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STATEMENT OF TRANSLATIONAL RELEVANCE 39 

The distribution of melanoma subtypes is biased among populations. In Asian 40 

populations, acral melanoma (AM) comprises 47.5-65% of all melanomas. However, 41 

systemic therapy for metastatic AM has not been successfully established. It has been 42 

a dilemma to treat metastatic AM patients in clinic. Our study investigated genetic 43 

aberrations of CDK4 pathway in AM and evaluated the significance of using CDK4/6 44 

inhibitors as targeted therapy of AM. The overall frequency of AMs that contain at 45 

least one aberration in Cdk4, Ccnd1 and P16INK4a was 82.7%. The pan-CDK inhibitor 46 

AT7519 and selective CDK4/6 inhibitor PD0332991 could inhibit the cell viability of 47 

primary AM cells and the tumor growth of patient-derived xenografts (PDX) with 48 

Cdk4 gain plus Ccnd1 gain, Cdk4 gain plus P16INK4a loss and Ccnd1 gain plus 49 

P16INK4a loss in mice. Our study thus provides key evidence for the significance of 50 

CDK4/6 inhibitors in targeted therapy of AM.51 
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ABSTRACT 52 

Purpose: Effective therapies for the majority of metastatic acral melanoma (AM) 53 

patients has not been established. Thus, we investigated genetic aberrations of CDK4 54 

pathway in AM and evaluate the efficacy of CDK4/6 inhibitors in targeted therapy of 55 

AM. 56 

Experimental Design: A total of 514 primary AM samples were examined for the 57 

copy number variations (CNVs) of CDK4 pathway-related genes, including Cdk4, 58 

Ccnd1 and P16INK4a, by QuantiGenePlex DNA Assay. The sensitivity of established 59 

AM cell lines and patient-derived xenograft (PDX) containing typical CDK4 60 

aberrations to CDK4/6 inhibitors was evaluated. 61 

Results: Among the 514 samples, 203 cases, 137 cases and 310 cases respectively 62 

showed Cdk4 gain (39.5%), Ccnd1 gain (26.7%) and p16INK4a loss (60.3%). The 63 

overall frequency of AMs that contain at least one aberration in Cdk4, Ccnd1 and 64 

P16INK4a was 82.7%. The median overall survival time for AM patients with 65 

concurrent Cdk4 gain with P16INK4a loss was significantly shorter than that for patients 66 

without such aberrations (P = .005). The pan-CDK inhibitor AT7519 and selective 67 

CDK4/6 inhibitor PD0332991 could inhibit the cell viability of AM cells and the 68 

tumor growth of PDX with Cdk4 gain plus Ccnd1 gain, Cdk4 gain plus P16INK4a loss 69 

and Ccnd1 gain plus P16INK4a loss.  70 

Conclusions: Genetic aberration of CDK4 pathway is a frequent event in AM. AM 71 

cell lines and PDX containing CDK4 pathway aberrations are sensitive to CDK4/6 72 

inhibitors. Our study provides evidence for the testing of CDK4/6 inhibitors in AM 73 

patients. 74 
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INTRODUCTION 77 

Malignant melanoma is a cancer arising from melanocytes, and the incidence is rising 78 

globally (1, 2). According to clinical factors and molecular profiles, melanoma is 79 

subdivided into four subtypes: cutaneous melanoma with chronic sun-induced damage, 80 

cutaneous melanoma without chronic sun-induced damage, acral melanoma (AM) and 81 

mucosal melanoma (3, 4). In Caucasians, the major subtype of melanoma is non-acral 82 

cutaneous melanoma, and the prevalence of acral and mucosal melanoma is only 83 

about 5% and 1% respectively (5, 6). In asian populations the major subtypes of 84 

melanoma are acral and mucosal melanoma, which comprise more than 70% of all 85 

melanomas (7). Up to date, successful therapeutics for advanced or metastatic acral 86 

melanoma has not been established. Targeted therapies using inhibitors specific for 87 

BRAF and c-Kit and checkpoint immunotherapies have greatly improved the 88 

outcomes of metastatic melanomas (8-14). However, the overall frequency of Braf 89 

and Kit mutations is about 10-60% and 0-28% respectively in Caucasians (4, 15), 90 

leaving more than 30% of patients lacking of proper targeted therapy. More 91 

importantly, due to the subtype bias, there are more than 50% of Asian patients 92 

incapable of benefiting from BRAF and c-Kit targeted therapy, given that the overall 93 

mutation frequency of Braf and Kit in this population is approximately 25.5% and 94 

10.8% respectively (16, 17). Therefore, new targets particularly for acral and mucosal 95 

melanomas are needed for Asian patients. 96 

Cyclin-dependent kinases (CDK) are serine threonine kinases that drive 97 

cell-cycle progression and regulate cell proliferation (18). Dysregulation of CDKs 98 

plays a central role in tumorigenesis and tumor progression. The P16INK4a (encoded by 99 

Cdkn2a)–cyclin D (popularly CCND1, encoded by Ccnd1)–CDK4/6–retinoblastoma 100 

protein (Rb1) pathway, well known as CDK4 pathway, promotes G1 to S cell-cycle 101 
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transition, and is commonly dysregulated in most cancers (19). Gain or 102 

overexpression of CCND1, gain or active mutation of CDK4, and loss of P16INK4a are 103 

all common events in cutaneous melanoma development and progression (3, 20-22). 104 

The CDK4 pathway is associated with activating genomic alterations in 22-78% of 105 

cases in cutaneous melanoma (23) and CDK4 inhibitor PD0332991 (also known as 106 

Palbociclib) has demonstrated anti-tumor activity in NRAS mutant melanomas in a 107 

preclinical mouse model (24), indicating the CDK4 pathway as a potential therapeutic 108 

target. Recently, a number of highly selective CDK4/6 inhibitors, such as PD0332991, 109 

LEE011 (also known as Ribociclib) and LY2835219 (also known as Abemaciclib), 110 

have been developed and entered clinical trials (25-29). Although the final outcomes 111 

of these clinical trials have not been completely evaluated at present, targeted 112 

therapies using CDK4/6 inhibitors are still expected for melanoma patients.  113 

AM is more aggressive than cutaneous melanoma, and patients with AM often 114 

show worse prognosis than those with melanomas at other sites (7). The frequency of 115 

Braf or Kit mutation in AM is only about 15.5% and 11.9% respectively (16, 17), 116 

leaving a majority of AM patients with no suitable targeted therapy. To deal with this 117 

dilemma, we set out to investigate the aberrations of CDK4 pathway in AM and tested 118 

the sensitivity of primary AM cell lines and patient-derived xenograft (PDX) models 119 

containing typical CDK4 pathway aberrations to CDK4/6 inhibitors. Our study 120 

indicates that CDK4 pathway aberration is frequent (more than 80%) in AM; and AM 121 

cells containing aberrations in CDK4 pathway are responsive to CDK4/6 inhibitors. 122 

Our study thus provides key evidence for the therapeutic potential of CDK4/6 123 

inhibitors in targeted therapy of AM and facilitates the establishment of strategy for 124 

targeted therapy of AM in the future. 125 
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PATIENTS AND METHODS 127 

Patients and tissue samples 128 

This study involved samples from primary lesions of 514 AM patients, hospitalized 129 

from January 2007 until October 2015 at the Peking Cancer Hospital & Institute. 130 

Informed consent for use of material in medical research (including archiving 131 

materials, and establishment of cell lines and tumor models) was obtained from all 132 

participants that were planned to be enrolled in clinical trials. These samples were 133 

analyzed by hematoxylin and eosin (H&E) staining and by immunohistochemistry to 134 

confirm the diagnosis of AM. Tissue slices containing more than 70% of tumor cells 135 

were used for further study. Clinical data, including age, sex, TNM 136 

(tumor-node-metastases) stage, thickness (Breslow), ulceration and survival 137 

(follow-up persisted until December 2015, or until the missing of follow-up or death 138 

of patients) were collected. This study was approved by the Medical Ethics 139 

Committee of the Beijing Cancer Hospital & Institute and was conducted according to 140 

the Declaration of Helsinki Principles.  141 

 142 

QuantiGenePlex DNA assay 143 

Tissue homogenates were prepared according to the procedure recommended in the 144 

user manual of QuantiGene Sample Processing Kit for Formalin-Fixed, 145 

Paraffin-Embedded Tissues (FFPE; Panomics of Affymetrics, Santa Clara, CA). The 146 

branched DNA (bDNA) assay was performed according to the procedure described in 147 

the user manual of QuantiGenePlex DNA Assay (Panomics). The mean fluorescence 148 

intensities of the duplicates were calculated for all genes. The background values were 149 

subtracted from each probe set signal. Values of tested genes were normalized to the 150 

geometric means of Rpph1, Rpp30 and Rplp0. For each test sample, normalized signal 151 
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was divided by the reference DNA sample (G1521, Promega, Madison, WI) for each 152 

test gene, and the values were multiplied by the known copy number (usually 2 copies) 153 

of each gene in the reference genome. Rounded values to nearest whole number was 154 

taken as the copy number for each gene in each sample.  155 

 156 

DNA preparation and TaqMan copy number assays 157 

Genomic DNA was extracted from FFPE sections using a QIAamp DNA FFPE Tissue 158 

Kit (Qiagen, Hilden, Germany). To validate the results of QuantiGenePlex DNA 159 

Assay, the copy numbers of Cdk4, Ccnd1 and P16INK4a were further quantified by 160 

TaqMan Copy Number Assays (Applied Biosystems of ThermoFisher, Waltham, MA). 161 

A TaqMan probe targeted on the Rnasep gene was used as a control. Quantitative 162 

real-time PCR was performed using the ABI 7500 FAST real-time PCR system 163 

(Applied Biosystems). Copy numbers were then determined by CopyCaller v2.0 164 

software (Applied Biosystems) using the comparative Ct (ΔΔCt) method. When the 165 

relative copy number is greater than or equal to 3.0, the copy number of Cdk4 or 166 

Ccnd1 is determined to be gained. When the relative copy number is less than 2.0, the 167 

copy number of gene is determined to be lost. 168 

 169 

Immunohistochemistry of protein expression 170 

Immunohistochemistry analyses were performed using antibodies against CDK4 171 

(dilution 1:100), p16INK4a (dilution 1:100), CCND1 (dilution 1:1000), Ki67 (dilution 172 

1:400) and phospho-Rb (Ser795) (Abcam, Cambridge, UK) as described (11, 17). The 173 

staining score for each sample, counting the intensity and density of the staining, was 174 

graded as 0, 1, 2, and 3 (“0” as negative, and “3” as the strongest; or “0” as negative, 175 

and “1”, “2” and “3” as positive) by three pathologists independently, without the 176 
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knowledge of copy number variations of samples. 177 

 178 

Cell lines and primary cell culture 179 

The SK-Mel-5 (Catalog no. HTB-70) and A2058 (Catalog no. CRL-11147) cell lines 180 

were obtained from American Type Culture Collection and were cultured at 37°C in 181 

Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen of ThermoFisher, 182 

Waltham, MA) supplemented with penicillin and streptomycin (Invitrogen) and 183 

containing 10% fetal bovine serum (HyClone of GE Healthcare, Logan, UT).  184 

The AMC-1 to AMC-5 AM cell lines (Supplementary Table S1) were derived 185 

from hospitalized patients. Approximately 1 cm3 AM tissue from surgical specimen 186 

was separated, and the tumor tissue was then cut into approximately 1 mm3 fragments 187 

and resuspended in 30 ml DMEM containing 50 x collagenase IV (Invitrogen) and 1 x 188 

DNase (Takara, Kusatsu, Japan) at 37°C for 1 hour to prepare single cell suspensions. 189 

The suspension was slowly layered onto 15 ml Histopaque (Sigma, St. Louis, MO), 190 

and the interface cell fraction was collected after spinning. The cells were then 191 

cultured in serum-free stem cell medium supplemented with growth factors. Half of 192 

the medium was replenished on day 4 or once a week. Once the cells had reached 193 

confluence, cells were dissociated into small clumps by collagenase IV and passaged 194 

with one to three dilutions. The established cell lines were then analyzed for cell 195 

viability. 196 

 197 

Cell viability assays 198 

CDK4/6 inhibitors including LEE011 (#S7440), PD0332991 (#S1116), LY2835219 199 

(#S7158) and pan-CDK inhibitor AT7519 (#S1524) were purchased from Selleck 200 

Chemicals (Houston, TX). All inhibitors were dissolved at 10 mM in 201 
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dimethylsulfoxide (DMSO) as stock solutions. After treatment with various 202 

concentrations of inhibitors or DMSO for 24 hours, viability of the cells was 203 

evaluated using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) 204 

according to the instructions. To assess the activity of CDK4 pathway inhibitors, we 205 

analyzed the corresponding cells by Western blotting using antibodies against Rb and 206 

phospho-Rb (Ser795) (Abcam). 207 

 208 

Patient-derived xenograft model and treatment 209 

Fragments of patient-derived AM tissues bearing typical CDK4 pathway aberrations 210 

were cut into fragments and then subcutaneously inoculated into a 5 week-old 211 

NOD/SCID (non-obese diabetic and severe combined immunodeficiency) female 212 

mouse (4-6 week-old, 18-22 gram-weight) to establish the PDX model. When the 213 

tumor size reached approximately 1 cm3, the mice were sacrificed, and tumor tissues 214 

were separated and re-inoculated into new mice. 5 PDX models containing typical 215 

CDK4 pathway aberrations (Supplementary Table S2) were finally established.  216 

When the tumor size reached approximately 200 mm3, mice were randomized 217 

(treatment arm versus control arm) and treated with control buffer or CDK4 inhibitors 218 

(PD0332991 or AT7519). For PD0332991 treatment, mice received PD0332991 (50 219 

mg/kg in pH 4.5 sodium lactate buffer) via oral gavage daily. For AT7519 treatment, 220 

mice received AT7519 (12 mg/kg in saline solution) via intraperitoneal injection daily. 221 

Tumor sizes were measured every 3 days and tumor volume calculated using the 222 

formula: volume=length*width2/2. The treatment lasted for 14 days, after which the 223 

mice were sacrificed and the tumors were fixed in 10% formalin for histological and 224 

immunohistological analysis. The above experiments were repeated twice. All animal 225 

care and experimental procedures were carried out in accordance with the Animal 226 
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Care Ethics approved by the Medical Ethics Committee of the Beijing Cancer 227 

Hospital & Institute. 228 

 229 

Statistical analysis 230 

Statistical analyses were performed using SPSS 16.0 software. Continuous data such 231 

as age and thickness were described using means ± SD for normally distributed data. 232 

The correlations between aberration status and clinical parameters were evaluated by 233 

Chi-square test or Fisher’s exact test. Kaplan-Meier estimates of time-to-event overall 234 

survival (OS) were calculated. Log-rank tests were used to estimate the statistical 235 

significance between the time-dependent outcomes of OS. Cox hazard proportion 236 

models were used to estimate the hazard ratios (HRs) and corresponding 95% interval 237 

confidences (CIs). All statistical analyses were two-sided, and P < .05 was considered 238 

as statistically significant. 239 

 240 

RESULTS 241 

Aberrations of Cdk4, Ccnd1 and P16INK4a in AM 242 

Among the 514 samples, 203 cases (39.5%), 137 cases (26.7%) and 310 cases (60.3%) 243 

respectively showed Cdk4 gain, Ccnd1 gain and P16INK4a loss respectively (Table 1). 244 

Moreover, 35.2% of AMs contained more than two concurrent aberrations, and 8.6% 245 

of AMs contained three aberrations. The overall frequency of AM containing any 246 

copy number variation (CNV) (≥ 1 CNV) was 82.7%, with 89 cases harboring no 247 

CNV aberrations in these three genes. Additionally, 76 cases were found to harbor 248 

Ccnd1 loss, and 4 cases were found to harbor P16INK4a gain (Supplementary Table 249 

S3). We then stratified the CNVs of Cdk4 and Ccnd1 gain, and found that most of the 250 

copy number of samples with Cdk4 or Ccnd1 gain was about 3-4 copies (Table 1). 251 
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To confirm the above detected aberrations, we verified the CNVs by q-PCR and 252 

by using available DNA in 349 cases of AM samples. The frequency of Cdk4 gain, 253 

Ccnd1 gain and P16INK4a was about 42.9%, 26.2% and 52.1% respectively 254 

(Supplementary Table S4), which was comparable to that detected by the 255 

QuantiGenePlex DNA Assay (Table 1). We also examined the protein levels of 256 

CDK4-related molecules by immunohistochemistry (typical staining of CDK4, 257 

CCND1, and P16INK4a was shown in Supplementary Fig. S1). As summarized in 258 

Supplementary Table S5, the protein expression levels of CDK4, P16INK4a and 259 

CCND1 were significantly changed between samples with normal gene copy numbers 260 

and samples with aberrated gene copy numbers. Furthermore, we examined the 261 

mutation status of Cdk4, Ccnd1 and P16INK4a by DNA sequencing of all exons after 262 

PCR amplification in randomly selected 200 cases of AM. No missense mutation of 263 

Cdk4 or Ccnd1 was detected, and the frequency of missense mutation of P16INK4a was 264 

only about 6.9% [9 out of 130 assessable samples carrying non-germline mutations: 1 265 

case of E33A (G98C) mutation, 1 case of G45D (G135A) mutation, 3 cases of N71K 266 

(C213G) mutation, 2 cases of D74A (A221C) mutation, 1 case of G101R (G301A) 267 

mutation, and 1 case of A109S (G325T) mutation]. These data indicate that the CNV 268 

aberrations, but not genetic mutations, of CDK4 pathway are prevalent in AM. 269 

Since strategy for targeted therapy of melanoma has been explored, we also 270 

analyzed the mutation frequency of genes that have been confirmed as promising 271 

targets in AM samples whose genomic DNAs were available. In the samples 272 

containing at least one CDK4 pathway aberration, 9.8%, 14.6% and 15.4% of them 273 

also contained mutations in Kit, Braf or Nras respectively. These data indicate that 274 

CDK4/6 inhibitors may be combined with clinically validated inhibitors for these 275 

targets. 276 
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 277 

Correlation of CDK4 pathway aberrations to clinicopathological features 278 

In our cohort, the mean age was not significantly different between patients with or 279 

without any CNVs for Cdk4, Ccnd1, P16INK4a or other indicated stochastic 280 

combinations (Table 2 and Supplementary Table S6). The gender distribution and 281 

ulceration rate for patients with any CNVs for Cdk4 and P16INK4a or other indicated 282 

stochastic combinations were not significantly different (Table 2 and Supplementary 283 

Table S6). However, more males tended to harbor Ccnd1 gain than females did; and 284 

patients with ulceration were more likely to contain Ccnd1 aberrations (Table 2). The 285 

median thickness of samples with Cdk4 gain was 5 mm (range: 0.2-30.0 mm), 286 

whereas that without Cdk4 gain was 3 mm (range: 0.1-40.0 mm) (P < 0.0001; Table 287 

2). Moreover, the median thickness of AM with any CDK4 pathway aberrations (≥ 1 288 

CNV) was more than that of AM without any CDK4 pathway aberrations (P < 0.0001; 289 

Table 2). Among the patients with P16INK4a loss, the percentages of patients with 290 

stage I, II, III, and IV of AM were significantly different from those without P16INK4a 291 

loss (P = 0.007; Table 2). The percentages of patients with stage I-IV of AM were 292 

significantly different between patients with CDK4 pathway aberrations and those 293 

without any CDK4 pathway aberrations (P = 0.018; Table 2). 294 

The OS of patients with P16INK4a loss (P = 0.016) or Cdk4 gain (P = 0.038) was 295 

significantly shorter than those without P16INK4a loss or without Cdk4 gain, 296 

respectively (Table 2; Fig. 1A and 1B). However, the OS for AM patients with or 297 

without Ccnd1 aberrations were comparable (Table 2; Fig. 1C). The OS for patients 298 

with Cdk4 gain plus P16INK4a loss (P =0.005) or with Cdk4 gain plus Ccnd1 loss (P = 299 

0.007) was significantly shorter than patients without such aberrations (Fig. 1D; 300 

Supplementary Table S6). No other combinations showed an association with 301 
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patient survival (Fig. 1E-1H; Supplementary Table S6). In univariate Cox analysis, 302 

the clinicopathologic factors, such as age, ulceration status, TNM stage, Cdk4 gain, 303 

P16INK4a loss and Cdk4 gain plus P16INK4a loss, may be of prognostic significance for 304 

melanoma patients; For multivariate Cox regression assay, the age, TNM stage and 305 

ulceration status are independent prognostic factors for OS (Supplementary Table 306 

S7). 307 

Since mitotic rate and tumor-infiltrating lymphocytes are two important 308 

clinically relevant pathological features, we examined these two features in 107 cases 309 

of AM samples as described (30-33). When correlating mitotic rate or TILs to the 310 

CNV status of Cdk4, Ccnd1 and P16INK4a, we found that the CNVs of these three 311 

genes were not significantly different between samples with various mitotic rate or 312 

TILs (Supplementary Table S8).  313 

 314 

Sensitivity of primary AM cells to CDK4/6 inhibitors 315 

The primary AM cells lines (AMC-1 to AMC-5 with wild-type c-Kit; CDK4 pathway 316 

aberrations for these cells are listed in Supplementary Table S1) were evaluated for 317 

the efficacy of CDK4/6 inhibitors at previously described concentrations by 318 

determining cell viability in vitro (34-37). SK-Mel-5 (Ccnd1 gain plus P16INK4a loss) 319 

and A2058 (CDK4 pathway normal) was respectively used as the positive and 320 

negative control (20). The pan-CDK inhibitor AT7519 significantly inhibited the cell 321 

viability of SK-Mel-5, AMC-1 (Cdk4 gain) and AMC-3 (Cdk4 gain plus P16INK4a loss) 322 

(Fig. 2A). LY2835219 could not significantly inhibit the viability of all 7 cell lines 323 

after 24h treatments (Fig. 2B). For PD0332991, SK-Mel-5 and AMC-3 cells were 324 

strikingly sensitive at a concentration higher than 1 μM, whereas other cell lines were 325 

resistant after 24h treatments (Fig. 2C). For LEE011, AMC-1 was sensitive at a 326 
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concentration of higher than 0.5 μM, whereas other 6 cell lines (including the positive 327 

control SK-Mel-5 cells) were resistant after 24h treatments (Fig. 2D). AT7519 and 328 

LEE011 showed comparable inhibitory efficiency on AMC-1; AT7519 and 329 

PD0332991 showed comparable inhibitory efficiency on AMC-3 and SK-Mel-5; 330 

Moreover, at lower concentration (less than 2 μM), AT7519 tended to show stronger 331 

inhibitory effect on AMC-1, AMC-3 and SK-Mel-5 (Fig. 2). Similar effects were 332 

observed for these inhibitors when used at a single dose at both 24h and 48h after 333 

treatments (Supplementary Fig. S2). Moreover, when compared to the chemotherapy 334 

drug dacarbacine (DTIC), the pan-CDK inhibitor AT7519 tended to be more efficient 335 

than DTIC in SK-Mel-5, AMC-1 and AMC-3 cells (Supplementary Fig. S2). These 336 

data indicate that AM cells may be responsive to pan-CDK inhibitors despite that 337 

highly selective CDK4/6 inhibitors also elicit inhibitory effects to lesser extent. 338 

When comparing the genotype of cell lines with the inhibitory effects of CDK4/6 339 

inhibitors, we noted that the cell lines (SK-Mel-5, AMC-3, and to lesser extent 340 

AMC-1 and AMC-2), containing either Cdk4 gain or Ccnd1 gain, could be responsive 341 

to CDK4/6 inhibitors (AT7519, PD0332991 or LEE011) (Fig. 2). Meanwhile, the cell 342 

lines (A2058, AMC-4 and AMC-5), containing no CDK4 pathway aberrations as 343 

either Cdk4 gain or Ccnd1 gain, could not be inhibited by CDK4/6 inhibitors 344 

regarding cell viability (Fig. 2).  345 

It was surprising to observe that all the CDK4/6 inhibitors did not work equally 346 

well in inhibiting cell viability (Fig. 2). So we examined the inactivation of Rb 347 

(phosphorylation of Rb) protein in the cell lines by Western blotting. As shown in 348 

Supplementary Fig. S3, we found that all four inhibitors were effective in inhibiting 349 

Rb phosphorylation in SK-Mel-5 while only AMC-1 and AMC-3 were responsive to 350 

AT7519 or PD0332991 regarding Rb inactivation, which could partially contribute to 351 
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the observed inhibitory effects for CDK4/6 inhibitors (in Fig. 2). These data indicate 352 

that Rb phosphorylation may be used as indicator for the efficiency of CDK4/6 353 

inhibitors. However, why the four CDK4/6 inhibitors could not all cause 354 

dephosphorylation and activation of Rb protein may require further studies. 355 

 356 

Sensitivity of PDX models to CDK4/6 inhibitors 357 

To analyze the sensitivity of AM containing typical CDK4 pathway aberrations to 358 

CDK4/6 inhibitors, we tried to establish PDX models for all types of CDK4 pathway 359 

aberrations detected in our study. The success rate of PDX model was only about 25%, 360 

which was comparable to previous studies on cutaneous melanoma, uveal melanoma 361 

and head and neck cancer (38-40). Only 5 different PDX models were established 362 

(CDK4 pathway aberrations for these models are listed in Supplementary Table S2).  363 

Since AT7519 and PD0332991 showed more robust inhibition of cell viability in 364 

vitro (Fig. 2), we treated the PDX models with AT7519 and PD0332991. As compared 365 

to the buffer-treated group, AT7519 and PD0332991 showed no inhibitory effect on 366 

tumor growth in PDX-017 model without CDK4 pathway aberrations (Fig. 3A and 367 

3B). AT7519 and PD0332991 could significantly inhibit the growth of PDX-012 368 

model with Cdk4 gain plus P16INK4a loss (Fig. 3C and 3D), PDX-015 model with 369 

Ccnd1 gain plus P16INK4a loss (Fig. 3E and 3F), and almost eliminate the tumor of 370 

PDX-001 model with Cdk4 gain plus Ccnd1 gain (Fig. 3G and 3H). Moreover, 371 

AT7519 but not PD0332991 could elicit inhibitory effects on tumor growth of 372 

PDX-006 models with Cdk4 gain (Fig. 3I and 3J). The appearance of tumor nodules 373 

after the treatments was shown in Supplementary Fig. S4, showing the efficacy of 374 

CDK4/6 inhibitors in inhibiting AM tumor growth in vivo.  375 

As further evidence, we examined the proliferation of AM cells in PDX models 376 
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after treatments by immunohistochemical staining of Ki-67 (Fig. 4). In consistent with 377 

the results of tumor volume changes (Fig. 3; Supplementary Fig. S4), we found that 378 

the number of Ki-67+ cells was significantly decreased after AT7519 and PD0332991 379 

treatments in PDX models with Cdk4 gain plus P16INK4a loss (Fig. 4C), Ccnd1 gain 380 

plus P16INK4a loss (Fig. 4D), Cdk4 gain plus Ccnd1 gain (Fig. 4E) or Cdk4 gain (Fig. 381 

4F), but not in PDX model without CDK4 pathway aberrations (Fig. 4B). These data 382 

together indicate that the CDK4/6 inhibitors may be effective in inhibiting AM growth 383 

in vivo. 384 

To correlate the inhibitory effects of AT7519 and PD0332991 on tumor growth to 385 

the status of Rb inactivation, we examined the phosphorylation of Rb (Ser795) in 386 

PDX sections after the treatments. Both inhibitors could significantly decrease the 387 

levels of phosphorylated Rb in tumor nodules derived from PDX models containing 388 

either Cdk4 gain or Ccnd1 gain (PDX-012, PDX-015, PDX-001 and PDX-006), but 389 

not those derived from PDX models containing no aberrations in CDK4 pathway 390 

(PDX-017; Supplementary Fig. S5). Together with the in vitro assays 391 

(Supplementary Fig. S3), it may be inferred that the status of Rb inactivation may be 392 

indicator for the inhibitory efficacy of CDK4/6 inhibitors. 393 

 394 

 395 

DISCUSSION 396 

AM accounts for almost 50% of all melanomas and is the most common subtype in 397 

Asian populations. However, it has been an intractable challenge to treat the AM 398 

patients at advanced stage. In the treatment guideline of National Comprehensive 399 

Cancer Network (NCCN) for melanoma of the United States (2016 Edition), 400 

vemurafenib plus cobimetinib as well as dabrafenib plus trametinib have been 401 
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recommended as first-line treatment for patients harboring BRAFV600E mutations. 402 

Imatinib have also been recommended as first-line treatments for patients with 403 

harboring Kit mutations. Yet the key point of targeted therapy of AM is that the 404 

incidence of genetic mutation for Braf and Kit in AM is low (4, 16, 17, 41). In the past 405 

5 years, immune checkpoint therapy by blocking CTLA-4 and PD-1/PD-L1 has made 406 

great progresses in both acral melanoma and other melanoma subtypes (13, 14, 42, 407 

43). Our study has greatly promoted the clinical understanding of AM by providing 408 

evidence that CDK4 pathway aberrations are rather frequent in AM and CDK4/6 409 

inhibitors are effective in inhibiting growth of AM. Our study implicates that targeted 410 

therapy using CDK4/6 inhibitors may be an alternative choice for most of AM 411 

patients in addition to immune checkpoint therapy. 412 

Currently, Palbociclib (PD0332991, Ibrance) from Pfizer, Ribociclib (LEE011) 413 

from Novartis and Abemaciclib (LY2835219) from Lily represent mainstream 414 

CDK4/6 selective inhibitors. On August 3, 2016, CDK4/6 inhibitor Ribociclib was 415 

appraised as therapeutic breakthrough by American FDA and was used in combination 416 

with letrozole as the first-line therapy of advanced and metastatic breast cancer that is 417 

positive for estrogen receptor (ER) and negative for HER2. A phase Ⅲ clinical trial 418 

suggested that most metastatic breast cancer patients could benefit from the 419 

combination therapy of Palbociclib and Fulvestrant (44). Lately, the results of a phase 420 

I clinical trial of CDK4/6 inhibitor abemaciclib was commented (45). However, 421 

previous studies have not clearly established the relationship between aberrations of 422 

CDK4 pathway in AM and the sensitivity of AM to CDK4/6 inhibitors. Young et al. 423 

found that 37 of 47 melanoma cell lines were sensitive to PD0332991, and put 424 

forward that P16INK4a loss indicated the sensitivity to PD0332991 while loss of Rb1 425 

indicated PD0332991 resistance (20). Our study showed that AM cells with P16INK4a 426 
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loss (AMC-4) were not sensitive to all the 4 screening inhibitors, indicating that AM 427 

cells may respond differentially to PD0332991 as compared to non-acral cutaneous 428 

melanomas. It was noted that the pan-CDK inhibitor AT7519 was more effective than 429 

the other selective inhibitors at lower concentrations, indicating that it may be 430 

necessary to synchronously inhibit other CDKs in addition to CDK4/6 to achieve 431 

maximum efficacy. The experiments in PDX models suggest that AT7519 is effective 432 

in inhibiting the in vivo growth of AM bearing Cdk4 gain plus Ccnd1 gain, Cdk4 gain 433 

plus P16INK4a loss or only Cdk4 gain. In contrast, the selective CDK4/6 inhibitor 434 

PD0332991 was effective in AM bearing Cdk4 gain plus Ccnd1 gain, and Cdk4 gain 435 

plus P16INK4a loss. Therefore, AM patients harboring concurrent CDK4 pathway 436 

aberrations (concurrent two aberrations of Cdk4 gain, P16INK4a loss or Ccnd1 gain) 437 

may be potential populations suitable for CDK4/6 inhibitor treatment. However, due 438 

to the fact that individual genotypes were tested only in a single model, the efficacy of 439 

CDK4 inhibitors may need to be further evaluated by other independent systems.  440 

There are limitations, unresolved concerns and potential perspectives in our study. 441 

As an initial screening assay of CDK4 pathway aberrations, only the CNVs of Cdk4, 442 

Ccnd1 and P16INK4a in genome DNA have been determined in our study. The CNVs 443 

for other CDK-related genes (e.g. Cdk2, Cdk6, Ccne, Rb and E2F members etc.) and 444 

aberration of genes that are potentially amendable for CDK4 pathway blockade (e.g. 445 

Tp53, Pten, Arid2 and Rac1 etc.) have not been examined. At DNA level, the 446 

epigenetic aberrations of Cdk4, Ccnd1 and P16INK4a have not been examined in our 447 

study. Moreover, the mRNA alterations of these genes are also unavailable at present 448 

due to technical limitations in fixed samples. Large scale sequencing of both DNA 449 

and RNA of acral melanoma samples in future may help to provide unabridged 450 

molecular profile for acral melanoma and may contribute to resolve the question why 451 
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AM cells do not respond equally and effectively to CDK4/6 inhibitors. Recently, a 452 

large, high-coverage whole-genome sequencing study of 183 cases of melanomas 453 

with differential subtypes (including 35 acral melanomas) is published, proving an 454 

excellent profile for genetic aberrations in AM (46). The data showed that acral and 455 

mucosal melanomas were dominated by structural changes and mutation signatures of 456 

unknown aetiology, and they also found that greater proportions of the acral and 457 

mucosal melanoma genomes showed copy number variation than in cutaneous 458 

melanomas. Despite the limitations in genetic profiles, our study may still help to the 459 

understanding of aberrations in CDK4 pathway in AM and may push forward the 460 

establishment of targeted therapy for AM. In our study, we note that the CDK4 461 

pathway aberrations can be combined with aberrations in validated targets (such as 462 

Kit, Braf and Nras), indicating that CDK4/6 inhibitors may be used in combination 463 

with the validated drugs for acral melanoma treatments. Considering that immune 464 

checkpoint therapy has demonstrated efficacy in acral melanomas (42, 43) and that 465 

LEE001 has been combined with MEK inhibitor MEK162 for advanced or metastatic 466 

melanoma containing Nras mutation in undergoing multi-center, open-label phase 467 

Ib/II clinical trial (NCT01781527) (26), the therapeutics by combining CDK4/6 468 

inhibitors with immune checkpoint therapy or MEK inhibitors may be expected for 469 

acral melanoma patients in the future. 470 

Identification of new targets suitable for targeted therapy may be a promising 471 

strategy for rare and intractable cancers as AM. Our study suggests that CDK4 pathway 472 

aberrations in AM is rather frequent (82.7%) and thus a majority of AM patients may 473 

be suitable for targeted therapy of CDK4/6 inhibitors, which warrants clinical trials in 474 

the future.  475 

 476 
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Table 1. Copy number variations of genes related to CDK4 pathway and mutation status of therapeutic targets in acral melanoma 627 

CDK4 aberrations CNV status  Genetic mutation of therapeutic targets 

 
(n = 514)  % (No. positive cases/No. examined cases) 

n (%)  Kit Braf Nras 

≥ 1 CNV      

Cdk4 gain 203 (39.5)  9.4 (19/202) 16.3 (33/202) 12.2 (23/188) 

3-4 copies 144 (28.0)      6.3 (9/143) 16.8 (24/143) 12.8 (17/133) 

  5-8 copies     24 (4.7)      20.8 (5/24)     12.5 (3/24)      9.1 (2/22) 

> 8 copies     35 (6.8)  14.3 (5/35)     17.1 (6/35)      12.1 (4/33) 

Ccnd1 gain 137 (26.7)  9.8 (13/133) 15.2 (20/132) 14.4 (17/118) 

  3-4 copies 73 (14.2)  11.4 (8/70) 20 (14/70) 19.4 (12/62) 

  5-8 copies     39 (7.6)  5.3 (2/38) 8.1 (3/37) 11.4 (4/35) 

> 8 copies     25 (4.9)  12.0 (3/25) 12.0 (3/25) 4.0 (1/25) 

P16INK4a loss 310 (60.3)  9.4 (29/308) 15.6 (48/308) 16.7 (47/282) 

Overall 425 (82.7)  9.8 (41/419) 14.6 (61/418) 15.4 (59/384) 

≥ 2 CNVs      

Cdk4 gain plusCcnd1 gain 73 (14.2)  9.7 (7/72) 19.4 (14/72) 9.4 (6/64) 

Cdk4 gain plus P16INK4aloss 119 (23.2)  7.6 (9/119) 18.5 (22/119) 20.2 (24/119) 

Ccnd1 gain plus P16INK4aloss 77 (15.0)  10.4 (8/77) 16.9 (13/77) 17.9 (12/67) 

Overall 181 (35.2)  8.9 (16/180) 17.2 (31/180) 13.3 (22/166) 

3 CNVs      

  Overall 44 (8.6)  9.1 (4/44) 20.5 (9/44) 15.8(6/38) 

Abbreviations: CNV, copy number variation.628 
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Table 2. Correlation of CDK4 pathway aberrations to clinicopathologic features of acral melanoma 629 

Clinicopathologic factor  Cdk4 aberration  Ccnd1 aberration 

  Gain Normal P valuea  Gain Loss Normal P valuea 

Age (year)    0.257     0.676 

Median (range)  55.6 ± 13.8 54.2 ± 13.6   55.5 ± 12.2 54.0 ± 13.1 54.6 ± 14.4  

Gender n (%)    0.864     0.012 

Male  115 (56.7) 171 (55.9)   91 (66.4) 43 (56.6) 154 (51.2)  

  Female  88 (43.3) 135 (44.1)   46 (33.6) 33 (43.4) 147 (48.8)  

  Total  203 (39.9) 306 (60.1%)   137 (26.7) 76 (14.8) 301 (58.6)  

Ulceration n (%)    0.886     0.040 

  Yes  146 (73.0) 220 (73.6)   96 (71.1) 64 (85.3) 210 (71.4)  

  No  54 (27.0) 80 (26.4)   39 (28.9) 11 (14.7) 84 (28.6)  

Thickness (mm)    < 0.0001     0.054 

Median (range)  5.0 (0.2, 30.0) 3.0 (0.1, 40.0)   4.0 (0.1, 25.0) 4.0 (0.2, 15.0) 3.5 (0.1, 40.0)  

Stages n (%)                  0.396     0.650 

Ⅰ  19 (9.4) 35 (11.4)   14 (10.2) 3 (10.5) 37 (12.3)  

Ⅱ  107 (52.7) 138 (45.1)   67 (48.9) 42 (55.3) 140 (46.5)  

Ⅲ  51 (25.1) 91 (29.7)   42 (30.7) 18 (23.7) 83 (27.6)  

Ⅳ  26 (12.8) 42 (13.7)   14 (10.2) 13 (17.1) 41 (13.6)  

Survival (months)    0.038     0.213 
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Median (95% CI)  42.2 (35.8, 48.6) 54.1 (40.8, 67.4)   47 (35.4, 58.6) 41.9 (22.7, 61.1) 44.8 (35.6, 54.0)  

Total n (%)  203 (39.9) 306 (60.1%)   137 (26.7) 76 (14.8) 301 (58.6)  

Table 2 (continued) 

Clinicopathologic factor  P16INK4a aberration  Overall aberration (≥ 1 CNV) 

  Loss Normal P valuea  Yes No P valuea 

Age (year)    0.625    0.361 

Median (range)  55.0 ± 13.8 54.4 ± 13.4   55.0 ± 13.7 53.5 ± 13.3  

Gender n (%)    0.654    0.561 

Male  172 (55.5) 115 (57.5)   245 (56.6) 43 (53.1)  

  Female  138 (44.5) 85 (42.5)   188 (43.4) 38 (46.9)  

Ulceration n (%)    0.964    0.204 

  Yes  225 (73.5) 143 (73.7)   318 (74.5) 52 (67.5)  

  No  81 (26.5) 51 (26.3)   109 (25.5) 25 (32.5)  

Thickness (mm)    0.061    < 0.001 

Median (range)  4.0 (0.5, 30.0) 3.0 (0.1, 40.0)   4.0 (0.1, 30.0) 2.4 (0.1, 40.0)  

Stages n (%)                  0.007     

Ⅰ  22 (7.1) 32 (16.0)   37 (8.5) 17 (21.0) 0.018 

Ⅱ  149 (48.1) 97 (48.5)   212 (49.0) 37 (45.7)  

Ⅲ  96 (31.0) 46 (23.0)   125 (28.9) 18 (22.2)  

Ⅳ  43 (13.9) 25 (12.5)   59 (13.6) 9 (11.1)  
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Survival (months)    0.016    0.124 

Median (95% CI)  43.2 (39.7, 46.7) 63.7 (44.7, 82.7)   44.8 (37.5, 52.1) 46.7 (39.6, 53.8)  

Total n (%)  310 (60.8) 200 (39.2)   433 (84.2) 81 (15.8)  
a For evaluation of age, the two independent sample t-test or one-way ANOVA was used. For evaluation of gender, ulceration and stages, the 630 

Chi-square tests or Fisher's exact tests were used. For evaluation of thickness, Mann-Whitney U tests were used. For evaluation of OS time, 631 

Log-Rank tests were used. 632 

 633 
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FIGURE LEGENDS 

Figure 1. Overall survival of acral melanoma patients in relation to CDK4 pathway 

aberrations. CNV, copy number variations. 

 

Figure 2. Sensitivity of acral melanoma cells to CDK4/6 inhibitors. After nutrient 

starvation, primary acral melanoma cells (AMC-1 to AMC-5) and control melanoma 

cells (A2058 as negative control and SK-Mel-5 as positive control) were treated with 

indicated concentrations of inhibitors for 24 hours. The cell viability was evaluated by 

CCK-8 method, and the results were presented as mean ± SD of 3 independent 

experiments. The statistical significance of the growth curves (as compared to A2058 

group) was evaluated by repeated measure variance analysis. 

 

Figure 3. Sensitivity of PDX models containing CDK4 aberrations to CDK4/6 

inhibitors in vivo. When the tumor size reached approximately 200 mm3, mice (n = 4 

per group) were treated with buffer control or inhibitors daily. Tumor volume was 

evaluated as % of the tumor volume on day 0 and presented as mean ± SD. The 

comparison of the growth curves was done with the 

repeated measure variance analysis. The data are representative of these independent 

experiments.  

 

Figure 4. Proliferation index of acral melanoma cells from PDX models containing 

CDK4 aberrations after CDK4/6 inhibitors treatments. On day 14 of treatments, the 

tumor nodules were excised and examined by H&E staining and immuohistochemical 

staining (for Ki-67). The sections were evaluated under microscope, and typical 

staining was photographed (A), and the Ki-67+ cells under 5 random fields were 
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counted. Bar = 50 μm. The results of Ki-67+ cells (B-F) were presented as mean ± SE 

of three sections. ns, P > .05; *, P < .05; **, P < .01; ***, P < .001 (One-way ANOVA 

followed by Bonferroni multiple comparison). 
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