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Abstract Human malignant melanoma cell line

UACC903 is resistant to apoptosis while chromosome

6-mediated suppressed cell line UACC903(+6) is sensi-

tive. Here, we describe identification of differential

molecular pathways underlying this difference. Using our

recently developed mitochondria-focused cDNA micro-

arrays, we identified 154 differentially expressed genes

including proapoptotic (BAK1 [6p21.3], BCAP31, BNIP1,

CASP3, CASP6, FAS, FDX1, FDXR, TNFSF10 and

VDAC1) and antiapoptotic (BCL2L1, CLN3 and MCL1)

genes. Expression of these pro- and anti-apoptotic genes

was higher in UACC903(+6) than in UACC903 before UV

treatment and was altered after UV treatment. qRT-PCR

and Western blots validated microarray results. Our bio-

informatic analysis mapped these genes to differential

molecular pathways that predict resistance and sensitivity

of UACC903 and UACC903(+6) to apoptosis respectively.

The pathways were functionally confirmed by the FAS

ligand-induced cell death and by siRNA knockdown of

BAK1 protein. These results demonstrated the differential

molecular pathways underlying survival and apoptosis of

UACC903 and UACC903(+6) cell lines.

Keywords Melanoma � Apoptosis � Pathways �
FAS � FASLG � BAK1

Introduction

Human cutaneous malignant melanoma (CMM) reigns as

the most deadly form of skin cancer, responsible for 75%

of all skin cancer-related deaths [1]. The incidence of

melanoma continues to increase in western populations—

the number of cases worldwide has doubled in the past

20 years [2]. CMM frequently results from transformation

of melanocytes in the skin. High resistance to treatment is a

unique hallmark of malignant melanoma, although the

mechanisms by which melanoma cells protect themselves

against induced apoptosis remains largely unknown [3].

Many tumor cells bypass the apoptotic machinery through

mechanisms that may involve dysregulation of pro- and

anti-apoptotic genes [4]. Cytogenetic and molecular studies

have mapped frequent chromosomal breaks and deletions

on chromosomes 1, 6, 7, 9, 10, 11, and 19, and associated

these abnormalities with the development and progression
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of CMM [5–7]. In particular, chromosome 6 abnormalities

have been found in[80% cases [8–11] and are believed to

play a key role in progression of CMM. Supporting this

notion, introduction of a neo-tagged normal chromosome 6

into human malignant melanoma cell lines results in sup-

pression of tumorigenicity [12] and metastasis [13, 14], and

enhancement of apoptosis [15]. These structural and

functional studies strongly suggest that multiple genes on

chromosome 6 play a causal role in the development and

progression of CMM.

The genetically linked human melanoma cell lines

UACC903 and UACC903(+6) phenotypically exhibit dis-

tinctive characteristics. Specifically, the parental UACC903

cell line demonstrates rapid population-doubling time,

focus formation in monolayer culture, anchorage-indepen-

dent growth, and rapid formation of s.c. tumors in athymic

nude mice. In contrast, the UACC903(+6) cell subline

shows suppression of all these phenotypes [12]. Using these

two cell lines, we previously identified the chromosome

6-encoded tumor suppressor gene connexin 43 which par-

tially explains the suppression of tumorigenic phenotypes as

a consequence of the introduced chromosome 6 [16, 17].

Recently, we demonstrated significant differences between

UACC903 and UACC903(+6) cell lines in apoptosis and

cell distribution in G0/G1-, S- and G2/M-phases of the cell

cycle before and after UV irradiation [15]. The apparent

apoptotic difference strongly suggests the presence of dif-

ferential molecules that regulate survival and apoptosis.

In this report, we describe the identification of differ-

entially expressed genes in the survival-apoptosis signaling

pathways that account for differences in apoptosis between

UACC903(+6) and UACC903 cell lines before and after

UV irradiation. Using human mitochondria-focused cDNA

microarrays [18], we identify gene expression profiles

before (0-h) and at 1.5-, 3-, 6- and 12-h after UV treatment.

After qRT-PCR validation of microarray results, we iden-

tified 154 differentially expressed genes of which 104

changes their expression in response to UV treatment,

suggesting differential regulation in these two cell lines.

Bioinformatics analysis revealed 16 genes relevant to

proapoptosis, 3 to antiapoptosis, 5 to DNA damage repair

and 1 to the G2 check point. We mapped these proapop-

totic and antiapoptotic genes to known survival-apoptosis

signaling pathways. Western blots confirmed expression

changes of proapoptotic proteins BAK1 (encoded by

chromosome 6p21.3) and FAS, and antiapoptotic proteins

BCL2L1 and MCL1. Our MTS assay revealed that the FAS

ligand (FASLG)-induced cell death was both dose- and

time- responsive in these two cell lines. Moreover, siRNA

knockdown of the BAK1 protein in UACC903(+6) cells

resulted in increased survival and attenuation of FASLG-

induced cell death. These results demonstrate chromosome

6-encoded BAK1-involved differential survival-apoptosis

signaling pathways as the molecular mechanism underly-

ing resistance and sensitivity to apoptosis of human CMM

cell line UACC903 and the chromosome 6-mediated sup-

pressed cell subline UACC903(+6). These pathways have

implications for therapeutic research.

Methods and materials

Cell culture

UACC903 and UACC903(+6) cell lines were originally

obtained from University of Arizona Cancer Center [12].

UACC903 cells were cultured in RPMI1640 with 10% fetal

bovine serum, 2 mM L-glutamine. UACC903(+6) cells

were cultured in the same medium with 600 lg/ml G418 to

select for the pSV2neo-tagged chromosome 6.

UV irradiation

After removing medium, cells at 90% confluence in 100-

mm dishes were exposed to UV (254 nm) generated by UV

Crosslinker (Model BLX254, Life Technologies, Gai-

thersburg, MD) at the dose of 40-J/M2. Medium was added

immediately to continue culture until designated time

points. Cells at 0 h had no UV treatment.

Flow cytometry

It was performed by previously described methods [19, 20].

Both attached and floating cells were harvested for cell

cycle analysis. For each experiment, 10,000 cells were

analyzed using ELITE Flow Cytometry (Beckman Coulter,

Fullerton, CA) and Cell Quest software (Becton Dickinson,

Franklin Lakes, NJ).

TUNEL assay

Terminal DNA transferase-mediated dUTP biotin nick end

labeling (TUNEL) assay was employed to determine

in situ apoptotic DNA breaks [21, 22] by using the

Detection Kit (Roche Applied Sciences, Germany) fol-

lowing manufacturer’s instructions. Cells attached to glass

slides in culture dishes were subjected to TUNEL assay

and were then analyzed under Olympus BX 60 fluorescent

microscope using Evolution CCD System and ImagePro

software (Media Cybernetics, Rockville, MD).

hMitChip3 microarray

A third-generation human mitochondria-focused cDNA

microarray (hMitChip3) containing 37 mitochondrial

DNA-encoded genes, 1,098 nuclear DNA-encoded and
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mitochondria-related genes and 225 controls were printed

as described previously [18]. Total RNA was extracted

using Trizol reagent (Invitrogen) and purified with RNeasy

kit (Qiagen, Valencia, CA), as previous description [23].

Ten micrograms of RNA per sample were used for

microarray labeling and hybridization as previously

described [18]. Slides were scanned using the ScanArray

Express Microarray Scanner (PerkinElmer, Boston, MA) as

described previously [18].

Microarray data analysis

Microarray database construction, data filtering and nor-

malization were performed as described previously [18]. The

normalized data were used to cluster genes by using Eisen’s

Cluster software [24] and to calculate differentially expres-

sed genes. Heat map was visualized by using Maple Tree

(http://rana.lbl.gov/EisenSoftware.htm). Gene identifiers

including clone ID, accession number, Unigene ID, gene ID,

symbol and name were updated according to human Uni-

Gene Build 204 (ftp://ncbi.nih.gov/repository/UniGene/).

Gene ontology and pathways were downloaded from Entrez

(ftp://ncbi.nlm.nih.gov/gene). Ingenuity Pathway Analysis

software IPA 5.0 (Redwood City, CA) was used to map

pathways.

Quantitative RT-PCR (qRT-PCR)

Two micrograms of total RNA per sample were reverse-

transcribed into cDNA by using SuperScriptTM First-Strand

Synthesis System (Invitrogen). Thirty nanograms of each

cDNA sample was used for 40 cycles of qPCR analysis with

the Universal PCR Master Mix on an Applied Biosystems

7300 Real Time PCR System and Software (Applied Bio-

systems, Foster City, CA), following the manufacturer

instructions. Triplicate qPCR experiments were performed

for each gene. Relative RNA concentrations were calculated

using the published methods [23, 25]. TaqMan probes and

primers for glyceraldehyde-3-phosphate dehydrogenase

(GAPDH, 4352934E); Fanconi anemia complementation

group D2 (FANCD2, Hs00276992_m1); DEAH (Asp-Glu-

Ala-His) box polypeptide 16 (DHX16, Hs00374356_m1);

adenosylmethionine decarboxylase 1 (AMD1, Hs007508

76_s1); BCL2-like 1 (BCL2L1, Hs99999146_m1); uracil-

DNA glycosylase (UNG, Hs00422172_m1); Fas TNF

receptor superfamily member 6 (FAS, Hs00531110_m1);

BCL2-antagonist/killer 1 (BAK1, Hs00832876_g1); cas-

pase 3 apoptosis-related cysteine peptidase (CASP3,

Hs00234387_m1); protein phosphatase 2 catalytic subunit

alpha isoform (PPP2CA, Hs00427259_m1); and myeloid

cell leukemia sequence 1 (MCL1, Hs03043898_m1) were

purchased from Applied Biosystems.

FAS ligand (FASLG)-induced apoptosis

Human recombinant soluble FASLG was purchased from

the Kamiya Biomedical Company (Seattle, WA). 4,000 and

5,000 cells in 20-ll media were plated into a 96 well plate

for cell lines UACC903 and UACC903(+6), respectively.

The dose-response curves were determined for FASLG at

the final concentrations of 0, 50, 100, 200 and 400 ng/ml.

Cells were incubated for 22 h after addition of FASLG and

viable cells were measured by MTS cell proliferation

assay. The time–response curves were determined for

100 ng/ml of FASLG at the time points of 0, 1.5, 3, 6, 12,

and 24 h after UV treatment.

MTS cell proliferation assay

The CellTiter 96 AQueous One Solution Cell Proliferation

Assay kit (Promega, Madison, WI) was used to assess

number of viable cells following manufacturer’s instruc-

tions. Twenty microliters MTS reagent was added to cells

in 100-ll media in a well of 96-well plates. After incuba-

tion at 37�C (5% CO2) for 2 h, viable cells were measured

at 490-nm absorbance with spectrophotometer SPEC-

TRAmax (Molecular Devices, Sunnyvale, California).

Background absorbance was recorded with control cells.

After subtraction of the background, absorbance was con-

verted to cell number based on standard curves generated

from UACC903 and UACC903(+6) cells for plotting

dose– and time–response curves.

siRNA experiments

BAK1 siRNA duplex, transfection reagents and mock

control (non-specific siRNA) were purchased from Ambion

(Austin, TX) and used following the manufacturer’s

instructions. Briefly, transfection and knockdown efficien-

cies of siRNA were optimized as 6 9 105 cells/ml for

UACC903(+6) by use of the manufacturer-provided

GAPDH siRNA and KDalert GAPDH Assay Kit. At 80–

90% confluence, cells in monolayer culture were lifted with

0.05% Trypsin. Cell numbers were determined by use of a

Coulter Particle Counter (Model Z18, Beckman-Coulter

Inc., Miami, FL). Transfection reagents (siPORT NeoFX)

and stock siRNA were combined and incubated at room

temperature for 45-min. Twenty microliters of siPORT

NeoFX and siRNA (40 nM final concentration) reaction

mixture was placed into each well of a 96 well plate, fol-

lowed by addition of 80-ll cell suspension. After

incubation for 48 h, 20-ll MTS reagent was added to

measure viable cells at 490-nm absorbance with spectro-

photometer SPECTRAmax (Molecular Devices). All

experiments were performed in triplicate.
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Western blots analysis

Cells were harvested at indicated time points. Protein

concentration of cell lysate was determined by using DC

Protein Assay Kit (Bio-Rad, Hercules, CA). Approximately

30 lg of protein were subjected to electrophoresis in 12%

denatured SDS-polyacrylamide gel. Proteins in gel were

transferred to the Improved Polyscreen PVDF Transfer

Membrane (PerkinElmer Life Science Inc., Boston, MA) as

described by the manufacturer. Mouse monoclonal anti-

bodies (anti-FAS [B-10, Cat.# sc-8009] and anti-BCL2L1

[H-5, Cat.# sc-8392]) and rabbit polyclonal antibodies

(anti-BAK1 [H-211, Cat.# sc-7873] and anti-MCL1 [k-20,

Cat.# sc-958]) were from Santa Cruz Biotechnology (Santa

Cruz, CA); and mouse monoclonal antibody (anti-GAPDH

[6c5, Cat.# AM4300]) was from Ambion (Austin, TX).

BAK1, FAS, MCL1 and BCL2L1 antibodies were diluted

at 1:500 and GAPDH antibody was diluted at 1:20,000 to

detect the corresponding proteins. Secondary antibodies

used were horseradish peroxidase-conjugated anti-rabbit or

anti-mouse antibodies (Santa Cruz Biotechnology). Blots

were visualized by the ECL Western blotting detection

reagents (PerkinElmer LAS, Austin, TX) and X-ray films.

Images were scanned and quantified by using Scanalytics

IPLAB 3.6 (Rockville, MD).

Statistics

Statistical calculations were performed on triplicate array

experiments using XLSTAT 2006 (XLSTAT, New York,

NY). Differentially expressed genes were identified by

equal to or greater than 1.5-fold change in the average

expression of the background-subtracted mean intensity

ratios of a gene between cell lines and/or between time

points. The level of statistical significance was set at a

P-value \0.05.

Results

Apoptosis of UACC903(+6) and G2/M arrest of

UACC903 before and after UV treatment

To characterize apoptotic responses of human malignant

melanoma cell line UACC903 and chromosome 6-medi-

ated suppressed cell subline UACC903(+6), we compared

apoptosis rates and distribution rates of cells in the cell

cycle derived from TUNEL assay and flow cytometry,

respectively. The results indicated that TUNEL-positive

apoptotic cells were 2.3 ± 0.6% in the UACC903 popu-

lation and 9.6 ± 1.1% in the UACC903(+6) before UV

irradiation (P \ 0.001), compared to 12.1 ± 2.1% and

51.0 ± 8.9%, respectively, 12 h after UV treatment

(P \ 0.0001) (Fig. 1). The levels of G2/M arrested cells

exhibited another major difference between the two cell

lines. The G2/M-phase cells were 16.9 ± 0.3% in the

UACC903 population and 13.2 ± 0.5% in UACC903(+6)

before UV treatment (P \ 0.001), compared to 27.0 ±

0.7% and 15.7 ± 0.1%, respectively, 24 h after UV treat-

ment (P \ 0.001). Thus, while apoptosis occurred in

UACC903(+6) cells, G2/M arrest was a major event in

UACC903 cells.

Expression clusters of 154 genes in UAC903(+6)

and UACC903 cells before and after UV treatment

To investigate the molecular mechanism underlying the

differential apoptosis between UACC903 and UACC903

(+6), we identified expression profiles of 154 significantly

(P \ 0.05) differentially expressed genes between these

two cell lines before and at 1.5, 3, 6 and 12 h after UV

treatment using the hMitChip3 microarray (Supplemental

Table 1). Our unsupervised clustering analysis of these 154

genes revealed 3 (A, B, and C) clusters and 9 (A-1 through

A-4, B-1 through B-3 and C-1 to C-2) sub-clusters (Fig. 2).

Without UV treatment, the expression levels of genes in A,

B and C clusters in UACC903(+6) were higher than, equal

0
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903

9036

903UV
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TUNEL Positive G2/M-Phase
903/9036 0.000000277 0.000250261
903UV/9036UV 0.000000002 0.000008361
903/903UV 0.000076328 0.000015556
9036/903 0.000000009 0.000763639

Comparison
p -values

Fig. 1 Bar graph of the TUNEL-positive apoptotic cells and G2/M

phase cells before and after UV irradiation. TUNEL-positive cells:

UACC903 and UACC903(+6) cells before and at 12 h after the UV

irradiation were processed by the terminal deoxynucleotidyl trans-

ferase-mediated dUTP biotin nick-end labeling (TUNEL) assay using

the In Situ Cell Death Detection Kit (TMR, Roche). On average, 700

cells were analyzed for each of triplicate experiments to calculate

means and SD of the TUNEL-positive cells. G2/M-phase cells:

UACC903 and UACC903(+6) cells were sorted based on DNA

contents after staining, with propidium iodide (PI), UACC903 and

UACC903(+6) cells before and at 12 h after the UV irradiation.

10,000 cells were sorted using ELITE Flow Cytometry (Beckman

Coulter) and analyzed with Cell Quest software (Becton Dickinson).

Means and SD were calculated from triplicate experiments. The P-

values between comparisons are indicated. 903: UACC903, 9036:

UACC903(+6), 903UV: UACC903 treated with UV, 9036UV:

UACC903(+6) treated with UV
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to and lower than those in UACC903, respectively. At 1.5-,

3-, 6- and 12-h after UV treatment, genes in all 9 sub-

clusters displayed significant (P \ 0.05) up- or down-reg-

ulation at more than one time point, in either one cell line

or both. These sub-clusters revealed downregulated (A-1)

and upregulated (A-4 and B-2) genes in both cell lines,

upregulated genes in UACC903(+6) (B-3 and C-1) and

UACC903 (A-2 and B-1), and a mixture of both up- and

down-regulated genes (A-3 and C-2), in response to the UV

treatment (Fig. 2).

qRT-PCR validation of gene expression

To validate the microarray results, we conducted qRT-PCR

analysis on 11 genes including proapoptotic genes (BAK1,

FAS and CASP3), antiapoptotic genes (BCL2L1 and

MCL1), DNA damage repair genes (FANCD2 and UNG),

others (AMD1, DHX16 and PPP2CA) and the control

GAPDH, in UACC903 and UACC903(+6) cell lines

before (0-h) and at 3- and 12-h after the UV treatment. The

results indicated that out of 30 datapoints tested (10 genes

Fig. 2 Heat map of gene expression. UACC903(+6) and UACC903

cells were treated with or without the UV irradiation. The ‘‘0’’ indicates

that the cells were harvested with the mock treatment, that is, without

UV irradiation. Other cells were harvested at 1.5-, 3-, 6- and 12-h time

points after the UV treatment. The samples were arranged on the top as

such to reveal a symmetrical comparison between UACC903(+6) and

UACC903 and a timing course for each cell line after the UV treatment.

The expression ratios between UACC903(+6) and UACC903 (+6/903

and 903/+6) were calculated and placed in the middle for the symmetric

clustering analysis. The ‘0/0’ is calculated by dividing an individual

value with the mean value at the 0 time point, which provides the control

reference (black) for up- (red) and down- (green) regulation or no-

change in expression (black) of a gene. The UV-induced expression

changes were calculated by comparisons of a gene expression level at

each time point with the mean value at the 0 time point, that is, 1.5/0, 3/

0, 6/0 and 12/0. The triplicate experiments (indicated as 1, 2, 3) were

performed for each time point. The clusters without UV treatment are

indicated by (a) 68 genes with expression levels significantly

(P \ 0.05) higher in UACC903(+6) cell line than in UACC903, (b)

47 genes without significant (P [ 0.05) changes between these two cell

line, and (c) 39 genes with expression levels significantly (P \ 0.05)

lower in UACC903(+6) than in UACC903. The sub-clusters (A-1

through A-4, B-1 through B-3, C-1 and C-2) indicate the UV-induced

changes in expression. The gene symbols are indicated and please see

website http://www.gwumc.edu/biochem/faculty/su.html for gene IDs

and names
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at 3 time-points, n = 30), 28 (93.3%) were in agreement

with the microarray results, including 21 (70%) with

agreement in both change (down, no change, or up) and

significance (P\or[0.05) and 7 (23.3%) with agreement

in change but not in significance (Fig. 3). The expression

of 2 genes (6.7%) was inconsistent and included BAK1 at

the 0-h time point and MCL1 at the 3-h time point (Fig. 3).

These results demonstrated overall agreement between the

microarray data and the qRT-PCR results. Thus, all 154

genes were subjected to further analysis.

Expression patterns of genes involved in proapoptosis

(16 genes), antiapoptosis (3 genes), DNA damage

repair (5 genes) and G2 checkpoint (1 gene) before

and after UV treatment

To find genes controlling key phenotypic differences (i.e.,

apoptosis and G2/M phase transition [Fig. 1]) between

UACC903(+6) and UACC903 cells, our ontology analysis

of the 154 differentially expressed genes revealed 16

proapoptotic genes, 3 antiapoptotic genes, 1 G2 checkpoint

gene, and 5 DNA damage repair genes (Fig. 4a). Without

UV treatment, 10 proapoptotic genes (FDX1, BCAP31,

BNIP1, VDAC1, FDXR, BAK1 [encoded by 6p21.3],

TNFSF10, FAS, CASP6 and CASP3) were all upregulated

in UACC903(+6) and downregulated in UACC903, while

the expression of 5 proapoptotic genes (BAD, BID, BBC3,

CYCS and APAF1) displayed no significant change. In

response to the UV treatment, significantly (P \ 0.05)

upregulated FDX1, BAD and BID, downregulated FDXR,

BAK1, TNFSF10, FAS, CASP6, CASP3 and APAF1, and

insignificantly changed BCAP31, BNIP1, VDAC1, BBC3

and CYCS were identified in UACC903(+6) cells. In

comparison, identification in UACC903 cells of signifi-

cantly upregulated 12 genes (FDX1, BCAP31, BNIP1,

VDAC1, FDXR, BAK1, TNFSF10, FAS, CASP6, CASP3,

BBC3 and CYCS), downregulated APAF1, and did not

change BAD and BID (Fig. 4a) were noted. Without UV

treatment, 3 antiapoptotic genes (CLN3, MCL1 and

BCL2L1) were upregulated in UACC903(+6) and down-

regulated in UACC903. The UV treatment induced

downregulation of MCL1 and BCL2L1 in UACC903(+6)

and upregulation of all 3 genes in UACC903. CLN3

expression in UACC903(+6) did not respond to UV irra-

diation (Fig. 4a).

Five genes with DNA damage repair function, including

FANCD2, APEX1, APEX2, UNG and TP53, displayed no

significant changes in expression between UACC903(+6)

and UACC903 without UV treatment. In contrast,

FANCD2, APEX1 and APEX2 were all upregulated in

UACC903 in response to UV treatment (Fig. 4a).

FANCD2 is also required to maintain the DNA damage-

induced G2 checkpoint. UNG expression was downregu-

lated in UACC903(+6) cells at the 3-h time point but

Fig. 3 Consistent RNA levels

measured by microarray and

qRT-PCR. (a) Relative RNA

ratios of 10 genes, each at 3

time points, between UACC903

and UACC903(+6) cell lines

measured by microarrays. (b)

Relative RNA levels of the

same 10 genes, each at the same

3 time points, measured by

qRT-PCR. The ‘+’ sign

indicates P \ 0.05, and the ‘*’

indicates P \ 0.01 for a pair

within measurement. Out of

these 30 gene-and-time-point

comparisons, 28 (93.3%) are

consistent between these two

types of measurements,

including 21 (70%) with

agreement in both change

(down, no, or up) and P-value,

and 7 (23.3%) consistent with

the changes but not with P-

value (underlined). Two (6.7%)

was inconsistent and included

BAK1 at 0-h time point and

MCL1 at 3-h time point

(arrowhead)

998 Apoptosis (2008) 13:993–1004

123



upregulated in UACC903 cells at the 6-h time point.

Although TP53 is known to be involved in both apoptosis

and DNA damage repair, its expression was downregulated

in both cell lines in response to UV treatment (Fig. 4a).

Survival-apoptosis signaling pathways

with differentially expressed genes (n = 19)

in UACC903(+6) and UACC903 cells before

and after UV treatment

We mapped the aforementioned 16 proapoptosis genes and

3 antiapoptosis genes to known molecular signaling path-

ways that regulate survival and apoptosis of cells. The

results revealed mitochondria-centered signaling pathways

with a total of 35 gene products (Fig. 4b). Without UV

irradiation, the expression of 10 proapoptotic genes

(TNFSF10, FAS, BNIP1, BAK1 [encoded by 6p21.3],

BCAP31, FDX1, FDXR, VDAC1, CASP6 and CASP3)

and 3 antiapoptotic genes (BCL2L1, CLN3 and MCL1)

were significantly (P \ 0.05) higher in the UACC903(+6)

cell line (red) than in UACC903 (green). Six genes (BBC3,

BID, TP53, BAD, CYCS and APAF1) had no significant

change in expression (black). Expression changes of 11

genes (FADD, CASP8, CASP10, CASP2, BAX, HtrA2,

DIABLO, AIFM1, AIFM2, ENDOG, CASP7) were not

detected. The expression status of the remaining 5 genes

(FASLG, TNFSF10A, DAXX, IAP and CASP9) was

unknown (italic) due to the absence from the microarray.

Fig. 4 Heat map and survival-apoptosis pathways. (a) Heat map of

15 proapoptotic, 3 antiapoptotic, and 5 DNA-damage-repair genes in

UACC903(+6) and UACC903 cell lines before (0) and at 1.5-, 3-, 6-,

and 12-h after the UV treatment. The color map illustrates a color

change corresponding to a ratio change. Each ratio was calculated by

dividing an expression level of a given gene at the time point to the

mathematic mean value of the gene expression levels in both

UACC903(+6) and UACC903 cells without UV treatment. The

arrowheads and hyphens indicate overall expression changes of a

gene in response to the UV treatment. (b) The survival-apoptosis

pathways with differentially expressed genes between UACC903(+6)

and UACC903 cell lines without UV treatment. Red, green and black

correspond to those at the 0-h time point in UACC903(+6) and

UACC903 cell line listed in the panel (A). The left and right half in

each gene plate represents relative expression levels between

UACC903(+6) and UACC903, respectively. Solid line with solid

arrowhead: direct activation of expression or activity; dashed line:

indirect; open arrowhead: translocation; line with a short line at one

end: inhibition; line with circle: leading to; square: cytokine; double

circles or rhombus: group or complex; rhombus: enzymes; circle:

named protein; membrane: cell membrane
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The known interactions of these genes are indicated in the

pathways. The differential gene expression pattern in these

survival-apoptosis signaling pathways appears to predict

the UACC903(+6) cell line’s sensitivity, compared to the

UACC903’s resistance to apoptosis (Fig. 4b).

Validation of expression changes of proapoptotic

(BAK1 and FAS) and antiapoptotic (BCL2L1

and MCL1) proteins

To correlate mRNA levels to protein expression, Western

blot analysis of proapoptotic proteins (BAK1 and FAS),

antiapoptotic proteins (BCL2L1 and MCL1), and control

(GAPDH) was performed for these two cell lines before

and after UV treatment. The relative protein levels from

two independent Western blots were scanned and normal-

ized to GAPDH. The results indicated that without UV

treatment the protein levels of BAK1, BCL2L1 and FAS

were at least threefold higher and the MCL1 protein was

1.6-fold greater in UACC903(+6) cells than in UACC903

(Fig. 5). After the UV treatment these proteins maintained

high expression levels in UACC903(+6), with some

decrease of BAK1, BCL2L1 and FAS proteins at 6- and

12-h time points. In comparison, all 4 proteins in

UACC903 remained the same or were modestly reduced at

1.5-, 3- and 6-h time points, while increasing slightly at the

12-h time point (Fig. 5).

Functional validation of the differential

survival-apoptosis signaling pathways

To validate the survival-apoptosis signaling pathways, we

performed MTS cell proliferation assays comparing via-

bility after parallel treatment of UACC903(+6) and

UACC903 cells with FASLG. The results indicated that cell

survival was a function of dose and time following FASLG
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Fig. 5 Western blots and

quantification. (a) Western blot

of cell lysate from

UACC903(+6) and UACC903

cell lines before (0) and at 1.5-,

3-, 6-, and 12-h after the UV

treatment, using the antibodies

against BAK1, BCL2L1, FAS,

MCL1 and GAPDH proteins.

GAPDH was used as a control

for loading error. (b) Bar graph

for the quantitative comparison

among protein expression

levels. The signal intensities of

a protein band and its

surrounding background were

scanned from images derived

from two independent Western

experiments for each protein

and quantified by using

Scanalytics IPLAB 3.6

(Rockville, MD). The resultant

background-subtracted values of

protein expression were

normalized to those of GAPDH

and then plotted as the relative

protein levels for each protein at

each time point in each cell line

with or without UV treatment
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treatment, and that the survival of UACC903(+6) cells was

significantly less than that of UACC903 (Fig. 6a and b).

Specifically, at the dose of 50, 100, 200, or 400 ng/ml

FASLG, UACC903(+6) cells had 66 ± 7.1%, 57 ± 7.0%,

52 ± 5.0% and 33 ± 4.7% survival, but UACC903 had

94 ± 3.8%, 86 ± 3.9%, 78 ± 2.7% and 76 ± 5.5% sur-

vival, respectively. The difference at each corresponding

dose was highly significant (P \ 0.002). At 1.5-, 3-, 6-, 12-

and 24-h after treatment with 100 ng/ml FASLG, the

UACC903(+6) cell survival was reduced to 91 ± 1.9%,

82 ± 4.9%, 64 ± 5.8%, 35 ± 14.4%, and 58 ± 6.5%,

respectively; while the corresponding UACC903 cell

survival was 98 ± 10.6%, 93 ± 4.4%, 90 ± 15.2%,

70 ± 5.4% and 83 ± 2.4%. The survival difference

between these two cell lines was insignificant (P = 0.332)

at the 1.5-h time point, significant at 3- and 6-h time points

(P = 0.050), and highly significant at 12-h (P = 0.016) and

24-h (P = 0.003) time points (Fig. 6a and b).

To further validate the survival-apoptosis signaling

pathway, we determined the effects of siRNA knockdown

of the proapoptotic protein BAK1 on survival of

UACC903(+6) cells in the presence or absence of FASLG.

The results indicate that transfection with BAK1 siRNA

(BAK1-siR) significantly (P = 0.0102) increased cell sur-

vival by 114 ± 6.4% greater than mock transfection

(100 ± 8.3%). Western blot analysis indicated that BAK1

protein was knocked down to 37.7% of mock transfection.

Moreover, in the absence of BAK1 siRNA, FASLG-

induced cell death was 77 ± 6.0% (P = 0.0003); whereas

in the presence, the FASLG-induced cell death was

94 ± 7.0% which is insignificantly different from mock

transfection (P = 0.2323), but highly significantly differ-

ent from the treatment with either BAK1 siRNA

(114 ± 6.4%, P = 0.0006) or FASLG (77 ± 6.0%,

P = 0.0010) alone (Fig. 6c and d).

Discussion

This study identified survival-apoptosis molecular signal-

ing pathways with differentially expressed genes

underlying resistance and sensitivity to apoptosis of human

malignant melanoma cell line UACC903 and the chromo-

some 6-mediated suppressed cell line UACC903(+6).

UACC903 cells displayed resistance to apoptosis and G2/

M arrest at significantly higher levels than UACC903(+6)

regardless of UV treatment. In contrast, UACC903(+6)

cells had a low level of constitutive apoptosis, which

increased by[5-fold in response to UV irradiation (Fig. 1).

By applying human mitochondria-focused cDNA micro-

arrays, we identified the difference in the survival-

apoptosis signaling pathways between these two cell lines

(Fig. 4). The expression changes of a number of repre-

sentative genes were validated by qRT-PCR and Western
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analysis of BAK1 protein levels
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transfection. Mock-T (M-T):
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blots. The FASLG-induced dose- and time-responsive cell

deaths were exploited to functionally validate the differ-

ential survival-apoptosis signaling pathways. Moreover,

siRNA knockdown of the upregulated proapoptotic protein

BAK1, encoded at chromosome 6p21.3, in UACC903(+6)

cells not only enhanced cell survival, but also attenuated

FASLG-induced cell death further validating this pathway.

Thus, the identified differential survival-apoptosis signal-

ing pathways provide a molecular mechanism underlying

resistance and sensitivity to apoptosis of these two mela-

noma cell lines (UACC903 and UACC903[+6]).

The survival-apoptosis molecular signaling pathway

contains gene products involved in multiple proapoptotic

and antiapoptotic signaling pathways, including extrinsic

and intrinsic, caspase-dependent and -independent, mito-

chondria-centered, and other organelle-related paths.

Homeostasis between proapoptosis and antiapoptosis may

be a key factor regulating life and death of cells [26–28].

For example, in the extrinsic, caspase-dependent apoptosis

pathway, the proapoptotic proteins TNFSF10 and FAS are

known to induce apoptosis as immune response, through

activation of CASP8 and CASP10, which in turn activate

CASP3 and CASP6, leading to apoptosis. The UACC903

cell line’s significantly lower expression of 10 proapoptotic

genes (in contrast to only 3 antiapoptotic genes) than the

UACC903(+6) cell line may explain why the former had

fewer constitutive and UV- or FASLG-induced cell deaths

than the latter. Apparently, multiple proteins in the sur-

vival-apoptosis signaling pathways participate in the

resistance of UACC903 and the sensitivity of

UACC903(+6) to apoptosis. The approach employed and

pathways identified by this study may facilitate therapeutic

research aimed at discovery of drugs and drug targets.

The FAS and FASLG system comprises a major path-

way for the induction of apoptosis in cells and tissues that

play central roles in the physiological regulation of tissue

remodeling, the pathogenesis of various malignancies, and

diseases of the immune response. FAS, also known as

TNFRSF6/APT1/CD95, is a cell surface receptor and a

member of the tumor necrosis factor (TNF)-receptor

superfamily. Its ligand FASLG, also known as TNFSF6/

APT1LG1/CD95L, can trigger apoptosis by cross-linking

with FAS [29, 30]. Since FAS-FASLG signaling is nec-

essary and sufficient to control keratinocyte apoptosis of

the epidermis exposed to UV-light, it thus plays a crucial

role in regulation of UV-induced DNA damage-triggered

apoptosis [31].

Our study reveals that the FAS-FASLG signaling path-

way, which interacts with the DNA damage-triggered

apoptosis pathway, consists of multiple genes with altered

expression between human malignant melanoma cell line

UACC903 and the suppressed cell line UACC903(+6).

Significantly more UACC903 cells arrest in the G2/M

phase, constitutive and UV-induced, than UACC903(+6)

cells. The UV treatment causes damage to DNA; and cells

with excessive DNA damage undergo apoptosis, prevent-

ing abnormal growth [32, 33]. The G2/M-arrest,

particularly the arrested UACC903 cells induced by the

UV irradiation, may undergo DNA damage repair. This

hypothesis is supported by the fact that genes involved in

the cell cycle G2 checkpoint (FANCD2) [34] and DNA

damage repair (FANCD2, APEX1, APEX2 and UNG)

were all upregulated in the UV-treated UACC903 cells. In

contrast, none of these genes responded to UV treatment in

UACC903(+6) cells (Fig. 4a). It is known that FANCD2

protein involves in the homology-directed DNA repair [35,

36], APEX1 and APEX2 repair apurinic/apyrimidinic sites

[37, 38], and UNG initiates the base-excision repair (BER)

[39]. These genes provide molecular clues for further

study of G2/M arrest and DNA damage repair that may

play a key role in development of human malignant

melanomas.

In the present study, we found striking UV-induced

changes in expression patterns between the UACC903(+6)

and UACC903 cell lines. The unsupervised clustering

analysis of 154 genes revealed 3 clusters and 9 sub-clusters

of genes. The fact that at least 4 sub-clusters (A-2, B-1, B-3

and C-1) consisting of 104 genes displayed significantly

different expression patterns between these two cell lines in

response to the UV treatment (Fig. 2) strongly suggests the

different regulatory mechanisms controlling expression of

these genes. Differences in expression of so many genes

suggest the presence of different control mechanisms

underlying expression of these genes, either directly or

through cascade effect. Probably, all of these differentially

expressed genes contribute to the phenotypic differences

between the malignant melanoma cell line UACC903 and

the chromosome 6-mediated suppressed cell line

UACC903(+6).

Changes in protein expression lag behind RNA changes.

The comparisons between RNA expression and protein

expression of four genes including BAK1, BCL2L1, FAS

and MCL1 indicate that the RNA changes occurred earlier

than the protein in response to UV treatment (Figs. 4a and

5). In addition, the changes in expression patterns of

BAK1, BCL2L1, FAS and MCL1 RNA and protein were

very similar. These results suggest that these 4 genes may

be regulated at both transcriptional and translational levels

in response to UV treatment.

To date, a number of genes encoded by human chro-

mosome 6 have been shown to be involved in chromosome

6-mediated suppression of CMM phenotypes. Church et al.

identified the mitochondrial antioxidant enzyme manga-

nese superoxide dismutase 2 (SOD2) (6q25.3) as a tumor

suppressor gene that inhibits colony formation in soft agar

and tumors in nude mice [40]. Our previous study revealed
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up- and down-regulation of gap junction protein alpha 1

(GJA1) (6q21-q23.2), also known as connexin 43 (Cx43),

in UACC903(+6) and UACC903, respectively, and dem-

onstrated the suppression of colony formation of

UACC903 cells in soft agar by transfection and overex-

pression of GJA1 [17]. Other investigators reported that

GJA1 inhibits proliferation of glioblastoma cell lines [41],

lung carcinoma cell line PG [42], prostate cancer cell line

LNCap [43] and breast cancer cell line MDA-MB-231 [44]

in vitro and in nude mice. Goldberg et al discovered the

transcriptional coactivator CRSP3/MED23 (6q22.33-

q24.1) as a metastasis suppressor by upregulation of a

metastasis suppressor gene KISS1 [45]. In the current study

we demonstrated that upregulation of BAK1 (6p21.3) RNA

and protein was associated with the UACC903(+6) cell

line’s sensitivity to apoptosis, and that siRNA downregu-

lation of BAK1 protein led to an increase in the cell

survival. Taken together, all these studies demonstrated

that chromosome 6-mediated tumor suppression involves

an abnormal expression of genes to regulate survival (i.e.,

SOD2), apoptosis (i.e., BAK1), proliferation (i.e., GJA1),

and transcription (i.e., CRSP3). These complex molecular

changes may be different in different genetic backgrounds

or cancer cells. Accordingly, this type of heterogeneity

requires the genomic and proteomic studies of an individ-

ual clone of cancer cells derived from different (or even the

same) patients for complete mapping and understanding of

the molecular basis underlying the cell behavior, and for

the development of diagnostic and/or therapeutic methods.
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