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Abstract

Melanoma occurs as a consequence of inherited susceptibility to the disease and exposure to 

ultraviolet radiation (UVR) and is characterized by uncontrolled cellular proliferation and a high 

mutational load. The precise mechanisms by which UVR contributes to the development of 

melanoma remain poorly understood. Here we show that activation of nuclear receptor coactivator 

3 (NCOA3) promotes melanomagenesis through regulation of UVR sensitivity, cell cycle 

progression, and circumvention of the DNA damage response (DDR). Downregulation of NCOA3 

expression, either by genetic silencing or small molecule inhibition, significantly suppressed 

melanoma proliferation in melanoma cell lines and patient-derived xenografts. NCOA3 silencing 

suppressed expression of xeroderma pigmentosum C and increased melanoma cell sensitivity to 

UVR. Suppression of NCOA3 expression led to activation of DDR effectors and reduced 

expression of cyclin B1, resulting in G2/M arrest and mitotic catastrophe. A single nucleotide 

polymorphism in NCOA3 (T960T) reduced NCOA3 protein expression and was associated with 

decreased melanoma risk, given a significantly lower prevalence in a familial melanoma cohort 

than in a control cohort without cancer. Overexpression of wild-type NCOA3 promoted 

melanocyte survival following UVR and was accompanied by increased levels of UVR-induced 

DNA damage, both of which were attenuated by overexpression of NCOA3 (T960T). These 

results describe NCOA3-regulated pathways by which melanoma can develop, with germline 

NCOA3 polymorphisms in the setting of UVR exposure, enabling enhanced melanocyte survival 
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despite an increased mutational burden. They also identify NCOA3 as a novel therapeutic target 

for melanoma.

Introduction

Melanoma is the fifth most common malignancy in the United States (1), with a 

dramatically increasing incidence over the last several decades (2). Ample epidemiological 

evidence supports the role of UVR in melanoma causation (3–5), supported by whole 

genome sequencing studies demonstrating a high burden of UV-signature mutations (6–8). 

Molecular susceptibility to melanoma also plays an important role, and involves high-

penetrance loci identified in melanoma-prone families, including CDKN2A and CDK4 (9). 

However, only a minority of familial melanoma kindreds harbor mutations in known 

susceptibility genes. Genome-wide association studies have identified low-penetrance 

susceptibility loci (e.g., MC1R, TYR, TYRP1, and OCA2) (10), but are limited by the small 

number of single nucleotide polymorphisms (SNPs) that can be tested, and by the caveat that 

the identified loci may not represent the causal variants. As a result, the precise molecular 

mechanisms by which melanoma develops following UVR remain poorly understood, 

necessitating the identification of additional molecular factors that govern both UV and 

melanoma susceptibility.

NCOA3 (also known as AIB1 or SRC-3) is a member of the nuclear hormone receptor 

coactivator family, and regulates gene expression through its interaction with various 

transcription factors (11–13). NCOA3 was initially shown to be amplified in breast cancer, 

and has a demonstrated oncogenic role in various solid tumors (14–18). We identified 

NCOA3 as differentially expressed in metastatic melanomas by gene expression profiling 

(19), and subsequently demonstrated a key prognostic role for NCOA3 in predicting 

melanoma-specific survival (20,21), including as the first molecular marker to predict 

melanoma metastasis to the sentinel lymph nodes. However, to date, the precise pathways by 

which NCOA3 exerts its oncogenic effects in melanoma have not been elucidated. 

Specifically, a role for NCOA3 in UVR-mediated melanomagenesis has not been previously 

demonstrated.

In this manuscript, we assess the effects of regulating NCOA3 expression in human 

melanoma cells as well as in melanocytes, identifying multiple oncogenic pathways 

regulated by NCOA3 in melanoma progression. These studies describe an important role for 

NCOA3 in UV susceptibility as well as a rational target for melanoma therapy.

Materials and Methods

Cell culture

C8161.9 human melanoma cells (22) (obtained from Dr. D. Welch, UAB, USA) were grown 

in DMEM/Ham’s F12 containing 5% FBS and 1X pen/strep. D04 melanoma cells (provided 

by Dr. B. Bastian, UCSF, USA) were cultured in RPMI medium 1640 containing 5% FBS 

plus 1X pen/strep. Ma-Mel-12, Ma-Mel-103b, Ma-Mel-66a and Ma-Mel-46 cells (provided 

by Dr. D. Schadendorf, University of Essen, Germany) were grown in RPMI medium 1640 

de Semir et al. Page 2

Cancer Res. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



containing 10% FBS plus 1X pen/strep. Normal human adult epidermal melanocytes 

(NHEM) (Lonza) were grown in MGM4 medium containing endothelin-3 and 1X pen/strep. 

Normal human neonatal melanocytes (Mel-F-Neo) (ZenBio) were grown in Mel-2 

melanocyte medium containing 1X pen/strep. Patient-derived xenograft (PDX) cells 

(MM337X, MM341X, MM334X, MM302X, and MM313X) were cultured in ultralow 

attachment T25 flasks with DMEM/Ham’s F12 medium containing 1X B27 supplement 

(Gibco), 1X pen/strep, 50ng/ml EGF, 50ng/ml FGF and no serum. These cells were derived 

from melanoma patients (described in Table S1). All 5 PDX cell lines were authenticated as 

human, without a match to any cell line in either the ATCC or the DSMZ STR database. 

Cells were confirmed mycoplasma free by PCR testing, with the last testing performed in 

summer 2020. Cells were passaged every 2–3 days (37°C and 5% CO2), were kept in culture 

for the duration of the experiments, and fresh batches of cells were used for repeat 

experiments. For in vivo experiments, the cells were cultured in their respective media up to 

the time of tail-vein or subcutaneous injection when they were re-suspended either in RPMI 

medium 1640 (D04), DMEM/Ham’s F12 (C8161.9) or DMEM/Ham’s F12 with 50% 

Matrigel (Thermo Fisher Scientific) (MM337X).

Transfections and generation of stable transformants

A shRNA NCOA3 target set (RHS4533-NM_006534) (Dharmacon) and lentiviruses 

including the anti-luciferase (luc) shRNA were prepared as previously described (23). 

Subconfluent C8161.9, D04 and Ma-Mel-12 cells were infected with each harvested 

lentivirus in the presence of 8μg/ml of polybrene, and selected in 1.5μg/ml, 1μg/ml or 

0.5μg/ml of puromycin at 48h post-infection, respectively. The consequences of NCOA3 
gene silencing were confirmed using a second siRNA targeting a distinct sequence in 

NCOA3 mRNA. siRNAs were transfected at 100nM with Lipofectamine 2000 and the 

assays performed at 48h post-transfection. Validated NCOA3 siRNA was purchased from 

Lifetech (#4427038), and GFP siRNA duplex oligo was purchased from Integrated DNA 

Technologies:

5’-GCUACGUCCAGGAGCGCACCCUCAA-3’;

3’-CGAUGCAGGUCCUCGCGUGGGAGAA-5’.

To overexpress pcDNA3, human NCOA3 cDNA or T960T NCOA3 polymorphism cDNA in 

NHEM Mel-F-Neo cells and human XPC cDNA (or a control plasmid expressing enhanced 

green fluorescent protein, or EGFP), in C8161.9 cells, lipofectamine 2000-mediated 

transfections (9μL) of (3μg) plasmids expressing control pcDNA3 or EGFP, human XPC 
cDNA (Addgene#39204), human NCOA3 (Genecopoeia), or T960T were carried out 

following manufacturer instructions (Thermo Fisher Scientific).

Plasmid construction and site-directed mutagenesis

To introduce the T960T polymorphism on the human NCOA3 plasmid, the QuikChange II 

XL Site-Directed Mutagenesis Kit (Agilent technologies) and the following simple with the 

nucleotide change in the center (underlined) were used:

hT960T-mut-acg-F: 5’-GGCTCTATTCCCACGTTGCCTCTTCGGTC-3’

hT960T-mut-acg-R: 5’-GACCGAAGAGGCAACGTGGGAATAGAGCC-3’
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The nucleotide change was confirmed by using the following sequencing primers designed 

with Oligoperfect software (Thermo Fisher Scientific):

Forward pCMV-hNCOA3-seqF: 5’-CTGGGGCTTACCAAACTCAA-3’

Reverse pCMV-hNCOA3-seqR: 5’-CTGCTTGGCCATAGGGATTA-3’

Genotyping of NCOA3 T960T polymorphism

Analyses of patient specimens were performed following approval by the Sutter Health 

Institutional Review Board, after obtaining written informed consent, and in accordance with 

the Declaration of Helsinki. The T960T polymorphism (2880A>G) (rs2076546) was 

investigated in a control cohort without cancer (N=364), in a familial melanoma cohort 

(from the University of Utah, composed of 97 melanoma patients from independent families 

that did not carry a CDKN2A gene mutation), and in 23 melanoma cell lines (C8161.9, D04, 

Ma-Mel-12, LOX, D05, D08, MM415, MM485, WM3211, 1205LU, WM164, WM793, 

415LU, C918P, WM1361, WM266.4, CHL, A375, SKMel28, WM115, Ma-Mel-103b, Ma-

Mel-66a, Ma-Mel-46) using TaqMan allelic discrimination primers and probes as described 

(24). The presence of the polymorphism was confirmed by PCR and sequencing. PCR 

conditions were as follows: 94°C for 2min, followed by 32 cycles of 94°C for 30 seconds, 

66°C for 30 seconds and 72°C for 30 seconds and a final extension at 72°C for 5min using 

the amplification primers T960T-M13F2 (forward: 5’-

TGTAAAACGACGGCCAGTCTGGGGCTTACCAAACTCAA-3’) and T960T-M13R2 

(reverse: 5’-AGCGGATAACAATTTCACACAGGCTGCTTGGCCATAGGGATTA-3’) with 

the Platinum PCR SuperMix High Fidelity (Thermo Fisher Scientific), followed by 

sequencing in both directions using the primers M13F2 (forward: 5-

TGTAAAACGACGGCCAGT-3’) and M13R2 (reverse: 5’-

AGCGGATAACAATTTCACACAGG-3’).

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

This assay was performed as described (23). The TaqMan probes for human genes used 

were as follows (Thermo Fisher Scientific): NCOA3 (Hs00180722_m1), CCNB1 
(Hs00259126_m1), CCNB2 (Hs00270424_m1), CCND1 (Hs00277039_m1), CCNA1 
(Hs00171105_m1), CHEK2 (Hs00200485_m1), XPC (Hs00190295_m1), HPRT1 
(Hs03929098_m1). All reactions were run in triplicate and the expression level of each gene 

was normalized to the human HPRT1 gene before comparisons. Data was analyzed using the 

2−ΔΔCT method.

UV irradiation

UVC (#FG8T5) and UVB (#G8T5E) irradiation were carried out with five UV light bulbs 

each (Ushio America, Inc.) from a distance of 20cm using Stratalinker UV crosslinker 2400 

(Stratagene). For the colony formation assay, C8161.9 and D04 cells were treated with 

2.5nM bufalin (#B0261, Sigma) for 6h prior to exposure to 40J/m2 of UVC, and Ma-Mel-12 

cells were treated with 5nM bufalin for 6h prior to exposure to 20J/m2 of UVC. For the 

rescue experiment with the XPC cDNA plasmid (colony formation assay), C8161.9 cells 

were starved the night before with 0.1% FBS, treated with 50nM bufalin for 6h prior to 

exposure to 40J/m2 of UVC and immediately followed by transfection of the pcDNA3 
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control plasmid or the human XPC cDNA plasmid. For γH2AX immunofluorescence, 

NHEM cells were exposed to 40J/m2 of UVC. For the ELISA assays, NHEM cells were 

exposed to 40J/m2 of UVC to detect 6–4 photoproducts (6-4PP) and 400J/m2 of UVB to 

detect cyclopyrimidine dimers (CPD). Mel-F-Neo cells were exposed to 200J/m2 of UVB to 

detect 6-4PP.

ELISA assay

CPD and 6-4PP photoproducts were detected by using the OxiSelect UV-induced DNA 

Damage ELISA combo kit (#STA-322-C, Cell Biolabs, Inc.) at 48h post-irradiation and 

following the manufacturer’s protocol.

Cell survival and colony formation assays

Cell survival was assessed using Cell Counting Kit-8 (Dojindo) following the 

manufacturer’s instructions on at least triplicate samples. C8161.9, D04 or Ma-Mel-12 

stable transformants were plated in 96-well plates at a density of 1,000 cells per well. When 

using UVC, cells were starved overnight with 0.1% FBS and then plated in 96-well plates at 

a density of 5,000 cells per well for C8161.9 or D04 and 20,000 cells per well for Ma-

Mel-12. When cells were treated with DMSO or bufalin for 6h (2.5nM for C8161.9 and D04 

cells, and 5nM for Ma-Mel-12 cells) prior to UVC exposure, parental C8161.9, D04 and 

Ma-Mel-12 cells were starved the night before with 0.1% FBS and then plated in 96-well 

plates at a density of 10,000 cells per well. For NHEM cells, 24h post-transfection with 

pcDNA3 or various human NCOA3 cDNA polymorphism plasmids, cells were plated in 96-

well plates at a density of 5,000 cells per well and then exposed to UVC.

For colony formation assays, colonies were stained with crystal violet and counted in 

triplicate. Five hundred C8161.9 or D04 stable transformants and 1,000 Ma-Mel-12 stable 

transformants were plated in 60mm dishes and allowed to grow for 7, 10 or 14 days 

respectively till visible colonies appeared. When cells were treated with DMSO or bufalin 

for 6h (2.5nM for C8161.9 and D04 cells and 5nM for Ma-Mel-12 cells) prior to UVC 

exposure, the cells were starved the night before with 0.1% FBS and then 5,000 cells each 

were plated in 60mm dishes and allowed to grow for 6 days in the case of C8161.9 cells and 

10 days for both D04 and Ma-Mel-12 cells.

Cell cycle and apoptosis analyses

Cell cycle and apoptosis were assessed using the Muse Cell Analyzer and the corresponding 

kits (#MCH100106, Muse Cell Cycle Assay Kit and #MCH100105, Muse Annexin V & 

Dead Cell Assay Kit) as per the manufacturer’s protocols (EMD Millipore). Ma-Mel-12 and 

D04 cells were treated with DMSO or 10nM bufalin (40nM for C8161.9 cells) for 2 days 

before performing the flow cytometric analyses.

Invasion assay

The Matrigel assay for stable transformants was carried out as described (23).
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Western analysis

Protein extraction and electrophoresis was performed as described (23). Membranes were 

first incubated overnight at 4°C with the following antibodies: NCOA3 (#sc-9119 at 1:1000 

dil.; Santa Cruz Biotechnology), GAPDH (#MAB374 at 1:1000 dil.; EMD Millipore), 

CDK1 (#A303–663A at 1:1000 dil., Bethyl Laboratories), CCNB1 (#sc-245 at 1:1000 dil.; 

Santa Cruz Biotechnology), AURKA (#14475T at 1:1000 dil.; Cell Signaling), PLK1 

(#4513T at 1:1000 dil.; Cell Signaling) and then with their respective horseradish 

peroxidase-labeled secondary antibodies for 1h at room temperature: goat anti-mouse HRP 

(#170–6516 at 1:1000 dil.; Biorad) and bovine anti-rabbit HRP (#172–1019 at 1:1000 dil.; 

Biorad). Binding was detected by using luminol reagent (sc-2048; Santa Cruz 

Biotechnology). For the bufalin experiments, C8161.9 and D04 cells were treated with 

DMSO or 2.5nM bufalin (5nM for Ma-Mel-12 cells and 40nM for the PDX cells) for 6h 

before the protein extraction. For the analyses of mitotic catastrophe and centrosome 

amplification, cells were treated for 6 days with bufalin at 5nM (C8161.9 and D04) or 10nM 

(Ma-Mel-12) before protein extraction.

Immunofluorescence and FISH

Expression of various proteins was assessed using immunofluorescence performed cultured 

on coverslips as described (23). Antibodies against NCOA3 (#sc-9119 at 1:1000 dil.; Santa 

Cruz Biotechnology), XPC (#GTX70294 at 1:500 dil.; Genetex), phospho-Chk2 (Thr68, 

#2197 at 1:500 dil.; Cell Signaling), p53 (#sc-126 at 1:250 dil.; Santa Cruz Biotechnology), 

p21 (#sc-6246 at 1:250 dil.; Santa Cruz Biotechnology), CCNB1 (#sc-245 at 1:250 dil.; 

Santa Cruz Biotechnology), γH2AX (#05–636 at 1:1000 dil.; EMD Millipore), tubulin 

(#ab6160 at 1:500 dil.; Abcam) and pericentrin (#ab4448 at 1:1000 dil.; Abcam) were 

followed by secondary antibodies labeled with Alexa Fluor 488, 594 or Cy5 (1:1000 dil.; 

Lifetech). DAPI staining was used as counterstain. Images were taken at fixed exposures 

with a Zeiss Axio Image Z2 microscope and the fluorescence intensities of at least 200 cells 

quantified using Axiovision software. The mean pixel intensities were used for statistical 

analysis using Microsoft Excel and Data Desk. For the analysis of pericentrin 

immunopositivity, cells were treated for 6 days with bufalin at 5nM (C8161.9 and D04) or 

10nM (Ma-Mel-12) before performing immunofluorescence analysis. For FISH analysis, 

BAC clones RP11-456N23 (20q13.12), RP5-1049G16 (20q13.12), representing the NCOA3 
locus, and RP4–610C12 (20q11.1) for the centromere of chromosome 20, were used 

(February 2009 freeze of the University of California, Santa Cruz Genome Browser, http://

genome.ucsc.edu). All clones were obtained from the Children’s Hospital of Oakland 

Research Institute (CHORI). BAC DNAs were prepared and labeled as described (25). The 

quality and mapping of all probes were verified by hybridization to normal metaphase 

spreads in combination with a commercially available centromeric probe for chromosome 20 

(Empire Genomics), before analysis. Hybridization on cell lines, tissue and metaphase 

preparations was performed as described (25). Images were taken with a Zeiss Axio Imager 

Z2 controlled by Axiovision software.
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Gene expression profiling and SAM analysis

Total RNA was extracted from C8161.9 stable clones expressing shRNA targeting luciferase 

or NCOA3 using the RNeasy kit (Qiagen). Duplicate samples were submitted to Phalanx 

Biotech for microarray analysis. After linear normalization, log2 transformation, and 

supervised hierarchical clustering, the resulting cluster data table was imported into the 

statistical significance analysis of microarrays software package. Delta was chosen to limit 

the output gene list so that 5% predicted false positives would be included. Gene ontology 

analysis of the data was performed using the Panther Classification System (pantherdb.org) 

(26).

Animal studies

All animal care was in accordance with institutional guidelines and a protocol approved by 

the CPMCRI Committee on Animal Research. Groups of ten 45-day-old female nude mice 

were injected i.v. with 100,000 C8161.9 stable transformants. The number of metastatic lung 

tumors was counted at sacrifice and analyzed using the unpaired, two-sided Student’s t-test 

as described (25). In subcutaneous studies, 1×106 C8161.9 stable transformants were 

injected in the right flank of nude mice and tumor growth was followed for 28 days.

In the bufalin experiments, groups of ten 45-day-old female nude mice were injected 

subcutaneously with 1×106 C8161.9 or D04 cells or with 0.5×106 MM337X cells until the 

tumors reached a mean tumor volume of at least 75mm3. The mice were then injected i.p. 

with DMSO (vehicle) or with 1mg/kg of bufalin twice daily for the duration of the 

experiment. The animals were randomly assigned to treatment groups, and the investigator 

performing tumor measurements was blinded to the identity of the treatment groups. No 

samples were excluded from the analysis.

Statistical methods

All quantified data represent an average of at least triplicate samples or as indicated. 

Statistical significance was determined by the Student’s t-test, randomization test, Chi-

square test, Mann-Whitney test, ANOVA, directional Le test or Kolmogorov-Smirnov test, 

and p values <0.05 were considered significant. PRISM graphing software (GraphPad 

Software) was used to determine IC50 values. In the in vivo drug efficacy studies, sample 

sizes were determined prospectively, using a type I error rate of 0.05 and power of 0.8 to 

detect differences in means of at least 30%. In all experiments, * denotes p<0.05 versus 
control and error bars represent the Standard Error of the Mean.

Data and materials availability: Microarray data that support the findings of this study 

have been deposited in GEO, with the accession code #156062.

Results

Initially, we examined whether NCOA3 is activated in cutaneous melanoma. The NCOA3 
gene resides on 20q13, a locus that is amplified in breast cancer (27) and that is frequently 

gained in melanoma (28,29). We assessed NCOA3 copy number using interphase 

fluorescence in situ hybridization (FISH) analysis in a cohort of 116 primary melanomas and 
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86 nevi. All nevi had 2 copies of NCOA3, whereas 29.3% of melanomas had 3 or more 

copies (Fig. 1A). These results indicate that NCOA3 copy number is significantly elevated in 

melanoma, providing a potential mechanism for its overexpression at the RNA level 

observed in cDNA microarray analysis, and identifying it as a candidate diagnostic marker 

for melanoma.

We then determined the consequences of regulating NCOA3 expression in several human 

melanoma cell lines with elevated NCOA3 copy number (Fig. 1B; Table S1) using both 

genetic NCOA3 silencing and pharmacological targeting with bufalin, a small molecule 

inhibitor (30). Elevated NCOA3 copy number was present in melanoma cell lines regardless 

of BRAF or NRAS mutational status (Table S1). Stable shRNA-mediated downregulation of 

NCOA3 in C8161.9 cells (Fig. 1C) significantly suppressed melanoma colony formation, 

viability, and invasion, and was accompanied by G2/M arrest (Fig. 1D–F, S1A–B). NCOA3 
silencing resulted in profound reductions both in the subcutaneous growth (Fig. 1G) and 

metastatic potential (Fig. 1H) of C8161.9 cells in nude mice. The anti-tumor effects 

produced following NCOA3 silencing were confirmed in D04 melanoma cells, which also 

harbored elevated NCOA3 copy number (Table S1; Fig. S1C–H).

In addition, we evaluated NCOA3’s role in a short-term melanoma culture, Ma-Mel-12, with 

a mean of nine copies of NCOA3 (Table S1, Fig. 1I). Stable NCOA3 silencing (Fig. 1J) 

resulted in profound growth arrest as well as dramatic morphologic changes, characterized 

by large, multi-nucleated cells, indicative of compromised cell cycle integrity that leads to 

mitotic catastrophe (31) (Fig. 1K, S1I). Over time, antibiotic treatment resulted in the 

survival of clones of Ma-Mel-12 cells with sufficient NCOA3 expression to allow 

propagation in cell culture, enabling analysis of the consequences of NCOA3 silencing. 

Suppression of NCOA3 expression was accompanied by markedly reduced colony formation 

(Fig. 1L), viability (S1J), and G2/M arrest (Fig. 1M; Fig. S1K), consistent with the effects 

observed in C8161.9 and D04 cells. These results indicate that melanoma cells harboring 

markedly elevated NCOA3 levels are addicted to its oncogenic effects.

Beyond genetic silencing of NCOA3, we assessed the effects of treatment of melanoma cells 

with the small molecule inhibitor bufalin (30). Administration of nanomolar concentrations 

of bufalin downregulated NCOA3 expression (Fig. 2A), and produced significant anti-tumor 

effects in multiple human melanoma cell lines, including patient-derived xenograft lines 

harboring elevated NCOA3 copy number (Fig. 2B–G; Fig. S2; Table S1). There was a 

differential sensitivity of melanoma cell lines to bufalin according to NCOA3 copy number 

status, with cell lines with higher NCOA3 copy number requiring a higher dose of bufalin 

for cell killing in vitro (Fig. 2C–D, with P<0.001 for each analysis; Table S1). In vivo 
administration of bufalin resulted in significant anti-tumor effects against C8161.9 (Fig. 2E) 

and D04 (Fig. 2F) melanoma, as well as against MM337X (Fig. 2G), a xenograft from a 

patient progressing on sequential treatment with BRAF and MEK inhibitors, and anti-

CTLA4 and anti-PD1 antibodies. Bufalin treatment was associated with G2/M arrest and 

increased apoptosis (Fig. 2H–I; Fig. S2A–E). Thus, pharmacological targeting of NCOA3 

resulted in significant anti-tumor activity against multiple melanoma cell lines, similar to 

NCOA3 gene silencing.
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Having demonstrated both the activation and oncogenic effects of NCOA3 in melanoma, we 

aimed to identify the pathways by which it promotes melanoma progression. We used 

transcriptomic analysis to identify the global patterns of gene expression following NCOA3 
silencing. Supervised analysis of RNA isolated from C8161.9 clones expressing anti-

NCOA3 versus control shRNA, followed by significance analysis of microarrays, identified 

numerous differentially expressed genes (Fig. 3A). Gene ontology analysis identified several 

pathways altered following NCOA3 knockdown (Table S2), including regulation of the cell 

cycle (specifically involving the mitotic phase) and cell division, as well as apoptosis. 

Prominent among the downregulated genes were cyclins (e.g., CCNB1, CCNB2, CCNA1, 

and CCND1), and genes that regulate sensitivity to UVR (e.g., XPC) (32). Intriguingly, 

among the upregulated genes was CHEK2, which plays a key role in the DNA damage 

response (DDR) activated by a number of DNA-damaging agents, including UVR (32). The 

differential expression of several of these genes following NCOA3 silencing was confirmed 

using qRT-PCR (Fig. 3B–C) and immunofluorescence analysis (Fig. 3D–E; Fig. S3A–D). 

Similar changes were observed following bufalin administration (Fig. S3E–F; S4A–D), and 

were accompanied by elevated expression of p53 and p21 (Fig. S4E and F), which are 

activated by CHEK2 (32). This differential gene expression was also validated using RNAi 

targeting a distinct sequence in human NCOA3 (Fig. S5A–D).

The downregulation of CCNB1 observed following inhibition of NCOA3 was consistent 

with the G2/M arrest observed in cell cycle analysis, and with the morphologic changes 

leading to mitotic catastrophe. Intriguingly, bufalin treatment of melanoma cells in culture 

also promoted morphologic changes of mitotic catastrophe (Fig. 4A; Fig. S6A and B), 

similar to that observed with stable NCOA3 gene silencing. The phenotypic change induced 

by bufalin administration was accompanied by reduced expression of other proteins critical 

to M phase entry and progression (e.g., CDK1, AURKA, and PLK1) (Fig. 4B, C), as well as 

by centrosome amplification, as evidenced by immunofluorescence analysis of pericentrin 

immunopositivity (Fig. 4D, E). Beyond the increase of pericentrin numbers, there was a 

markedly distinct and diffuse pattern of pericentrin immunopositivity in melanoma cells 

following bufalin treatment (Fig. S6C and D). Taken together, these results indicate that 

suppression of NCOA3 expression in melanoma cells results in activation of key regulators 

of DDR, along with downregulation of proteins that promote cell cycle progression, 

culminating in cell cycle arrest and mitotic catastrophe.

Given NCOA3’s regulation of XPC expression (Fig. 5A; Fig. S3F), we then determined 

whether modulation of NCOA3 expression resulted in altered sensitivity to UVR in 

melanoma cells. Stable NCOA3 silencing resulted in increased sensitivity of melanoma cells 

to UVR (Fig. 5B–D). Remarkably, brief (6h) exposure to bufalin treatment almost 

completely abolished the colony formation capacity of melanoma cells following UVR 

administration (Fig. 5E–G), which was rescued in part by overexpression of XPC cDNA 

(Fig. 5H; Fig. S6E).

Next, we determined whether regulation of NCOA3 expression in normal melanocytes alters 

DDR and affects their sensitivity to UV-mediated cytotoxicity. Overexpression of human 

NCOA3 cDNA into both adult (NHEM) and neonatal (Mel-F-Neo) human melanocyte lines 

resulted in elevated expression of XPC and CCNB1, while suppressing phospho-CHEK2, 
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p53 and p21 (Fig. 6A; Fig. S7A and B), consistent with the results observed in melanoma 

cells. In addition, overexpression of NCOA3 cDNA, in the setting of UVR exposure, was 

accompanied by significantly increased accumulation of the DNA damage marker γH2Ax 

(Fig. 6B; Fig. S8A and B). Thus, increased NCOA3 expression results in reduced UV 

sensitivity in both melanoma cells and melanocytes, and is associated with increased 

accumulation of DNA damage.

Given the regulation of DDR and UV sensitivity by NCOA3, we hypothesized that NCOA3 

may be involved in melanoma susceptibility. The NCOA3 T960T (2880A>G or rs2076546) 

polymorphism is associated with reduced breast cancer risk by virtue of its reduced 

prevalence in familial breast cancer cases lacking mutations in BRCA1 and BRCA2 when 

compared with a control cohort (24). Mutations in the CDKN2A gene represent the most 

commonly identified aberrations in familial melanoma to date (33,34), but are only present 

in a minority of melanoma-prone families. We compared the prevalence of the T960T 
polymorphism in a 97-patient familial melanoma cohort without a CDKN2A gene mutation 

to a control cohort of 364 individuals without evidence of cancer. The 2880A>G variant was 

present in 9.3% of the familial melanoma cohort versus 19.5% of the control cohort (Fig. 

6C; P<0.05). Intriguingly, the 2880A>G variant is present in 10.6% of Europeans (with a 

higher melanoma risk), compared with 22.6% of a sub-Saharan African population (Fig. 6C; 

P<0.05, www.ncbi.nlm.nih.gov/SNP). Finally, the T960T polymorphism was present in only 

two of 23 melanoma cell lines, and none of 53 melanoma specimens examined. Thus, the 

T960T polymorphism appears to be associated with reduced melanoma risk, and may have a 

protective role relative to the wild-type construct.

We then assessed the consequences of NCOA3 overexpression following UVR exposure. A 

cDNA construct encoding the T960T polymorphism was created using site-directed 

mutagenesis. Intriguingly, overexpression of wild-type NCOA3 cDNA in two melanocyte 

lines resulted in higher expression of NCOA3 protein when compared with the T960T 
construct (Fig. 6D; Fig. S8C), even though both cDNA constructs, despite containing 

different codons, encode the same amino acid. Overexpression of wild-type NCOA3 in both 

melanocyte lines resulted in resistance to UVR when compared with an empty vector control 

(Fig. 6E; Fig. S8D). By contrast, overexpression of the T960T cDNA construct produced an 

intermediate phenotype, with significant differences in cell survival when comparing the 

three constructs (Fig. 6E; Fig. S8D). UVR generates DNA damage that includes both 

cyclopyrimidine dimers (CPD) and 6–4 photoproducts (6-4PP) (35), resulting in DNA 

mutations that promote carcinogenesis. We assessed the proportion of DNA photoproducts 

remaining following UV treatment of both melanocyte lines expressing an empty vector, 

wild-type NCOA3 or T960T polymorphism using quantitative ELISA assays. 

Overexpression of wild-type NCOA3 resulted in a higher level of remaining 6-4PP in 

NHEM cells following UVC exposure when compared with the control vector. 

Overexpression of the T960T polymorphism resulted in an intermediate level of 6-4PP, with 

a significant discrimination between the three groups (Fig. 6F). Comparable results were 

obtained for remaining CPD levels following UVB treatment of NHEM cells (Fig. 6G), and 

for 6-4PP levels following UVB exposure in Mel-F-Neo cells (Fig. S8E). Taken together, 

these results show significant differences in the prevalence of wild-type NCOA3 versus the 

T960T polymorphism in familial melanoma, as well as differential levels of gene expression, 
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regulation of sensitivity to UVR, and accumulation of UV-mediated DNA damage according 

to NCOA3 polymorphism status.

Discussion

Our results demonstrate, for the first time, an important role for NCOA3 in melanoma 

susceptibility through its regulation of UVR sensitivity. NCOA3 activation in melanoma, in 

part through elevated copy number, directs a transcriptional cascade of gene expression, 

including activation of genes that promote cell survival following UVR (e.g., XPC) and that 

promote cell cycle progression (e.g., CCNB1), as well as inactivation of key effectors of 

DDR (e.g., CHEK2) (32). The reduced photoproduct excision observed upon NCOA3 

overexpression in the setting of UVR treatment, despite increased expression of XPC, 

suggests that the transcriptional cascade of gene expression mitigates the impact of 

persistent DNA damage on cell survival. Thus, NCOA3 activation drives critical features of 

melanomagenesis, including molecular susceptibility to melanoma through regulation of 

sensitivity to UVR, as well as promotion of cell proliferation and cell cycle progression, 

each of which can be targeted by small molecule inhibition of NCOA3.

A role for NCOA3 in melanoma susceptibility was suggested by the demonstration of a 

significantly lower prevalence of a NCOA3 polymorphism in a high-risk cohort whose 

susceptibility to melanoma cannot be accounted for by CDKN2A mutation status. 

Overexpression of wild-type NCOA3 cDNA resulted in a higher level of protein expression 

when compared to the T960T construct, despite encoding the same amino acid. These results 

are consistent with a study in E. coli (36) demonstrating higher protein expression in ACA-

containing sequences (such as in wild-type NCOA3) compared with ACG-containing 

sequences (such as in the T960T polymorphism). This differential expression was associated 

with enhanced cell survival following UVR exposure and increased accumulation of UV-

mediated DNA damage. Thus, these studies advance the association between SNPs and 

cancer risk. They also provide a mechanistic basis for the differential susceptibility to 

melanoma by showing that a NCOA3 polymorphism results in a gene dosage effect. 

Intriguingly, several of the genes regulated by NCOA3 (e.g., p53, CHEK2, and XPC) are 

themselves established markers of susceptibility to cancer, including melanoma (37–39).

In addition, our results describe a novel role for NCOA3 in controlling DDR, which is 

recognized to represent an important barrier against carcinogenesis. NCOA3 silencing was 

shown to upregulate CHEK2 expression, with concomitantly increased phospho-CHEK2 

levels. CHEK2 itself activates proteins that promote DNA repair, cell cycle arrest, and 

apoptosis, in part by activating p53-regulated pathways (40). Accordingly, bufalin-mediated 

inhibition of NCOA3 resulted in activation of phospho-CHEK2, along with that of p53 and 

p21. These results indicate that NCOA3 activation drives oncogenesis in part by overriding 

DDR, thereby removing a critical barrier against carcinogenesis, especially in the setting of 

UVR exposure.

Taken together, our findings are consistent with a model of melanoma initiation in which 

elevated NCOA3 expression promotes melanocyte survival following exposure to UVR by 

overriding DDR and promoting cell cycle progression (Fig. 7). This survival advantage 
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occurs at the expense of increased accumulation of UVR-mediated DNA damage. Over the 

lifetime of the susceptible individual, significant exposure to UVR can result in both the 

high mutational burden and uncontrolled cellular proliferation that characterize melanoma. 

By contrast, these effects are attenuated following expression of the T960T polymorphism, 

with increased sensitivity to UV-mediated cell death, thereby protecting against the 

carcinogenic effects of UVR.

Beyond its important role in melanoma initiation, our results identify NCOA3 as a novel 

target for melanoma therapy. Both genetic silencing and pharmacologic targeting of NCOA3 

induced profound growth arrest and mitotic catastrophe, resulting in significant anti-tumor 

effects in vivo. Additional analyses indicated that bufalin administration suppressed 

expression of key mediators of mitotic progression, including CCNB1, CDK1, AURKA, and 

PLK1, resulting in centrosome amplification and G2/M arrest. Thus, melanoma cells with 

elevated NCOA3 copy number are addicted to its oncogenic effects, and are therefore 

sensitive to NCOA3 targeting, whether by genetic or pharmacological means. Bufalin, which 

targets both NCOA3 and NCOA1 (30), has been evaluated in early clinical trials of cancer, 

with good tolerability, but with modest clinical activity in unselected populations (41–44). 

Our results suggest the potential utility of NCOA3 copy number as a biomarker to identify 

and enrich patients with melanoma (and potentially other tumors) to undergo treatment with 

bufalin or other, more specific inhibitors of NCOA3. Intriguingly, NCOA3 was identified as 

a druggable target in an analysis of the druggable genome (45), further supporting the 

rationale for NCOA3 targeting.

Taken together, our results have demonstrated an unprecedented role for a molecular marker 

in distinct stages of tumor progression. These results identify NCOA3 as a candidate 

susceptibility marker for melanoma, as a potential diagnostic marker (given the presence of 

copy number elevations in melanomas versus nevi), as a prognostic marker of melanoma 

survival, and as a target for therapy. Thus, these studies identify a critical role for NCOA3 in 

UVR-mediated melanomagenesis, and as a rational therapeutic target for melanoma.
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Statement of Significance:

This manuscript explores NCOA3 as a regulator of the DNA damage response and a 

therapeutic target in melanoma, where activation of NCOA3 contributes to melanoma 

development following exposure to ultraviolet light.
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Fig. 1. NCOA3 copy number and effects of stable expression of anti-NCOA3 shRNA in C8161.9 
and Ma-Mel-12 cells.
(A) Representative FISH signals for the NCOA3 locus (red) and probes representing the 

centromere of chromosome 20 (green) in a nevus (left panel) and a melanoma (middle 

panel). Comparison of mean NCOA3 copy number in nevi (N=86) and melanomas (N=116) 

(right panel). (B) Representative image of C8161.9 metaphase FISH from NCOA3 locus 

(red) and probes representing the centromere of chromosome 20 (green). Inset indicates the 

mean NCOA3 copy number. (C) Western analysis of NCOA3 and GAPDH in C8161.9 cells 

stably expressing anti-NCOA3 shRNA or anti-luc shRNA. (D) Colony formation assay (in 

triplicate) of C8161.9 cells stably expressing anti-NCOA3 shRNA or anti-luc shRNA. (E) 

Invasion into Matrigel (in triplicate) of C8161.9 cells stably expressing anti-NCOA3 shRNA 

or anti-luc shRNA. (F) Cell cycle analysis (in triplicate) of C8161.9 cells stably expressing 
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anti-NCOA3 shRNA or anti-luc shRNA (statistical analysis provided in Fig. S1B). (G) 

Tumor volume following subcutaneous injection of C8161.9 cells stably expressing anti-

NCOA3 shRNA or anti-luc shRNA. (H) Total tumor counts in the lungs of nude mice i.v. 

injected with C8161.9 cells stably expressing anti-NCOA3 shRNA or anti-luc shRNA. (I) 

Representative FISH signals for the NCOA3 locus (red) and probes representing the 

centromere of chromosome 20 (green) in Ma-Mel-12 cells, with inset indicating the mean 

NCOA3 copy number. (J) Western analysis of NCOA3 and GAPDH in Ma-Mel-12 cells 

stably expressing anti-NCOA3 shRNA or anti-luc shRNA. (K) Representative bright-field 

image of Ma-Mel-12 cells stably expressing anti-NCOA3 shRNA or anti-luc shRNA 

(quantitation of multinucleation provided in Fig. S1I). (L) Colony formation assay (in 

triplicate) of Ma-Mel-12 cells stably expressing anti-NCOA3 shRNA or anti-luc shRNA. 

(M) Cell cycle analysis (in triplicate) of Ma-Mel-12 cells stably expressing anti-NCOA3 
shRNA or anti-luc shRNA (quantitation and statistical analysis provided in S1K). *denotes 

statistically significant differences compared with control. All scale bars are 20 μm except K 

at 100 μm.
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Fig. 2. Effects of bufalin treatment on melanoma cell lines and patient-derived xenografts.
(A) Western analysis of NCOA3 and GAPDH proteins in various melanoma cell lines 

treated with vehicle (DMSO) or bufalin. (B) Representative metaphase FISH for the NCOA3 
locus (red) and probes representing the centromere of chromosome 20 (green) in five 

melanoma PDX cell lines. Insets indicate the mean NCOA3 copy number. (C) Cell survival 

analysis (in triplicate) of C8161.9, D04, and Ma-Mel-12 cells treated with bufalin. (D) Cell 

survival analysis (in triplicate) of five melanoma PDX cell lines treated with bufalin. (E) 

Tumor volume of C8161.9 cells subcutaneously injected in nude mice treated with vehicle 

(DMSO) or bufalin. (F) Tumor volume of D04 cells subcutaneously injected in nude mice 

treated with vehicle (DMSO) or bufalin. (G) Tumor volume of MM337X PDX cells 

subcutaneously injected in nude mice treated with vehicle (DMSO) or bufalin. (H) Cell 
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cycle analysis (in triplicate) of C8161.9 cells treated with vehicle (DMSO) or bufalin 

(quantitation and statistical analysis provided in Fig. S2A). (I) Analysis of apoptotic rates (in 

triplicate), with representative dot plot of the Annexin V versus propidium iodide (PI) assay, 

indicating percentage of total apoptotic C8161.9 cells treated with vehicle (DMSO) or 

bufalin. All scale bars are 20 μm.
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Fig. 3. Microarray analysis and identification of genes in the NCOA3 signal transduction 
pathway in melanoma cells.
(A) Gene expression profiles using supervised hierarchical analysis of duplicate clones of 

C8161.9 cells stably expressing anti-luc shRNA (1 and 2) or anti-NCOA3 shRNA (3 and 4). 

Nodes of gene expression selected demonstrating differential expression of various genes. 

(B) Quantitative RT-PCR of expression of various genes (in triplicate) in C8161.9 cells 

stably expressing anti-luc shRNA or anti-NCOA3 shRNA. (C) Quantitative RT-PCR of 

expression of various genes (in triplicate) in Ma-Mel-12 cells stably expressing anti-luc 

shRNA or anti-NCOA3 shRNA. (D) Representative images of immunofluorescence 

detection of various proteins in C8161.9 cells stably expressing anti-luc shRNA or anti-

NCOA3 shRNA (quantitation provided in Fig. S3A). (E) Representative images of 

immunofluorescence detection of various proteins in Ma-Mel-12 stably expressing anti-luc 
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shRNA or anti-NCOA3 shRNA (quantitation provided in Fig. S3B). * denotes statistically 

significant differences compared with control. All scale bars are 20 μm.
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Fig. 4. NCOA3 targeting in melanoma cells results in mitotic catastrophe.
(A) Representative bright field images of C8161.9 and Ma-Mel-12 cells treated with DMSO 

or bufalin. (B) Western analysis of PLK1, AURKA, CDK1 and GAPDH proteins in Ma-

Mel-12 cells stably expressing anti-NCOA3 shRNA or anti-luc shRNA. (C) Western analysis 

of PLK1, AURKA, CDK1 and GAPDH proteins in C8161.9 and Ma-Mel-12 cells treated 

with DMSO or bufalin. (D) Representative images of immunofluorescence detecting 

pericentrin (red) and tubulin (green) in Ma-Mel-12 cells stably expressing anti-NCOA3 
shRNA or anti-luc shRNA. (E) Representative images of immunofluorescence detecting 

pericentrin (red) and tubulin (green) in C8161.9 and Ma-Mel-12 cells treated with DMSO or 

bufalin. All scale bars are 20 μm.
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Fig. 5. Effects of NCOA3 levels on UVR sensitivity in human melanoma cell lines.
(A) Representative images of immunofluorescence detection of NCOA3 and XPC in 

C8161.9 cells treated with vehicle (DMSO) or bufalin (quantitation provided in Fig. S3F). 

(B) Cell survival analysis of UVC-exposed C8161.9 cells (in triplicate). (C) Cell survival 

analysis of UVC-exposed D04 cells (in triplicate). (D) Cell survival analysis of UVC-

exposed Ma-Mel-12 cells (in triplicate). (E) Colony formation assay of UVC-exposed 

C8161.9 cells previously treated with vehicle (DMSO) or bufalin. (F) Colony formation 

assay of UVC-exposed D04 cells previously treated with vehicle (DMSO) or bufalin. (G) 

Colony formation assay of UVC-exposed Ma-Mel-12 cells previously treated with vehicle 

(DMSO) or bufalin. (H) Effects of XPC cDNA overexpression on colony formation of UVC-
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exposed C8161.9 cells previously treated with bufalin (all assays performed in triplicate). * 

denotes statistically significant differences compared with control. All scale bars are 20 μm.
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Fig. 6. Role of differential NCOA3 levels in UV and melanoma susceptibility.
(A) Representative images of immunofluorescence detection of various proteins in NHEM 

cells transfected with control (pcDNA) or human NCOA3 cDNA plasmids (quantitation 

provided in Fig. S8A). (B) Representative images of immunofluorescence detection of 

NCOA3 and γH2AX in NHEM cells transfected with control (pcDNA) or human NCOA3 
cDNA plasmids with UVC treatment (quantitation provided in Fig. S8B). (C) Prevalence of 

the T960T NCOA3 polymorphism in a control population (364 cases) versus a familial 

melanoma cohort (97 cases) (left panel), and in the European (E; HapMap-CEU) versus 

Sub-Saharan African populations (S-S A; HapMap-YRI) (right panel). (D) Western analysis 

of NCOA3 and GAPDH in NHEM cells transfected with control (pcDNA), human T960T 
NCOA3 polymorphism cDNA (hT960T) or human wild-type NCOA3 cDNA (hNCOA3) 
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plasmids (densitometric values provided were normalized to GAPDH). (E) UVC sensitivity 

(in triplicate) of NHEM cells transfected with control (pcDNA), human T960T NCOA3 
polymorphism cDNA (hT960T) or human wild-type NCOA3 cDNA (hNCOA3) plasmids by 

cell survival analysis. (F) ELISA assay (in triplicate) of 6-4PP from UVC-exposed NHEM 

cells transfected with control (pcDNA), human T960T NCOA3 polymorphism cDNA 

(hT960T) or human wild-type NCOA3 cDNA (hNCOA3) plasmids. (G) ELISA assay (in 

triplicate) of CPD from UVB-exposed NHEM cells transfected with control (pcDNA), 

human T960T NCOA3 polymorphism cDNA (hT960T) or human wild-type NCOA3 cDNA 

(hNCOA3) plasmids. * denotes statistically significant differences compared with control. 

All scale bars are 20 μm.
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Fig. 7. 
Signal transduction pathways regulated following NCOA3 activation leading to 

melanomagenesis, including in the setting of UVR exposure.
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