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Suppression of Human GD3 Synthase (hST8Sia I) Expression Induced by
Retinoic Acid in Human Melanoma SK-MEL-2 Cells
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To elucidate the mechanism underlying the suppressive regulation of hST8Sia I expression in retinoic
acid (RA)-induced SK-MEL-2 cells, we characterized the promoter region of the hST8Sia I gene.
Functional analysis of the 5’-flanking region of the hST8Sia I gene by the transient expression method
showed that the -1146 to -646 region, which contains putative binding sites for transcription factors
c-Ets-1, CREB, AP-1 and NF-kB, functions as the RA-repressive promoter in SK-MEL-2 cells. Site-di-
rected mutagenesis and ChIP analyses indicated that the NF-kB binding site at -731 to -722 is crucial
for the RA-induced repression of hST8Sia I in SK-MEL-2 cells. In addition, the transcriptional activity
of hST8Sia I suppressed by RA in SK-MEL-2 cells was strongly inhibited by extracellular signal-regu-
lated protein kinase (ERK) inhibitor U0126 and protein kinase C (PKC) inhibitor GÖ6976, as de-
termined by RT-PCR and luciferase assay of hST8Sia I promoter containing the -1146 to -646 regions.
These results suggest that RA markedly modulates transcriptional regulation of hST8Sia I gene ex-
pression through the PKC/ERK signal pathway in SK-MEL-2 cells.
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Introduction

Gangliosides, the sialic acid (NeuAc)-containing glyco-

sphingolipids, are component molecules of the outer leaflet

of the plasma membrane of vertebrate cells [21]. They are

known to play a pivotal role in tumor formation and pro-

gression [8] and thus have been studied as molecules as tu-

mor markers of neuroectoderm-derived malignant cells [9],

including melanomas [14,16] and neuroblastomas [3].

Ganglioside GD3 is highly expressed in human melanoma

tissues and melanoma cell lines [4,17]. Furthermore, GD3 ap-

pears in activated human T lymphocytes [6] as well as in

T-cell acute lymphoblastic leukemia cells [13]. In particular,

GD3 and GD2 have been considered to be important mole-

cules not only for the tumor markers, but as targets of anti-

body therapy [3,7,26]. GD3 synthase (ST8Sia I, EC 2.4.99.8)

is a key enzyme for the synthesis of whole b-series ganglio-

sides including GD2 in addition to GD3 itself [22]. In general

GD3 expression appears to be regulated at the transcrip-

tional level of ST8Sia I gene [10,19]. To understand transcrip-

tional regulation mechanism for ST8Sia I gene expression

in these biologically important events, it is very important

to characterize the promoter function of ST8Sia I gene.

Especially, regulatory mechanisms for GD3 expression in

human melanoma cells is of quite importance, since GD3

is well known as a human melanoma-specific antigen [4,24].

Recently, we have elucidated for the first time transcrip-

tional regulation mechanism of human GD3 synthase

(hST8Sia I) expression necessary for GD3 synthesis highly

expressed in human melanoma cells [11].

Retinoic acid (RA), a group of natural and synthetic ana-

logs of vitamin A, is well known to induce differentiation

and inhibit proliferation of a variety of tumor cell lines in-

cluding melanoma cells in culture [5,6,20]. Recently, we first-

ly observed a dramatic suppression of hST8Sia I mRNA ex-

pression in the presence of RA in human melanoma

SK-MEL-2 cells. In this study, the promoter region to direct

down-regulation of hST8Sia I gene transcription by RA in

SK-MEL-2 cells was functionally characterized. The present

results clearly indicate that the NF-κB binding site of the

hST8Sia I promoter plays an important role in down-regu-

lation of hST8Sia I gene expression induced by RA in

melanoma.

Materials and Methods

Cell cultures

The SK-MEL-2 human melanoma cell [11] was grown in

Dulbecco’s modified Eagle’s medium (DMEM) (WelGENE
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Co., Korea) supplemented with 10% heat-inactivated fetal

bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml

streptomycin at 37°C under 5% CO2.

Reverse transcription-polymerase chain reaction

(RT-PCR)

Total RNA was isolated from SK-MEL-2 cells using Trizol

reagent (Invitrogen, USA). Two micrograms of RNA was

subjected to reverse transcription with random nonamers us-

ing Takara RNA PCR kit (Takara, Japan) according to the

manufacturer’s protocol. The cDNA was amplified by PCR

with the following primers: hST8Sia I (460 bp), 5’-

TGTGGTCCAGAA AGACATTTGTGGACA-3’ (sense) and

5’-TGGAGTGAGGTATCTTCACATGGGTCC-3’ (antisense);

β-actin (247 bp), 5’-CAAGAGATGGCCACGGCTGCT-3’

(sense) and 5’-TCCTTCTGCATCCTGTCGGCA-3’ (antisense).

The PCR product for GD3 synthase was subcloned into

pGEM-T vector (Promega, USA) and then sequenced. These

genes were found to be identical to the expected cDNA.

Preparation of reporter plasmids

To identify the minimal promoter sequence in the

5’-flanking region of the hST8Sia I gene, luciferase reporter

plasmids [12], Group I; -2000/pGL3, -2646 ~ -646/pGL3,

-2499 ~ -499/pGL3, Group II; -2646 ~ -646/pGL3 and its de-

rivatives (-1146 ~ -646/pGL3 to -2246 ~ -646/pGL3) and

Group III; -2646 ~ -646/pGL3 and its different derivatives(

-646 ~ -1146/pGL3, -1146 ~ -1646/pGL3, -1646 ~ -2146/pGL3

and -2146 ~ -2646/pGL3 ), were used. The promoterless and

enhancerless luciferase vector pGL3-Basic and the pGL3-

Control with SV40 promoter and enhancer (Promega, USA)

were used as negative and positive controls, respectively.

Mutant plasmids [12] with base substitution at the CREB,

AP-1, c-Ets-1, NF-κB binding sites were also used to identify

the transcription factor-binding sites contributing to tran-

scriptional regulation of hST8Sia I gene in SK-MEL-2 cells.

Transient transfection and reporter assay

To analyze hST8Sia I promoter activity in response to RA

treatment, SK-MEL-2 cells (3.0×105 cells/well) were seeded

in 24-well tissue culture plates and allowed to grow to 70%

confluence, at which point they were transiently co-trans-

fected with 0.5 μg of the indicated reporter plasmid and 50

ng of the control Renilla luciferase vector pRL-TK (Promega,

USA), using 1 μl Lipofectamine 2000 (Invitrogen, USA). After

a 12 hr recovery in normal medium without RA, the medium

was changed to medium containing 70 μM RA and in-

cubated for an additional 12 hr, after which cells were col-

lected and treated with passive lysis buffer (Promega, USA).

Firefly and Renilla luciferase activities were measured using

the Dual-Luciferase Reporter Assay System (Promega, USA),

according to the manufacturer's instructions, and a

GloMaxTM 20/20 luminometer (Promega, USA). Firefly luci-

ferase activity of the reporter plasmid was normalized to

Renilla luciferase activity and expressed as a fold induction

over the empty pGL3-Basic vector, used as a negative

control. Independent triplicate experiments were performed

for each plasmid.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using the ChIP kit (Upstate

Biotechnology, USA) following the manufacturer's protocol.

Briefly, SK-MEL-2 cells (1×10
7

cells for one assay) were

cross-linked in 1% formaldehyde at room temperature for

10 min to cross-link proteins and DNAs, followed by soni-

cation to shear the DNAs to an average size of 200–1000

bp. Immunoprecipitation was carried out using 4 μg of CREB

(Cell Signaling Technology, USA), c-ETS-1 (Santa Cruz

Biotechnology, USA), AP-1 (Santa Cruz Biotechnology,

USA), NF-κB (Santa Cruz Biotechnology, USA) antibodies.

After reversal of cross-linking, the DNA fragments were pu-

rified by phenol extraction and ethanol precipitation, fol-

lowed by PCR analysis using primers flanking the NF-κB,

c-Ets-1, AP-1 and CREB binding sites on the hST8Sia I pro-

moter: c-ETS-1-5’:ACCAATCCCCGGGCGTTT (Forward),

c-ETS-1-3’: GCCGCACCAAGTCCTTGGA (Reverse), CREB-5’:

CGTGTGTGTGTGTGTGTGTGTGTGTG (Forward), CREB-3’:

CCGGTGTGCCCAGGCTGT (Reverse), AP-1-5’: GACTA

GGGTGACGGCAGCAGG (Forward) AP-1-3’: CCCCCAC

CCGCAAAATTG (Reverse), NF-κB-5’: CTCCGCCACACTC

AGGGACT (Forward), NF-κB-3’: ACAAACGCCCGGGGA

TTG (Reverse).

Results

Effect of RA on hST8Sia I mRNA expression in

SK-MEL-2 cells

To investigate whether RA can affect hST8Sia I gene ex-

pression in SK-MEL-2 cells, cells were treated for 24 hr with

various concentration of RA. The hST8Sia I mRNA levels

were analyzed by semi-quantitative RT-PCR. Treatment of

cells with RA significantly decreased the levels of hST8Sia
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I mRNA expression at the concentration of 70 μM (Fig. 1A).

On the other hand, β-actin mRNA expression, as internal

standard, was not affected by treatment of RA. Time-de-

pendence decrease of hST8Sia I mRNA expression was de-

tected at 24 hr after RA treatment and decreased for periods

up to 48 hr. These results clearly show that the expression

of hST8Sia I was down-regulated by RA.

Analysis of transcriptional activity of hST8Sia I

promoter by RA in SK-MEL-2 cells

To determine whether the 5’-flanking sequence of the

hST8Sia I gene contained a RA-responsive promoter, we pre-

pared luciferase constructs carrying serial 5’deletions of the

hST8Sia I promoter, transfected them into SK-MEL-2 cells,

and then treated the transfected cells with RA. We moni-

tored the subsequent expression of the luciferase reporter

gene using the dual-luciferase reporter assay system, after

Fig. 1. RT-PCR analysis of hST8Sia I mRNA expression levels

in RA-treated SK-MEL-2 cells. Total RNA from

SK-MEL-2 cells was isolated after RA treatment at differ-

ent concentrations (0, 10, 30, 50, 70 μM) and for various

times (0, 9, 12, 24 or 48 hr). hST8Sia I mRNA was de-

tected by RT-PCR. As an internal control, parallel re-

actions were performed to measure levels of the house-

keeping gene β-actin. (A) and (B) show dose-dependent

effect and time-dependent effect of RA, respectively. The

densitometric intensity of hST8Sia I band was shown in

under panel. Data represent the relative values±SD of

three independent experiments and the mean values

from each experiment were compared using ANOVA fol-

lowed by Duncan’s tests. Values not sharing the same let-

ter are significantly different from one another (p<0.05).

which we measured luciferase activity with a luminometer.

As shown in Fig. 2, cells harboring the pGL3-1146/-646 con-

struct showed a remarkable decrease in luciferase activity

after RA treatment, about two-fold higher than untreated

transfected cells. In contrast, RA stimulation did not alter

significantly the luciferase activity in cells expressing the

pGL3-basic (negative control) or other 5’-deleted hST8Sia I

promoter constructs. These results clearly suggest that the

region containing nucleotides -1146 to -646 played an im-

portant role in the expression of hST8Sia I and its functions

as the RA-repressive promoter in SK-MEL-2 cells.

Identification of RA-responsive element in nucleotide

-1146 to -646 region of hST8Sia I promoter

Previous studies conducted in our lab demonstrated that

the region from -1146 to -646 contained putative binding

sites such as c-Ets-1, AP-1, CREB and NF-κB binding sites

[11,12]. To determine whether these binding sites con-

tributed to RA-suppressed expression of hST8Sia I in

SK-MEL-2 cells, four mutants (pGL3-1146/-646mtCREB,

mtAP-1, mtNF-κB and mtc-Ets-1) were used, which con-

Fig. 2. Deletion analysis of hST8Sia I promoter in SK-MEL-2

cells before and after RA treatment. A schematic repre-

sentation of DNA constructions containing three equal

lengths from different starts of the 5’-flanking region of

hST8Sia I gene linked to the luciferase reporter gene is

presented. The length sizes are shown and the trans-

lation start site is indicated as +1. pGL3-Basic without

any promoter and enhancer was used as a negative

control. Each construct was co-transfected into SK-MEL-2

cells with pRL-TK as an internal control. The transfected

cells were incubated in the presence (solid bar) or ab-

sence (open bar) of 70 μM RA for 48 h. Relative firefly

luciferase activity was measured using the Dual-Luciferase

Reporter Assay System, and all firefly activity was nor-

malized to the Renilla luciferase activity derived from

pRL-TK. The values represent the means±SD of three

independent experiments with triplicate measurements.



658 생명과학회지 2010, Vol. 20. No. 5

tained the exact same construct as wild type pGL3-1146/-646

except that combined nucleotides within these binding sites

had been changed [12]. A series of substituted mutations of

luciferase constructs (Fig. 3A) were transfected into

SK-MEL-2 cells and luciferase assays were carried out. The

activity of each construct was compared to that of pGL3-ba-

sic and wild type (pGL3-1146/-646) as negative and positive

controls, respectively. As shown in Fig. 3A, pGL3-1146/

-646mtNF-κB of four constructed mutations markedly re-

duced transcriptional activity, regardless of RA treatment,

to about 6-fold of pGL3-1146/-646wt, whereas the activities

of the pGL3-1146/-646mtCREB, mtAP-1 and mtc-Ets-1 con-

Fig. 3. Mutation promoter assay for the transcription factor

binding sites in hST8Sia I gene and ChIP analysis of

the hST8Sia I promoter. (A) pGL3-Basic without any

promoter and enhancer was used as a negative control.

Each construct was co-transfected into SK-MEL-2 cells

with pRL-TK as an internal control. The transfected cells

were incubated in the presence (solid bar) or absence

(open bar) of 70 μM RA for 48 hr. Relative firefly lucifer-

ase activity was measured using the Dual-Luciferase

Reporter Assay System, and all firefly activity was nor-

malized to the Renilla luciferase activity derived from

pRL-TK. The values represent the means±SD of three

independent experiments with triplicate measurements.

The mutation mark of promoter construction is in-

dicated by closed form or opened form (wile-type). (B)

PCR amplification in the −1146 and -646 region of the

hST8Sia I promoter on immunoprecipitated chromatin

obtained from SK-MEL-2 cells treated or not treated

with RA. The input (10-fold diluted) represents the pos-

itive control.

structs were not significantly changed. These results indicate

that this NF-κB site is crucial for the hST8Sia I expression

in SK-MEL-2 cells, and that NF-κB binding to this site is

involved in RA-stimulated SK-MEL-2 cells. We also per-

formed ChIP assay to confirm the binding of NF-κB to

hST8Sia I promoter in SK-MEL-2 cells. An amplification of

the hST8Sia I promoter regions was obtained in the presence

of antibodies to c-ETS-1, CREB, AP-1, and NF-κB. As shown

Fig. 3B, only NF-κB has the specific amplification and

DNA-protein complex observed in SK-MEL-2 cells to regu-

late the expression of hST8Sia I gene. There was no detect-

able binding in a control assay without antibody. These re-

sults support that hST8Sia I gene expression was modulated

by interaction between the nuclear protein, NF-κB and NF-κ

B elements at nucleotide positions -731 and -722.

Transcriptional repression of hST8Sia I via ERK

pathway in SK-MEL-2 cells induced by RA

We also investigated whether RA-induced transcriptional

activity of a pGL3-1146/-646-containing NF-κB was sup-

pressed via PKC and JNK signal pathways. RT-PCR showed

that expression of hST8Sia I mRNA was decreased in

RA-treated SK-MEL-2 cells, compared to untreated

SK-MEL-2 cells (Fig. 4A). Both protein kinase C (PKC) in-

hibitor GÖ6976 and extracellular signal-regulated protein

kinase (ERK) inhibitor U0126 did not inhibit hST8Sia I ex-

pression in the RA-treated SK-MEL-2 cells. However,

hST8Sia I expression in RA-treated SK-MEL-2 cells was

blocked by phosphatidylinositol-3 kinase (PI-3K), p38 mi-

togen-activated protein kinase (MAPK), and JNK inhibitors

(wortmannin, SB203580 and SP600125), respectively, as ob-

served in RA-treated SK-MEL-2 cells in the absence of chem-

ical inhibitors. As shown in Fig. 4B, the activity of

pGL3-1146/-646 was decreased in RA-treated SK-MEL-2

cells, compared to untreated SK-MEL-2 cells. The promoter

activity of pGL3-1146/-646 in SK-MEL-2 cells stimulated by

RA was not significantly inhibited by PKC and ERK, com-

pared to SK-MEL-2 cells induced by RA in absence of chem-

ical inhibitors, as evidenced by luciferase promoter assay.

However, PI-3K, JNK and p38 MAPK inhibitors resulted in

a decrease of pGL3-1146/-646 activity in RA-treated

SK-MEL-2 cells. These results indicated that promoter activ-

ity and mRNA transcription of the hST8Sia I gene were

down-regulated by PKC and ERK signaling pathways in

RA-treated SK-MEL-2 cells.
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Fig. 4. Transcriptional inhibition of hST8Sia I through PKC/

ERK-signal pathways in RA-treated SK-MEL-2 cells. (A)

SK-MEL-2 cells were treated with GÖ6976 (5 µM), U0125

(5 µM), wortmannin (200 nM), SP600125 (10 µM), and

SB203580 (20 µM) inhibitors in the absence or presence

of RA (70 μM) for 48 hr in serum free DMEM medium,

respectively. Total RNA from these cells was isolated

and hST8Sia I mRNA was detected by RT-PCR analysis.

Beta-actin was included as an internal control. (B) The

pGL3-1146/-646 was cotransfected into SK-MEL-2 cells

with pRL-TK as the internal control. The transfected

cells were incubated in the presence and absence of 70

μM RA with each inhibitor for 48 hr. All firefly activity

was normalized to the Renilla luciferase activity derived

from pRL-TK. The values represent the mean±SD for three

independent experiments with triplicate measurements.

Discussion

Previous studies have shown that human melanoma cells

have high levels of ganglioside GD3 and hST8Sia I activity,

and mRNA levels for the enzyme are coincidently high

[4,17,18]. We have also demonstrated that the expression lev-

el of hST8Sia I gene is specifically high in human melanoma

cell line SK-MEL-2 [11]. In this study, we demonstrated for

the first time that RA down-regulated the expression of

hST8Sia I mRNA in human melanoma cells. Moreover, this

decrease was time-dependent. The decreased hST8Sia I

mRNA signal was detected after 24 hr of RA treatment, and

then this signal decreased up to the 48-h time point. We

also revealed that the promoter region of the hST8Sia I gene

contained RA-responsive element. Previous studies have

shown that RA inhibits the proliferation and induces apopto-

sis of melanoma cells in vitro [6,15]. In line with these re-

ports, we observed that RA inhibited the proliferation of

SK-MEL-2 cells, and that it induced apoptosis after a 48-h

treatment of the cells with 70 μM RA.

We also unraveled a part of the transcriptional regulation

mechanism that underlies hST8Sia I gene repression in re-

sponse to RA signaling. In order to investigate RA-re-

sponsive elements involved in the suppressed expression of

the hST8Sia I gene in SK-MEL-2 cells, we first sought to iden-

tify the region within the hST8Sia I promoter that was crit-

ical for RA-repressed gene expression. We isolated the re-

gion between -1146 and -646 as the core promoter; this re-

gion was required for transcriptional repression of hST8Sia

I in RA-treated SK-MEL-2 cells. Previous reports from our

lab revealed several transcription factor binding sites such

as c-ETS-1, AP-1, CREB and NF-κB binding sites in this re-

gion [11,12]. We have also demonstrated that only the NF-κB

binding site at position at -731 to -722 in this region contrib-

utes to promoter activity necessary for high expression of

hST8Sia I in Fas-induced Jurkat T cells [12] and human mela-

noma SK-MEL-2 cells [11]. Contrary to these findings, how-

ever, our present site-directed mutagenesis and ChIP analy-

ses indicated that binding to this NF-κB element mediated

RA-dependent down-regulation of hST8Sia I gene ex-

pression in SK-MEL-2 cells.

NF-κB is a crucial transcription factor that controls the

expression of various genes involved in immune and in-

flammatory responses, cell cycle progression, apoptosis, and

oncogenesis [1,2]. Although a synthetic RA (CD437) induces

apoptosis of human melanoma A375 cells through NF-κB

activation by RIG pathway [15], down-regulation of NF-κ

B-mediated gene expression by RA stimulation in human

melanoma cells have not been reported. Therefore, it is im-

portant to elucidate which signaling pathways are upstream

of this NF-κB-mediated repression of the hST8Sia I gene

expression. In the present study, our data showed that PKC

and ERK were blocked by RA in SK-MEL-2 cells. The tran-

scriptional repression of hST8Sia I was associated with

PKC/ERK pathways induced by RA in SK-MEL-2 cells,

which has not been reported yet. PKC and ERK inhibitors

did not inhibited the expression of hST8Sia I, but PI-3K,

PKC, p38 MAPK, and JNK inhibitors decreased the ex-

pression levels of hST8Sia I in SK-MEL-2 cells stimulated

by RA. These results suggest that RA-mediated transcrip-

tional repression of hST8Sia I may be related to PKC/ERK-

dependent pathways, as illustrated in Fig. 5.

Although the precise mechanisms involved in the
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Fig. 5. Schematic diagram illustrating transcriptional regulation

of hST8Sia I gene expression in RA-induced SK-MEL-2

cells.

RA-mediated activation of NF-κB leading to a transcriptional

down-regulation of the hST8Sia I gene are unknown, we

have demonstrated here for the first time that the

PKC/ERK-dependent NF-κB activation down-regulates the

expression of hST8Sia I in RA-stimulated SK-MEL-2 cells.
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