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Abstract

A definitive diagnosis of nevus or melanoma is not always possible for histologically ambiguous 

melanocytic neoplasms. In such cases, ancillary molecular testing can support a diagnosis of 

melanoma if certain chromosomal aberrations are detected. Current technologies for copy number 

variation (CNV) detection include chromosomal microarray analysis (CMA) and fluorescence 

in situ hybridization. Although CMA and fluorescence in situ hybridization are effective, their 

utilization can be limited by cost, turnaround time, and inaccessibility outside of large reference 

laboratories. Droplet digital polymerase chain reaction (ddPCR) is a rapid, automated, and 

relatively inexpensive technology for CNV detection. We investigated the ability of ddPCR to 

quantify CNV in cyclin-dependent kinase inhibitor 2A (CDKN2A), the most commonly deleted 

tumor suppressor gene in melanoma. CMA data were used as the gold standard. We analyzed 57 

skin samples from 52 patients diagnosed with benign nevi, borderline lesions, primary melanomas, 

and metastatic melanomas. In a training cohort comprising 29 randomly selected samples, receiver 

operator characteristic curve analysis revealed an optimal ddPCR cutoff value of 1.73 for calling 

CDKN2A loss. In a validation cohort comprising the remaining 28 samples, ddPCR detected 
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CDKN2A loss with a sensitivity and specificity of 94% and 90%, respectively. Significantly, 

ddPCR could also identify whether CDKN2A losses were monoallelic or biallelic. These pilot 

data suggest that ddPCR can detect CDKN2A deletions in melanocytic tumors with accuracy 

comparable with CMA. With further validation, ddPCR could provide an additional CNV assay to 

aid in the diagnosis of challenging melanocytic neoplasms.

Keywords

melanoma; histologically ambiguous melanocytic neoplasms; droplet digital PCR; CDKN2A ; 
copy number variation

INTRODUCTION

Although most melanocytic neoplasms can be classified as either benign or malignant by 

histopathology, copy number variation (CNV) analysis is an important tool for borderline 

cases.1 Melanomas, in contrast to nevi, often harbor recurrent copy number alterations.2 

Chromosomal microarray analysis (CMA) and fluorescence in situ hybridization (FISH) are 

the gold standards for CNV detection in melanoma. CMA, which includes both comparative 

genomic hybridization and single nucleotide polymorphism arrays, is used to detect gene 

amplifications, deletions, and genome-wide chromosomal aberrations.3,4 FISH panels are 

used to identify aberrations involving a smaller subset of melanoma-associated genes 

(RREB1, MYC, MYB, CCND1, and cyclin-dependent kinase inhibitor 2A (CDKN2A)).5,6 

Although effective, both CMA and FISH have limitations. For FISH, cutoff values can 

vary across laboratories, and there may be interobserver disagreement when distinguishing 

putative melanoma cells from those of an accompanying nevus. By contrast, CMA does 

not require a trained technician to visualize individual cells, but can produce false-negative 

results when melanoma cells do not comprise enough of the overall tissue cellularity.7 

Next-generation sequencing (NGS) can also provide CNV data, but can be limited by time, 

expense, and complexity. Currently, NGS is not widely used for this specific application.

Droplet digital polymerase chain reaction (ddPCR) is an emerging technology for CNV 

analysis.8 ddPCR partitions samples into 20,000 nanoliter-sized droplets, with PCR 

amplification of template molecules occurring in each droplet. Fluorescently labeled 

TaqMan probes allow for fluorescence detection when the corresponding amplification is 

present, and Poisson statistics are used to calculate the concentration of target DNA based 

on the fraction of positive droplets (ie, droplets containing the target sequence). ddPCR 

runs can be completed within 8 hours, with 96 reactions in a single run, and delivers a 

straightforward count of target DNA copies per sample. In addition to its automation and 

rapidity, ddPCR is inexpensive; in our study, the cost of reagents averaged $7.35 per target 

gene per sample.

ddPCR technology is growing increasingly relevant to pathology. In research studies, 

ddPCR accurately quantifies CNV in other oncogenes, including HER2 (invasive mammary 

carcinoma),9 MYCN (neuroblastoma),10 and MET (gastric cancer and hepatocellular 

carcinoma).11 It has also been used to evaluate microsatellite instability in breast cancers12 
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and to detect ESR1 mutations in ovarian tumors.13 Moreover, ddPCR is already used 

clinically to diagnose hereditary diseases of newborns, such as spinal muscular atrophy.14

In this proof-of-concept study, we evaluated the performance of ddPCR compared with 

CMA in the quantitation of CDKN2A (9p21.3), one of the most diagnostically important 

genes in melanoma. Copy number gains of protooncogenes and copy number losses of 

tumor suppressors typically occur in the later stages of melanomagenesis. Such CNVs can 

mark key transitions in melanoma progression. Loss of the tumor suppressor CDKN2A 
is common in melanoma: 40%–70% of primary melanomas15 and more than 75% of 

metastatic melanomas16 harbor either monoallelic or biallelic CDKN2A deletions. CNV 

data on CDKN2A can have great diagnostic value in melanocytic lesions with borderline 

histologic features.

MATERIALS AND METHODS

A total of 57 formalin-fixed paraffin-embedded (FFPE) skin samples were retrieved from 

the surgical pathology archives at our institution, with material ranging from 2013 to 

2022. Inclusion criteria were as follows: (1) Final diagnosis of benign nevus, borderline 

lesion, primary melanoma, or metastatic melanoma was made by at least 1 board-certified 

dermatopathologist; (2) CMA-determined copy number status of CDKN2A was known; (3) 

DNA was extracted within 1 month of biopsy; and (4) initial input DNA concentration was 

at least 10 ng. For purposes of this study, we defined “borderline lesion” as any melanocytic 

neoplasm not signed out as benign nevus, primary melanoma, or metastatic melanoma; most 

were atypical nevi or atypical Spitz nevi. Demographic and clinical details were gathered 

for each patient, including age at biopsy, sex, lesion size and location, TNM staging and 

Breslow depth (where appropriate), and final diagnosis.

Chromosomal Microarray Analysis

DNA from the 57 FFPE samples was isolated using the QIAamp FFPE Tissue Kit 

(Qiagen, Valencia, CA). Samples were subjected to CMA for copy number quantitation 

of the CDKN2A gene using the OncoScan FFPE Assay Kit (Affymetrix, a Thermo Fisher 

Scientific company, Santa Clara, CA). DNA quantity was measured using Qubit Fluorometer 

3.0 and Qubit dsDNA High-Sensitivity Assay Kit (Thermo Fisher Scientific company, 

Waltham, MA). For samples with CMA-confirmed CDKN2A loss, the Chromosome 

Analysis Suite (Thermo Fisher Scientific, Santa Clara, CA) software was used to determine 

whether losses were monoallelic or biallelic.

Droplet Digital PCR

ddPCR was performed using the Bio-Rad QX200 (Bio-Rad, Hercules, CA). Each reaction 

was prepared in a 22 μL solution consisting of 11 μL of 2× ddPCR supermix for probes 

(Bio-Rad, Hercules, CA), 1.1 μL HEX-labeled CDKN2A primer/probes, 1.1 μL FAM-

labeled reference primer/probes (LIPI, THNSL2, AGO1, RPPH1, and SLAIN2), 10 ng 

of FFPE DNA, and nuclease-free water. Approximately 20,000 droplets per reaction were 

generated on the Bio-Rad QX200 droplet generator, per the manufacturer’s instructions. All 

emulsified PCR reactions were run in a 96-well plate on the C1000 Touch Thermal Cycler 
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(Bio-Rad), starting with incubation at 95°C for 10 minutes, followed by 40 cycles of 94°C 

for 30 s, 60°C for 60 s, 10 minutes incubation at 98°C, and a final hold at 4°C for 1 hour. 

PCR products were read on the Bio-Rad QX200 droplet reader, and copy number data were 

generated using the QuantaSoft software from Bio-Rad.

Fifty-three FFPE samples (93.0%) were run in duplicate. These samples showed minimal 

variation across the 2 ddPCR measurements, with an average percent difference of 3.56%. 

The remaining 4 samples (7.0%) were run only once because of limited amounts of available 

tissue. Fifty of the 57 FFPE samples (87.7%) were run using all 5 reference genes (LIPI, 
SLAIN2, AGO1, RPPH1, and THNSL2). In addition, owing to limited amounts of tissue, 6 

FFPE samples (10.5%) were run using all reference genes except LIPI and SLAIN2, and 1 

(1.8%) was run using all reference genes except RPPH1 (Table 1, see Table 1, Supplemental 

Digital Content 1, http://links.lww.com/AJDP/A134). The final diagnosis of all cases had 

already been confirmed by a board-certified dermatopathologist before ddPCR analysis.

Statistical Analysis

Descriptive statistics were used to calculate clinicopathologic characteristics for all cases. 

For each FFPE sample, the average of all ddPCR outputs was recorded (Table 1). These 

mean ddPCR outputs were used to call CDKN2A loss by ddPCR. The 57 FFPE cases 

were randomly split into 2 groups: a training cohort (29 cases) and a validation cohort (the 

remaining 28 cases) (Fig. 1). We used the training cohort to determine the optimal mean 

ddPCR cutoff for calling CDKN2A loss; we then used the validation cohort to evaluate the 

performance of this cutoff on new, unseen samples.

Training Cohort (n = 29)

We plotted sensitivity versus specificity at varying mean ddPCR cutoffs for CDKN2A 
loss and chose the optimal cutoff of 1.73 because its corresponding sensitivity/specificity 

pair was closest to the point (1, 1) on the receiver operator characteristic (ROC) curve. 

Accordingly, samples with mean ddPCR outputs at or below 1.73 were designated as 

“CDKN2A Loss,” and those with mean ddPCR outputs above 1.73 were designated as “No 

CDKN2A Loss.”

Validation Cohort (n = 28)

The remaining 28 samples were used to evaluate the performance of this 1.73 cutoff (Fig. 

1). Confusion matrices were used to delineate samples for which ddPCR correctly and 

incorrectly identified CDKN2A copy number status. We assessed the concordance of ddPCR 

with CMA using sensitivity and specificity. All statistical analyses were performed using R 

software (R Core Team, Vienna, Austria).

RESULTS

Fifty-seven FFPE samples met inclusion criteria, comprising 8 benign nevi (14.0%), 16 

borderline lesions (28.1%), 22 primary melanomas (38.6%), and 11 metastatic melanomas 

(19.3%). Patient demographic, clinical, and diagnostic information are summarized in Table 

2. In total, 36 of the 57 FFPE samples (63.2%) had loss of CDKN2A by CMA, including 
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4 of the 16 borderline lesions, 21 of the 22 primary melanomas, and all 11 metastatic 

melanomas (Table 1). A representative case, demonstrating the hematoxylin and eosin 

(H&E) stain and CMA results of a nevoid melanoma (case ID #42, Table 1), is shown 

in Figure 2.

Training Cohort (n = 29)

To create our training cohort, we randomly selected 18 of the 36 samples with CDKN2A 
loss by CMA and 11 of the 21 samples with no CDKN2A loss by CMA. For these 29 

samples, ROC curve analysis revealed an optimal mean ddPCR cutoff of 1.73 for calling 

CDKN2A loss (mean ddPCR >1.73 = no CDKN2A loss; mean ddPCR ≤1.73 = CDKN2A 
loss). This cutoff had a sensitivity of 86.1%, a specificity of 100%, and an AUC of 0.98 

(95% CI: 0.955–1) for the training cohort (Fig. 3).

Validation Cohort (n = 28)

The remaining 28 samples were used to validate this cutoff. Using the obtained cutoff of 

1.73 for CDKN2A loss, ddPCR correctly classified 26 of 28 cases: 17 of the remaining 

18 samples with CDKN2A loss and 9 of the remaining 10 samples with no CDKN2A loss 

(Table 3). Thus, for the 28 validation cohort samples, ddPCR identified CDKN2A copy 

number status with a sensitivity of 94.4% and a specificity of 90.0% (Table 3).

Discordant Results

Two cases had ddPCR results that differed from CMA. Case 22 yielded a false-negative 

result. Its mean ddPCR output was 1.93—above the cutoff of 1.73, implying no CDKN2A 
loss (Table 1). However, its CMA analysis revealed monoallelic CDKN2A loss. Case 8 

yielded a false-positive result, with a mean ddPCR output of 1.70—below the cutoff of 1.73, 

implying CDKN2A loss (Table 1). However, this sample has no CMA evidence of CDKN2A 
loss.

DISCUSSION

ddPCR demonstrated high concordance with CMA in distinguishing CDKN2A-positive 

from CDKN2A-negative samples, detecting CDKN2A loss with a sensitivity and specificity 

of 94.4% and 90.0%, respectively. Such quantitation has been established to be useful in 

diagnosis17 and, in some cases, prognostication.18 The causes of the 1 false positive (case 

8) and 1 false negative (case 22) were not investigated. Notably, all cases with mean ddPCR 

values outside of the 1.70–2.00 range were concordant with CMA (Fig. 4). It is possible 

that cases with mean ddPCR values inside this range may be partially transformed or of 

intermediate malignant potential. Significantly, the quantitative nature of the ddPCR data 

lends itself to the possibility of becoming a parameter for staging, index for prognosis or 

therapeutic response, and/or metastatic potential, in the future.

Clinical Significance of CDKN2A Loss: Monoallelic Versus Biallelic Deletions

Some studies have indicated that CDKN2A deletion is most clinically significant when 

biallelic.19,20 Of the 36 samples with CMA-confirmed CDKN2A loss, 25 had monoallelic 

loss (69.4%) and 11 had biallelic loss (30.6%). As shown in Figure 4, the 11 cases with 
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biallelic CDKN2A loss cluster at or below a mean ddPCR copy number of 1.11. Between 

1.11 and approximately 1.73, almost all cases have monoallelic loss (Fig. 4). Above 1.73, 

almost all cases have no CDKN2A loss (Fig. 4). A more rigorous ROC curve analysis 

confirms that the optimal mean ddPCR cutoff for distinguishing monoallelic from biallelic 

CDKN2A loss is 1.11, with 1 sample misclassified as biallelic (Fig. 4). Future studies would 

be needed to validate this cutoff. Notably, ddPCR has been used to distinguish between 

monoallelic and biallelic CDKN2A loss in other tumors.21

We find it noteworthy that the 1.11 cutoff value for biallelic CDKN2A loss is almost exactly 

what would be expected from the tumor biology. Theoretically, in a sample composed only 

of tumor cells with monoallelic CDKN2A loss, the CDKN2A copy number per cell should 

be 1.0. Thus, for pure samples, the cutoff between monoallelic versus biallelic loss would 

be 1.0. Certainly, no real patient sample is a pure tumor; both tumor heterogeneity and other 

nontumor cells are present. One may expect that fact to drastically affect the results, but we 

found it had a minimal impact, shifting the cutoff value only from 1.00 to 1.11.

Correlation with Histology

The primary purpose of this study was to correlate ddPCR with CMA, not to correlate 

morphology with ddPCR. Nonetheless, an interesting pattern seems to emerge, which 

warrants future, more rigorous, study: Our data revealed an inverse relationship between 

mean CDKN2A copy number and the degree of atypia as assessed by morphology (Fig. 5). 

This pattern is again consistent with the known tumor biology. Cases signed out as benign 

nevi had essentially no loss of CDKN2A, while borderline lesions exhibited some loss. Such 

losses became more dramatic in melanomas and even more so in metastases. Moreover, 

although our study was not designed to examine this trend, several of the differences were 

statistically significant (eg, borderline lesions vs. primary melanomas) (Fig. 5).

Strengths of the Study

Strengths of this study include the broad variety of clinical samples, comprising a broad 

range of melanocytic neoplasia. The 57 FFPE cases reflected the complexity of clinical care 

because 16 were borderline lesions that required genomic workup to render a diagnosis in 

the first place. FFPE samples derived from both pediatric and adult patients were used, with 

a wide cohort age range of 2–87 years. In addition, to reduce the possibility of deletions 

or duplications in the reference genes skewing the final CDKN2A:Reference Gene ddPCR 

ratio, we used a panel of 5 reference genes. These were selected from genomic locations that 

show relatively infrequent CNVs in dermatological neoplasms.22 Then, instead of measuring 

CDKN2A copy number against 1 reference gene, we took the average of 5. This averaging 

dilutes the effect of any 1 spurious reference gene measurement. Although the possibility of 

such spurious measurements cannot be entirely eliminated, it can be mitigated; in our series, 

only case 8 seemed to be vulnerable to this effect, whereas 56 of 57 samples (98.2%) were 

not. We note that, in the literature, FISH and CMA measurements on the same cases have a 

discordance rate of approximately 10%.23
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Limitations of the Study

There were several limitations of this study. First, it was retrospective and limited to a 

single institution. Our sample size was also constrained by cost and time for CMA analysis. 

Further research, with larger cohorts across a wide range of laboratories, could prove 

informative. In addition, ddPCR has its limitations: It can only detect known CNVs, unlike 

CMA, which can detect previously unknown CNVs. In addition, unlike FISH, ddPCR does 

not account for tumor heterogeneity. To optimize DNA quality, we only analyzed cases 

whose DNA was extracted within 1 month of biopsy and in which 10 ng of input DNA could 

be run per reaction. Future studies could investigate whether these inclusion criteria could be 

broadened.

Finally, it is worth noting that detection of CDKN2A loss is neither necessary nor sufficient 

to establish a diagnosis of melanoma. Thus, an important caveat is that CDKN2A loss, 

even if correctly detected, is not diagnostic of malignancy. Indeed, some benign melanocytic 

tumors (eg, melanocytomas) can also harbor CDKN2A loss. Conversely, CDKN2A losses 

are not ubiquitous in melanoma.24 This proof-of-concept study was designed to assess 

the concordance of ddPCR with CMA. All cases should be evaluated in context of the 

morphology and traditional parameters.

Future Directions

These preliminary data add to the growing body of literature supporting ddPCR as a robust 

technology for CNV detection. Future studies could look at further validation, particularly 

in tissues from different laboratories with different parameters for fixation and embedding. 

Future studies could also address issues such as whether monoallelic and biallelic CDKN2A 
deletion, as detected by ddPCR, could correlate with IHC for p16, and how mutations in the 

gene, detected by NGS, may affect results. Currently, ddPCR’s primary clinical use is for 

detection of somatic CNV in newborn screening tests. Its utility in oncology is growing and 

offers some promising future directions for research.

CONCLUSION

The capacity of ddPCR to quantify CDKN2A copy number in FFPE samples with similar 

sensitivities and specificities to those of CMA and FISH is encouraging. We have begun 

assembling ddPCR data for other genes that commonly undergo CNV in melanoma. 

Although not a replacement for CMA and FISH, ddPCR may, with further validation, 

provide an additional tool in the challenging diagnosis of melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Outline of the study workflow. The 57 FFPE samples were randomly split into 2 groups: a 

training cohort (to determine the optimal mean ddPCR cutoff for calling CDKN2A loss) and 

a validation cohort (to test this cutoff on new, unseen samples). Chromosomal microarray 

analysis (CMA) data were used as the reference standard. Using the ROC-determined 

optimal cutoff of 1.73, ddPCR correctly classified 26 of the 28 samples in the validation 

cohort (sensitivity = 94.4%, specificity = 90.0%).
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FIGURE 2. 
Case 42, from the vulva of an 84-year-old woman. A, (Hematoxylin & Eosin, 2×). A nevoid 

melanoma, with multiple CMA aberrations. B, CMA output. There is a clear deletion at the 

CDKN2A locus; all the reference genes are unaffected. This CDKN2A loss was biallelic, 

per Chromosome Analysis Suite, Thermo Fisher Scientific analysis. The mean ddPCR 

output for this sample was 0.48, well below the ddPCR cutoff of 1.11 for biallelic CDKN2A 
loss.
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FIGURE 3. 
Receiver operator characteristic (ROC) curve for the training cohort (n = 29). We plotted 

sensitivity versus specificity at various mean ddPCR cutoffs for calling CDKN2A loss. The 

one closest to the point (1, 1) on the ROC curve was 1.73 (sensitivity = 86%, specificity = 

100%, area under the curve 0.98). The performance of this 1.73 cutoff was assessed in the 

validation cohort (the remaining 28 samples).
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FIGURE 4. 
Diagrammatic representation of all cases and mean ddPCR outputs, color-coded by CMA 

status for CDKN2A. Below a mean ddPCR output of 1.70, all cases have loss of 

CDKN2A by CMA. Above 2.00, no cases have loss of CDKN2A. Future studies could 

investigate whether the values in the 1.70–2.00 range reflect lesions with partial malignant 

transformation. The ROC-determined optimal cutoffs were 1.73 for monoallelic CDKN2A 
loss and 1.11 for biallelic CDKN2A loss (mean ddPCR >1.73 = no CDKN2A loss; 1.11 < 

mean ddPCR ≤1.73 = monoallelic CDKN2A loss; mean ddPCR ≤1.11 = biallelic CDKN2A 
loss).
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FIGURE 5. 
Trends in the data. Error bars represent SD. The average CDKN2A ddPCR output for benign 

lesions was 2.06 (SD 0.18), followed by 1.90 (SD 0.26) for borderline lesions, 1.29 (SD 

0.55) for primary melanomas, and 1.20 (SD 0.52) for metastatic melanomas. Significant 

differences (2-sample t test) are indicated by asterisks. Notably, the degree of copy number 

loss increased with increasing atypia. Although this study was not designed to delineate 

atypia from copy number alone, future work could explore this area further.
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TABLE 2.

Summary of Clinicopathologic Characteristics

Clinical Features

Age* (yr), mean ± SD 55.6 ± 23.9

Female sex,† n (%) 20 (38.5)

Lesion location,‡ n (%)

 Trunk 19 (33.3)

 Visceral metastases 6 (10.5)

 Small bowel 4

 Lung 2

 Head/neck 15 (26.3)

 Upper extremity 9 (15.8)

 Lower extremity 8 (14.0)

Histopathologic features

Primary lesion size (cm), mean ± SD (range) 1.4 ± 1.3 (0.3–6.5)

Lesion classification

 Benign nevus, n (%) 8 (14.0)

 Borderline lesion, n (%) 16 (28.1)

 Atypical Spitz tumor 8

 Atypical nevus 6

 Combined epithelioid melanocytoma associated with a nevus 1

 Conventional nevus combined with an atypical Spitz nevus 1

 Primary melanoma, n (%) 22 (38.6)

 Not otherwise specified 6

 Nodular 5

 Superficial spreading 4

 Nevoid 2

 Spitzoid melanoma in situ 1

 Superficial spreading and spindle cell 1

 Dedifferentiated and spindled 1

 Mixed spindled and desmoplastic 1

 Melanoma in situ 1

 Metastatic melanoma, n (%) 11 (19.3)

 Breslow depth§ (mm), mean ± SD (range) 4.6 ± 4.2 (0.8–21.0)

*
At the time of biopsy.

†
n = 52 patients.

‡
n = 57 lesions.

§
Of confirmed primary melanomas (n = 22).
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