-
nists stimulate SOX9 gene expression in some breast cancer cell lines 
(10). We also found increased expression of SOX9 after RA treat-
ment of B16 melanoma cells (which are naturally sensitive to RA) 
but no increase in SOX9 in A375 cells. By restoring RA sensitivity in 
melanoma cells, the RA treatment also leads to a secondary increase 
in SOX9, which further potentiates its effects. Thus, we envision that 
genetic therapy using an adenovirus or a lentivirus expressing SOX9 
controlled by a cell type–specific promoter could lead to strong and 
specific effects on the growth and metastasis of melanomas or other 
cancers, especially if combined with RA treatment.

The identification of molecules that could increase or activate 
SOX9 expression without requiring genetic therapy would be 
extremely useful. SOX9 has already been widely studied for its 
role in chondrogenesis, and several agents have been reported to 
increase its activity. For example, calcineurin inhibitors are able 
to increase the phosphorylation of SOX9 and thus its transloca-
tion to the nucleus (27). Interestingly, a new calcineurin inhibitor 
without immunomodulatory effects has shown promising results 
in treating melanomas (28). Deacetylase inhibitors can increase 
SOX9 expression not only in chondrocytes but also in sarcomas 
(29, 30). Here again, recent reports showed the usefulness of such 
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agents in treating various types of cancers, including melanomas 
(31). Some of the most interesting agents appear to be PGD2 and 
its derivatives. PGD2 increases the expression and phosphoryla-
tion of SOX9 in human testicular carcinoma NT2/D1 cells by spe-
cifically activating its DP1 receptor (19). PGD2 and its metabolite  
Δ2-PGJ2 were shown to decrease the proliferation of melanomas 
and other cancers, although their mechanism of action was not 
fully elucidated (15–18). Indeed, PGD2 induces cell cycle arrest 
in those cancers and increases p21 expression, but the pathway 
involved remains unknown. In this study, we show that PGD2 
increases the expression of SOX9 in melanoma cells and also leads 
to the decreased expression of PRAME. Moreover, the increased 
expression of p21 and decreased expression of PRAME induced by 
PGD2 treatment were prevented by the silencing of SOX9, showing 
the key role of SOX9 in the effects of PGD2 on melanoma cells.

The antiproliferative effect of SOX9 and its activation through 
the PGD2 pathway (via a DP1 agonist) have been recently 
described in ovarian cancer cells (25). Although that study did 
not examine the mechanism of action of SOX9, it corroborates 
our findings and strongly suggests that activating SOX9 through 
the PGD2 pathway might be a useful approach to treat not only 
melanomas but also other solid tumors. We were able to show 
the additive effect of PGD2 and RA, even in melanoma cell lines 
usually resistant to RA. These effects were confirmed in human 
ex vivo models and in mice, where treatment with PGD2 or a DP1 
agonist combined with RA led to a significant decrease in tumor 
size in both RA-resistant and RA-sensitive cells. The doses and 
the rates of administration of those products still have to be opti-
mized, but the PGD2-dependent sensitization to RA suggests use-
ful noncytotoxic therapeutic approaches. Additionally, SOX9 is 
an attractive target because it is a growth suppressor factor that 
does not appear to be completely suppressed in melanomas. In 
fact, treatment with PGD2 restored expression of the endogenous 
SOX9 gene. Finally, SOX9 was downregulated in more than 96% 
of primary melanoma specimens and in 100% of metastatic mela-
noma specimens tested and is therefore presumably a potential 
target for the vast majority of melanomas.

Thus, the findings that SOX9 overexpression downregulates 
melanoma cell proliferation (through direct and indirect stimu-
lation of the p21 promoter) and restores sensitivity to RA by 
acting on PRAME provide new insight into our understanding 
of melanoma cell pathophysiology. Importantly, they suggest 
potential combination therapies to treat melanomas and other 
RA-resistant cancers. Further screening and identification of 
agents effective in increasing or activating SOX9, such as PGD2 
metabolites or specific agonists of the DP1 receptor, and combin-
ing them with RA therapy should provide a powerful approach to 
melanoma therapy.

Methods
Cell culture and reagents. B16/F10, SK-Mel 28, and A375 melanoma cells were 
obtained from ATCC. Mel Juso cells were a gift from Thomas Hornyak at 
the National Cancer Institute (Bethesda, Maryland, USA). A375, SK-Mel 28,  
and B16 cells were grown at 37°C under 5% CO2 in DMEM supplemented 
with 7% FBS, penicillin (100 U/ml), and streptomycin (50 μg/ml). Mel Juso 
cells were grown at 37°C under 5% CO2 in RPMI medium supplemented 
with 10% FBS, penicillin (100 U/ml), and streptomycin (50 μg/ml). RA, 
PGD2, and BW245C were purchased from Sigma-Aldrich.

Reconstructed skin. The melanoma skin model was obtained from MatTek 
Corp. Normal human keratinocytes and fibroblasts were obtained from 

neonatal foreskin tissues of individuals of European descent (MatTek 
Corp.). A375 melanoma cells (parental or transduced with SOX9 lentivi-
rus) were added to the skin constructs. The melanoma skin models were 
grown at the air/liquid interface with the maintenance MCDB 153 Basal 
Medium (MatTek Corp.) underneath. The culture medium was replenished 
every 2 days. Experiments were performed in duplicate and were repeated 
at least once independently. When PGD2 and RA were used, they were 
added directly into the medium.

Plasmid and lentivirus construction, siRNA, and transfection. The SOX9 cDNA 
was purchased from the ATCC and after amplification was ligated into the 
pcDNA3.1 vector (Invitrogen). The constructs were confirmed by sequence 
analysis. As a negative control, the pcDNA3.1 vector with no insertion was 
used. Transfection was performed for melanocytes using Lipofectamine 
2000 (Invitrogen). Cells were seeded 1 day in advance and were transfected 
according to the manufacturer’s instructions. ON-TARGETplus SMART-
pool (Dharmacon, Thermo Scientific) siRNA for human p21 and human 
SOX9 was used to silence p21 and SOX9 expression, respectively. A com-
mercial negative control sequence (Invitrogen) was used to monitor for 
off-target effects.

Transfections for silencing experiments were performed using 
RNAiMAX (Invitrogen). The amount of DNA used for each transfection 
was 2 μg per 106 cells, whereas siRNA was used at 100 nM. The SOX9 and 
GFP lentivirus were generated by cloning the SOX9 or GFP cDNA into 
the pLenti 6.2 (Invitrogen).

Immunoblotting, immunohistochemistry, and immunocytochemical staining. Full 
details are provided in Supplemental Methods.

Proliferation assay. Cells were transfected with a pBabe vector to give them 
resistance to puromycin. At the same time, cells were transfected with 
SOX9 cDNA or an empty vector as a control. Depending on the experi-
ment, cells were also transfected the day after with siRNA p21 or without 
siRNA (mock). After 10–15 days, the clones were fixed and stained with 
crystal violet. Proliferation was measured as optical density.

FACS analysis. Cells were harvested and incubated at 4°C for 1 hour with 
a solution containing 0.1% Triton X-100, 0.1% Na citrate, and 50 μg/ml 
propidium iodide. Cell cycle analysis was performed using a FACSCalibur 
(BD) and CellQuest Pro software (BD).

Metabolic labeling. Full details are provided in Supplemental Methods.
Chromatin immunoprecipitation. Full details are provided in Supplemen-

tal Methods.
Animal model. All animal experiments were approved by the NCI-Bethesda 

Animal Care and Use Committee of the National Cancer Institute. One 
week after transduction and selection, 1 × 106 B16 mouse melanoma cells 
(parental, GFP-transduced, or SOX9-transduced) were injected subcutane-
ously into C57BL/6 mice, while 106 human melanoma A375 melanoma 
cells (parental, GFP-transduced, or SOX9-transduced) were injected into 
nude mice. Mice were then monitored for date of tumor appearance and 
tumor size until day 25 or until the tumor measured 2 cm in diameter. The 
second set of mouse experiments was performed with 1 × 106 B16 mouse 
melanoma cells and with 5 × 106 human melanoma A375 melanoma cells 
injected subcutaneously into C57BL/6 and nude mice, respectively. After  
8 days, mice were treated intraperitoneally with RA (2 mg/mouse/d) and/or 
BW245C (3 μg/mouse/d) 3 times a week for 3 weeks. All experiments were 
done in 18 mice (6 mice/group) in duplicate in 2 separate experiments.

Statistics. Data are presented as mean ± SD. Two-tailed Student’s t test 
was used to analyze differences. P values less than 0.05 were considered 
significant.

Note added in proof. Since this article was accepted for publication, 
the authors have tested the staining of SOX9 in the nevi and mela-
noma arrays under the same conditions as shown in Figure 1 but 
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using an antibody from a different commercial source (Chemicon, 
catalog no. AB5535). The staining patterns were consistent with 
the patterns shown in Figure 1 (in which the SOX9 antibody from 
Abcam, catalog no. ab3697, was used), although the localization 
was more nuclear and was more restricted to the melanocytic cells 
in the tissues. There continued to be decreased expression of SOX9 
during melanocyte progression to melanoma, but reactivity was 
higher, and more cells appeared positive (100% of nevi, ~90% of 
primary melanomas, and ~75% of metastatic melanomas).
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