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Diagnosing atypical melanocytic tumors can be challenging without molecular characterization, 
necessitating simple tools to enhance diagnostic accuracy in daily practice. This study retrospectively 
analyzed the utility of p16 immunohistochemistry (IHC) and 9p21 fluorescence in situ hybridization 
(FISH) on 206 tumors referred for expert second opinion. The performance of p16 and 9p21 was 
compared to histological diagnosis (both initial and final respectively without and with p16 and 9p21 
status), histological subtype, and follow-up data. Negative p16 immunolabelling detected 90% of 
malignant cases, while only 11% of benign tumors were p16 negative. Homozygous 9p21deletion 
detected 42% of malignant tumors and excluded 95% of benign ones. Heterozygous deletion showed 
no diagnostic value. Homozygous 9p21 deletion significantly improved diagnostic confidence 
(P < 0.001), leading to tumor upgrading (n = 23) or melanoma confirmation (n = 22). Among 97 patients 
with follow-up, 17 had adverse outcomes. Kaplan–Meier analysis showed no significant difference in 
progression-free survival between groups (P = 0.64). Combining both techniques ultimately enhanced 
histological diagnostic confidence in daily practice. However, in cases where p16 is negative without 
homozygous deletion, or where histological malignancy is uncertain and p16 positive, other p16-
inactivation mechanisms or molecular anomalies should be considered, necessitating further molecular 
investigations.
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Confident histopathological differentiation between melanoma and atypical nevus can be challenging and such 
atypical melanocytic tumors are often sent to expert dermatopathologists for second opinions1. Reproducibility, 
even among experts, is poor2–4 and 10–25% of diagnoses lack interobserver agreement5. That situation is more 
attributable to the lack of specific criteria and opinion differences rather than experts’ faulty diagnostic skills. 
Melanoma poses additional difficulties; despite 90% of localized melanomas being cured by surgery, it remains 
the deadliest type of skin cancer6 and evidence of malignancy during follow-up may be elusive because of the 
prolonged latency required for metastatic spread7.

Molecular characterization has improved melanocytic tumor classification and made it possible, depending 
on specific molecular anomalies, to link these atypical tumors to different melanoma types. However, even with 
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extensive and expensive molecular studies, diagnosing atypical melanocytic tumors as benign or malignant can 
remain difficult but that distinction is crucial for prognosis and patient management8. Moreover, molecular 
diagnosis must be obtained quickly: in the case of malignancy, reexcision (with margins conditioned by 
thickness/Breslow’s index) should be done within the 3 months following the initial excision; however, not all 
pathologists have access to rapid molecular testing for therapeutic decision-making.

By accruing molecular knowledge, pathologists can use simpler, more cost-effective tools that target common 
melanoma-related abnormalities, thereby improving histopathological diagnosis accuracy. Among those tools, 
p16 immunohistochemistry (IHC) is used to diagnose challenging melanocytic tumors, with a negative result 
suggesting malignancy. p16, a tumor-suppressor protein encoded by the cyclin-dependent kinase inhibitor 2A 
(CDKN2A) gene on chromosome 9p21 (also known as multiple tumor-suppressor (MTS-1)9, inhibitor of cyclin-
dependent kinase 4 (INK4a) or p16INK4 gene)10, regulates cell proliferation by inhibiting the retinoblastoma 
protein–transcription factor (pRb–E2F) pathway. It is frequently modified in familial melanoma and other cancers 
through genetic changes, like point mutations, promoter hypermethylation or homozygous deletions9,11,12. 
The latter can easily be detected with 9p21 fluorescence in situ hybridization (FISH)13, an affordable and well-
established technique that does not require complex equipment.

We undertook this study to retrospectively analyze, on 206 atypical melanocytic tumors received for expert 
second opinion, the p16-IHC and 9p21-FISH performances to obtain the final expert histopathological diagnoses 
and their impact on long-term prognoses. Based on this cohort, reflecting real-life cases including various types 
of atypical melanocytic tumors, we propose an algorithm using those 2 simple and inexpensive tools, and tested 
it on outcomes of patients with known follow-up.

Results
According to the selection criteria, we identified and studied 206 atypical melanocytic tumors that had been 
evaluated with 9p21 FISH and p16 IHC (summarized in Supplementary Table 1; see supplemental digital 
content containing 2 tables).

Clinical and histopathological findings
Among the 206 atypical melanocytic tumors (Table 1), the majority were Spitz–Reed tumors (SRT) (61%, 
n = 126). SRTs predominantly affected young patients (median age, 27  years; range: 4–69  years) and women 
(70%, n = 88). The lesions were mainly located on the limbs (56%, n = 71). Most of the tumors (55%, n = 69) were 
histologically diagnosed as benign: A– or DA–; the remaining 57 (45%) tumors were categorized as malignant: 
A+ or DA+.

The atypical thick nevoid tumors (ATNTs) was the second most common type (15%, n = 31), which primarily 
affected older patients (median age, 41 years; range 18–86 years). The lesions were commonly found on the limbs 
(39%, n = 12) and the trunk (32%, n = 10). Most of the diagnoses (84%, n = 26) were categorized as malignant: 
A+ or DA+.

The atypical thin tumors (AThinTs) type accounted for 12% (n = 24) of patients (median age, 42.5 years; range 
20–68 years). Lesions were primarily located on the limbs (46%, n = 11). Only 4 (17%) tumors were categorized 
as benign: A– or DA–.

The 25 other atypical melanocytic tumors of uncertain malignant potential, MELTUMP (OMTs) included 
5 blue cell tumors and related lesions (3: 1 borderline DA+, 2 malignant A+), 5 lesions suspected of activating 
the WNT pathway (3 suspected of being malignant: DA+), 5 melanocytic neoplasms with BAP1 inactivation 
(2 categorized as malignant: 1 DA+, 1 A+), 5 congenital lesions (2 malignant A+), 2 malignant lesions whose 
primary status could not be confirmed, 2 acral nevi, and 1 genital nevus.

Among the 206 patients, clinical follow-up information was obtained for 97 (47%), primarily those with 
SRTs (n = 54): 9 were categorized as A–, 19 as DA–, 41 as DA+ and 28 as A+. High percentages of patients with 
SRTs were lost to follow-up (57%; n = 72), particularly those with benign tumors (68%). The mean duration of 
follow-up was 5.7 years for ATNTs, 3.5 years for AThinTs, 4.5 years for OMTs and 6.2 years for SRTs, which was 
the longest among all tumor types.

Performance comparison of p16 and 9p21 with expert histopathological diagnoses (blinded 
to p16 and 9p21 status)
p16 IHC
For the entire cohort, clonal or diffuse p16 negativity was present in 90% of tumors that ultimately received a 
malignant diagnosis (Table 2). In contrast, only 11% of tumors later deemed benign exhibited p16 negativity. 
When p16 negativity was observed, 56% of those cases were confirmed as malignant on final diagnosis, whereas 
46% of cases with p16 positivity were confirmed as benign. These detection rates were consistent among the 
main histological subtypes (SRT, ATNT, and AThinT), with malignant detection rates ranging from 86% in SRTs 
to 92% in ATNTs.

9p21 FISH
Technical evaluation of 9p21 FISH was successful in 95% of the tumors (195/206). Among p16-negative cases, 
homozygous deletion of 9p21 was observed in 27% (50/184) of tumors, and it was absent in p16-positive tumors. 
Overall, the pattern of homozygous 9p21 loss was found in cases that corresponded to malignant histology in 
95% of instances. Furthermore, when homozygous deletion was present, 92% of tumors were confirmed as 
malignant, whereas the absence of deletion corresponded to benign histology in 55% of cases. These findings 
were comparable across the four histological subtypes, with a higher agreement for benign lesions in SRTs (66%) 
compared with the other types (25%). Importantly, all tumors exhibiting homozygous 9p21 deletion were p16-
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Parameter SRTs (n = 126) ATNTs (n = 31) AThinTs (n = 24) OMTs (n = 25)

Sex, n (%)

Male 38 (30.2) 11 (35.5) 5 (20.8) 9 (36)

Female 88 (69.8) 20 (64.5) 19 (79.2) 16 (64)

Age, years

Mean 28.7 42.1 43.6 38.3

Median 27 41 42.5 34

Range 4–69 18–86 20–68 0–64

Site, n (%)

Head/neck 14 (11.1) 7 (22.6) 2 (8.3) 4 (16)

Limb 71 (56.3) 12 (38.7) 11 (45.8) 7 (28)

Trunk 32 (25.4) 10 (32.3) 10 (41.7) 8 (32)

Unknown 9 (7.1) 2 (6.5) 1 (4.2) 6 (24)

Histological category, n (%)

A+ 16 (12.7) 15 (48.4) 12 (50) 6 (24)

DA+ 41 (32.5) 11 (35.5) 8 (33.3) 6 (24)

DA– 48 (38.1) 5 (16.1) 3 (12.5) 4 (16)

A– 21 (16.7) 0 (0) 1 (4.2) 9 (36)

p16-IHC, n (%)

Diffusely negative 95 (75.4) 23 (74.2) 19 (79.2) 18 (72)

Clonal negative 17 (13.5) 5 (16.1) 3 (12.5) 4 (16)

Positive 14 (11.1) 3 (9.7) 2 (8.3) 3 (12)

9p21-FISH, n (%)

Heterozygous 52 (41.3) 14 (45.2) 9 (37.5) 14 (56)

Homozygous 28 (22.2) 9 (29.0) 9 (37.5) 5 (20)

Negative or technically uninterpretable 46 (36.5) 8 (25.8) 6 (25) 6 (24)

Clinical reexcision, n (%)

Yes 37 (29.4) 17 (54.8) 9 (37.5) 8 (32)

No 12 (9.5) 1 (3.2) 0 (0) 3 (12)

Unknown 77 (61.1) 13 (41.9) 15 (62.5) 14 (56)

Mean largest excision size, mm 12.0 16.3 10.6 14.1

Sentinel node, n (%)

Positive 2 (1.6) 2 (6.5) 0 (0) 1 (4)

Negative 2 (1.6) 3 (9.7) 0 (0) 0 (0)

Not done 42 (33.3) 9 (29.0) 8 (33.3) 9 (36)

Unknown 80 (63.5) 17 (54.8) 16 (66.7) 15 (60)

Clinical outcome, n (%)

Died 4 (3.2) 0 (0) 0 (0) 1 (4)

Organ metastases 1 (0.8) 1 (3.2) 0 (0) 0 (0)

Lymph-node metastases 5 (4) 4 (12.9) 0 (0) 0 (0)

Local recurrence 0 (0) 1 (3.2) 0 (0) 0 (0)

Remission 44 (34.9) 15 (48.4) 9 (37.5) 12 (48)

Unknown 72 (57.1) 10 (32.3) 15 (62.5) 12 (48)

Mean follow-up (years) 7.2 5.7 4.5 5.5

Table 1.  Description of the 206 selected atypical melanocytic tumorsa. SRTs Spitz–Reed tumors, AThinTs 
atypical thin tumors, ATNTs atypical thick nevoid lesion types, OMTs other MELTUMP lesion types, 
MELTUMP melanocytic tumors of uncertain malignant potential; categories: A– benign tumor, DA– borderline 
tumor with rather benign feature, DA+ borderline tumor with rather malignant features, A+ malignant tumor, 
IHC immunohistochemistry, FISH fluorescence in situ hybridization. aThis table lists sex, age, lesion site, 
diagnosis retained after double review, evaluation of p16 expression, 9p21 FISH results and clinical outcomes.
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negative, indicating that p16 loss captured 100% of these cases, even though the overall concordance between 
p16 loss and 9p21 deletion was 14%.

Heterozygous 9p21-FISH status significance
Among the 206 cases, 89 had heterozygous 9p21 deletion. The receiver operating characteristics curve (Fig. 1) 
revealed that this deletion was close to the bisecting (orange) line, indicating limited value for predicting benign 
or malignant expert histological diagnosis of atypical melanocytic tumors.

Diagnostic confidence between initial and final histopathological diagnoses based on p16 and 9p21 findings
Detection of a homozygous 9p21 deletion significantly enhanced diagnostic confidence for 45/45 tumors, with 
no change for 2/161, while heterozygous 9p21 deletion enhanced confidence for 0/45, with 156/161 diagnoses 
unchanged (P < 0.001, chi2 test). The absence of a homozygous deletion had no diagnostic impact (i = 0), 
according to the before and after FISH diagnoses. Among the 50 tumors harboring homozygous 9p21 deletions, 
23 (46%) were upgraded to malignancy (i = 2) and 22 (44%) melanomas were confirmed (i = 1).

The post-test positive-likelihood ratio for this sequential approach was 8.3, which is considered reasonably 
high17 and thus indicates diagnostic usefulness.

Fig. 1.  Receiver operating characteristics curve for heterozygous 9p21 labeling. The orange line represents the 
50% bisects values at which the test is indiscriminate.

 

Test performance All cases (n = 206) SRTs (n = 126) ATNTs (n = 31) AThinTs (n = 24)

p16-IHC

Detection ratea 89.6% 86.0% 92.3% 90.0%

Exclusion rateb 11.0% 8.7% 20.0% 0.0%

Positive concordancec 56.0% 43.8% 85.7% 81.8%

Negative concordanced 45.5% 42.9% 33.3% 0.0%

9p21-FISH

Detection ratea 42.3% 44.4% 34.6% 47.4%

Exclusion rateb 95.2% 93.5% 100.0% 100.0%

Positive concordancec 92.2% 85.7% 100.0% 100.0%

Negative concordanced 55.2% 65.9% 22.7% 28.6%

Table 2.  p16-IHC and 9p21-FISH performances compared to the expert’s histopathological diagnoses 
(without knowledge p16 IHC and 9p21 FISH status). a% of p16-IHC negativity (or 9p21-FISH homozygous 
deletion) on tumors considered histologically as malignant (A + /DA +). b% of p16-IHC positivity (or 
9p21-FISH heterozygous or no deletion) on tumors considered histologically as benign (A−/DA−). c% of 
concordance between p16-IHC negativity (or 9p21-FISH homozygous deletion) and histological diagnosis of 
malignancy (A + /DA +). d% of concordance between p16-IHC positivity (or 9p21-FISH heterozygous or no 
deletion) and histological diagnosis of benign tumor (A−/DA−). SRTs Spitz–Reed tumors, AThinTs atypical 
thin tumors, ATNT atypical thick nevoid lesion types, IHC immunohistochemistry, FISH fluorescence in situ 
hybridization.
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Proposed algorithm
Based on those results (see also Supplementary Table 2), we devised an algorithm for diagnosing atypical 
melanocytic tumors with tools accessible to any pathologist (Fig. 2). We applied this algorithm to tumors assigned 
to our 3 main types (SRT, ATNT and AThinT) to determine whether it correctly sorted them. We excluded the 
OMT group because the number of patients per category (blue cell tumors, Wint Activated Melanocytic tumors, 
BAP1 inactivated tumors…) in this group was too small for statistical analysis.

For patients with atypical melanocytic tumors, p16 IHC should be evaluated first. If p16 is negative (diffuse or 
clonal), 9p21 FISH can be requested, but it is only informative when the deletion is homozygous. Homozygous 
9p21-FISH deletion and p16-positivity were not found in any samples analyzed, which confirmed 9p21-FISH 
uselessness when p16 is positive.

Testing the algorithm on the tumors of patients with known outcomes
We applied our diagnostic algorithm to the subset of 97 patients with available follow-up data, including 17 
(18%) who developed adverse outcomes (metastases or death) (Table 3). These comprised 10 spitzoid tumors 
(SRTs), 6 atypical thick nevoid tumors (ATNTs; Fig. 3A–L), and 1 MELTUMP with BAP1 inactivation (OMT 
group). No patients with AThinTs experienced tumor-related events following complete excision. Of the 17 
adverse outcomes, 1 patient died from another superficial spreading melanoma unrelated to the lesion under 
study, leaving 16 tumor-related events for progression-free survival (PFS) analysis. A Kaplan–Meier comparison 
of PFS between (1) p16-negative tumors with 9p21 homozygous deletion and (2) all other tumor statuses (p16-
negative with 9p21 heterozygous deletion or no deletion, p16-positive, or no FISH result) revealed no significant 
difference in tumor-related outcomes (χ2 = 0.218, P = 0.64) (Fig. 4).

Fifteen of the 17 adverse-outcome tumors (88%) showed p16 loss (11 diffuse, 4 clonal), underlining the 
importance of p16 negativity as an indicator of potential malignancy. Four of 23 patients (4 of 20 excluding 
AThinTs) with tumors categorized as DA + or A + and harboring homozygous 9p21 deletion developed 
metastases (lymph node in 3, organ in 1). Conversely, 8 of 30 DA + /A + tumors lacking 9p21 homozygous 
deletion (heterozygous or none) still led to poor outcomes in 8 patients, including 2 deaths, highlighting that 
other mechanisms can inactivate p16.

In such ambiguous cases, additional cytogenetic or molecular tests may be warranted, as demonstrated 
by our 7 p16-negative tumors without 9p21 homozygous deletion that displayed abnormalities on four-color 

Fig. 2.  Algorithm for requesting complementary techniques to determine atypical melanocytic tumor type and 
category. This information for the “other” cases is not presented because of their heterogeneity. Blue, our case 
diagnoses according to the algorithm. Purple, our case outcomes based on available information. Note: OMTs 
(other melanocytic tumors), including acral and mucosal lesions common in Asia and Africa, were excluded 
from the diagnostic algorithm due to the limited number of cases. This exclusion may affect the generalizability 
of our findings. SRT Spitz–Reed tumor, ATNT atypical thick nevoid tumor, AThinT atypical thin tumor, IHC 
immunohistochemistry, NC noncontributory, FISH fluorescence in situ hybridization, CGH comparative 
genomic hybridization, +  positive, – negative, A atypical, DA doubtful atypical, LN+ lymph-node metastases, 
M+ organ metastases, RMS remission.
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FISH or CGH. The remaining 4 such tumors had no further investigations yet were diagnosed as malignant on 
histology alone. Only 2 of 17 adverse-outcome cases were p16-positive SRTs without 9p21 deletion: 1 developed 
an N1a lymph node metastasis but remains in remission, and the other died from a different melanoma. Notably, 
all 4 of 28 SRT patients with p16-negative, homozygous 9p21-deleted tumors categorized as A– or DA– are 
in remission. Among 14 tumors (12 SRTs, 1 ATNT, 1 AThinT) with p16 negativity but no homozygous 9p21 
deletion and categorized as DA–, 1 SRT patient died and 1 ATNT patient relapsed, further illustrating the need 
for broader molecular investigation.

Discussion
Loss of p16, initially identified in familial melanoma18, plays a role in various stages of melanoma development19, 
including benign nevi, dysplastic nevi, radial growth and vertical growth20. However, p16 loss alone is insufficient 
to trigger melanoma development, even though it increases the risk, especially when accompanied by other 
driver mutations21.

Fig. 3.  Tumor histology for patients 1, 3 and 16 who had adverse outcomes. Tumor 1 (A–D) exhibits Spitz 
architecture (A, HES ×10) and fusiform Spitz cytology (B, HES ×200), with p16-positivity (C, p16 IHC ×100) 
and no 9p21 deletion (D, FISH ×600). Tumor 3 (E–H) was a compound Spitz tumor (E, HES ×10) with 
epithelioid Spitz cytology (F, HES ×200), loss of p16 (G, p16 IHC ×100) and heterozygous 9p21 deletion 
(H, FISH ×600). Tumor 16 (I–L) was a densely cellular melanocytic dermal tumor (I, HES ×10) with nevoid 
cytology (J, HES ×200), p16-negativity (K, p16 IHC ×100) and homozygous 9p21 deletion (L, FISH ×600). For 
more detailed descriptions, see Table 3.
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The p16-IHC performance alone has been extensively studied11,22–24. It has improved confidence in all 
melanocytic tumor diagnoses, leading to management changes for 17.7% of them25. However, using p16 alone 
is not useful for differentiating between nevi and melanoma11. Combining p16 with Ki67 and human melanoma 
black-45 (HMB45) labeling is more informative for atypical melanocytic tumors22. Of course, the diagnosis of 
difficult melanocytic tumors can also benefit from the use of other markers such as BRAF, NRAS, ALK, and 
ROS1 to define their genetic background or, in certain cases, a marker like PRAME. However, the objective of this 
work was mainly to study p16 in its overall context without targeting any specific subtype of melanocytic tumor. 
A significant correlation between p16 IHC and homozygous 9p21 loss was reported (correlation coefficient, 
0.6162; P < 0.000126), but this modification is common in melanoma (homozygous 9p21 deletion, 31% of tumors; 
promoter hypermethylation, 20–30% of tumors25,27). Our findings align with existing data, as 50 (27%) of our 
184 p16-negative tumors also had homozygous 9p21 deletion. That observation underscores the notion that 
only homozygous 9p21 deletion carries informative value in terms of malignancy, with p16-negativity being 
suggestive but insufficient to conclusively establish it. Furthermore, our results demonstrated that heterozygous 
9p21 deletion, regardless of the heterozygous nucleus count, lacked significance and was even seen in relatively 
benign melanocytic tumors. Consequently, counting heterozygous nuclei, at times cumbersome in routine FISH 
diagnoses, is not recommended and deemed unnecessary.

Although the p16-inactivation mechanism is well understood, few studies have linked p16 expression 
and 9p21 status with long-term clinical outcomes, and none has dealt with real-life second-opinion expertise 
referrals. Several studies focusing on spitzoid tumors28 found an association between a lack of malignancy-
related cytogenetic abnormalities at the FISH-detected 9p21 locus and p16 expression29. The authors of 1 study30 
concluded that p16 loss is specific to spitzoid neoplasms with borderline or malignant characteristics and can 
occur with or without genomic CDKN2A loss. Other studies that specifically examined atypical Spitz tumors 
observed regional melanoma progression only in patients with homozygous 9p21 deletion31,32. Spitz lineage 
was not addressed in another study33 that focused on pregnancy-related nevi and nevoid melanomas; p16 loss 
was found in melanomas. However, analysis of various atypical melanocytic tumors in 1 study34 led the authors 
to conclude that FISH alone was not sufficient for some diagnoses, because certain genetic abnormalities were 
only seen in specific subtype lesions. Although clinical outcomes were reported in some of those papers dealing 
with Spitz lesions, follow-up duration was not specified. The absence of adverse outcomes of our patients with 
p16-negative AThinTs, even those with homozygous 9p21 deletion, reinforces the concept that this type of thin 
lesion is associated with a favorable prognosis, as proposed by the “Melanocytic Pathology Assessment Tool and 
Hierarchy for Diagnosis (MPATH-Dx)” classification (such AThinTs are classified class 2)35.

Compared with the 4-color melanoma FISH assay36–39, few studies have assessed the performance of p16-IHC 
completed by 9p21-FISH in terms of final diagnoses and diagnostic confidence, necessitating the development of 
a simple algorithm for daily practice. Our algorithm integrates p16-IHC, a readily accessible and cost-effective 
method, for diverse types of atypical melanocytic tumors (SRTs, ATNTs and AThinTs). This strategy facilitates 
the identification of tumors that might require additional further investigation, balancing its strong ability to 
detect malignant cases with a limited capacity to exclude benign ones. In instances of p16-negativity, whether 
diffuse or clonal, 9p21-FISH is recommended to validate the diagnosis of malignancy, demonstrating excellent 
reliability in ruling in melanoma but a more limited ability to detect all malignant cases. Notably, 9p21-FISH is 
user-friendly, widely applicable, affordable (less expensive than next-generation sequencing, for example), and 
can be done in numerous laboratories.

Compared with other algorithms26,40,41, ours is based on real-life issues concerning atypical melanocytic 
tumors: frequent challenges in Spitz-lineage lesions or distinguishing between thin and thick lesions. 
However, our algorithm has some limitations, when p16 is negative and 9p21 heterozygous. Heterozygosity 
does not preclude malignancy, as other mechanisms, including promoter hypermethylation, may be involved. 
In such cases, if histology remains uncertain, additional molecular tools, such as 4-color melanoma FISH or 
chromosomal CGH, are recommended, by us and other authors37,38,40,41. More recently, attempts to replace FISH 
with preferentially expressed antigen in melanoma (PRAME) IHC by Harvey et al.42 and McAfee et al.43 failed 
to demonstrate its effectiveness.

Fig. 4.  Kaplan–Meier curves depicting progression-free survival (PFS), expressed in months, among two 
groups: (1) tumors with p16 negativity and 9p21 homozygous deletion (red line) and (2) tumors with any other 
status (blue line). PFS was defined as the time (in months) from excision to the occurrence of a tumor-related 
event (local recurrence, lymph node metastasis, or distant metastasis). A total of 16 tumor-related events were 
analyzed. The difference in PFS between these groups was not statistically significant (log-rank test, P = 0.64).
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To be as exhaustive as possible, we focused on patients with follow-up (including 17 patients with 
adverse outcomes) to demonstrate algorithm efficacy at malignancy detection (15/17 p16-negative with 4/15 
homozygous 9p21 deletions). However, when histology alone is doubtful and not sufficient to affirm malignancy, 
supplementary 4-color melanoma FISH or advanced molecular techniques on a specialized platform could be 
recommended for tumors without homozygous deletion44. Complementary results should always be compared 
with histopathological analyses, as demonstrated by 4/17 tumors diagnosed as melanoma based solely on 
histology (including 1 p16-positive case). Our Kaplan–Meier and log-rank analysis indicate that while our 
diagnostic algorithm effectively stratifies atypical melanocytic tumors, it does not provide significant prognostic 
discrimination. This suggests that although molecular characterization aids in refining diagnostic accuracy, 
additional biomarkers or clinical parameters may be required for reliable prognostic assessment.

Our study has 4 main limitations. First, to increase relevance for daily practice and to allow statistical analyses, 
we used 4 histological types45 that align with the real-world challenges of second-opinion reviews46. Second, we 
had an overall loss-to-follow-up rate of 53%47; however, our series remains the largest on atypical melanocytic 
tumors with prolonged follow-up for 96 patients, averaging 4.7 years. It is noteworthy that the mean follow-up 
duration for spitzoid melanocytic tumors (SRTs) was longer than for other tumor groups despite a higher attrition 
rate. This may be attributable to extended clinical surveillance in patients with concerning features, and potential 
referral bias. Future studies are needed to explore these follow-up dynamics in greater detail. Third, we analyzed 
melanocytic tumors independent of the molecular changes defining the histological types, particularly those 
described for Spitz tumors (as TERT promoter mutations and fusion kinase gene alterations)48,49. Therefore, 
we suggest that biallelic 9p21 inactivation itself has value, independent of other molecular factors. For spitzoid 
neoplasms, the presence of a 9p21 homozygous deletion is a driver genetic event for malignancy, precluding 
the designation of this lesion as a nevus. This genetic event should be interpreted within its clinical context 
(notably the patient’s age) and morphological context (including the presence of atypia, mitoses, and necrosis), 
and is usually accompanied by a TERT promoter mutation in a bona fide Spitz melanoma48. Regarding other 
melanocytic neoplasms, the role of 9p21 homozygous deletion is less well defined, particularly in the context of 
BRAF or NRAS mutations; however, it remains a major driver event toward malignancy50, albeit not conclusive 
when considered as the sole molecular criterion. Pertinently, the outcomes of our patients with p16-negative and 
homozygous 9p21-deletion–harboring tumors seem to confirm this hypothesis. Last, but not least, we excluded 
OMTs from the diagnostic algorithm because of their small sample size. Given that OMTs include acral and 
mucosal lesions frequently seen in Asia and Africa, this exclusion limits the broader applicability of our results.

In conclusion, the results of this study provide a simple first-line algorithm that can be applied in daily 
practice by any dermatopathologist to sort some atypical melanocytic tumors with 2 accessible tools, enabling 
quick reexcision if needed. Doubtful cases will always remain, requiring further molecular analyses and, hence, 
expert second opinions.

Methods
Patients
After receiving approval from the local ethics board (no. CER-BDX-2023-55; 05/16/2023), we analyzed our 
Bordeaux University Hospital (Bordeaux, FRANCE) database of 5600 fully excised melanocytic tumors referred 
for a second opinion between 2010 and 2022. We focused specifically on atypical melanocytic tumors (doubtful 
diagnosis between atypical nevus and melanoma) assessed using p16 IHC and 9p21 FISH. We collected the 
following information: sex, age, lesion location (classified as head and neck, trunk or limbs), IHC phenotype 
and additional molecular results, if available (e.g, FISH or comparative genomic hybridization [CGH]). All 
information was anonymized, securely stored and password-protected throughout the study. We contacted 
clinicians to gather information on reexcision margins (if applicable), sentinel-node involvement (if evaluated), 
and current follow-up status (including remission, local recurrence, lymph-node or distant metastasis, and vital 
status).

p16 IHC
For p16 IHC (CINtec, Clone E6H4; Roche, Basel, Switzerland), the automated BOND-MAX labeling system 
(Leica Biosystems, Wetzlar, Germany) was used, and p16 was defined as diffusely negative (neither cytoplasmic 
nor nuclear labeling), clonal negative (regional loss of expression) or positive (cytoplasmic even weak, nuclear or 
both). Internal controls included sweat duct epithelium, sweat gland cells and keratinocytes.

FISH signal for 9p21 locus
Dual-color FISH was used to analyze interphase nuclei from formalin-fixed, paraffin-embedded tissue. The 
probe set contained chromosome-9 centromere-specific probes (CEP-9; SpectrumGreen) and 9p21 probes 
(SpectrumOrange; Abbott Molecular, Des Plaines, IA, USA). FISH analyses followed previously reported 
protocols14, with a homozygous loss threshold set at 29% affected nuclei15.

4-Color melanoma FISH
Abbott Molecular Inc.’s 4-color Vysis Melanoma FISH Probe kit (Abbott France, Rungis, France) targets 6p25 
(RREB1: ras-responsive element-binding protein-1), 6q23 (MYB: myeloblastosis), 11q13 (CCDN1: cyclin D1) 
and chromosome 6 centromere (CEP6). These probes are labeled, respectively, with Spectrum Red, Spectrum 
Gold, Spectrum Green, and Spectrum Aqua. FISH was run on 5-mm-thick sections of formalin-fixed paraffin-
embedded tissues, following the Abbott Molecular Inc. protocol.
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Histopathological review
Two expert dermatopathologists (FB and BV) and a junior dermatopathologist (RV)—blinded to patients’ 
histories—reviewed all selected case-tumor samples, henceforth referred to as tumors. In the case of discordance, 
findings were reviewed collegially to obtain a consensus. Each lesion phenotype was completed as proposed by 
the WHO classification (2023) to specify the genetic background (e.g., BAP1, β-catenin, BRAF V600E, ALK, 
ROS1, Pan-TRK IHC).

The atypical melanocytic tumors were assigned to 4 major types: (1) atypical thin tumors (AThinTs) 
described as compound atypical melanocytic tumors thickness/Breslow’s index < 1 mm making a differential 
diagnosis between superficial spreading melanoma (thickness/Breslow’s index < 1  mm) and atypical or 
dysplastic nevus difficult; (2) atypical thick nevoid tumors, (ATNTs), described as thick melanocytic tumors 
of uncertain malignant potential with nevoid cytology, raise questions about a differential diagnosis between 
nevoid melanoma (thickness/Breslow’s index > 1 mm) and nevus; (3) Spitz–Reed tumors (SRTs) generally range 
from atypical nevus to melanoma; and (4) other atypical melanocytic tumors of uncertain malignant potential 
(MELTUMP) [OMTs]) include blue tumors, lesions suspected of activating the wingless-related integration 
site (WNT) pathway, melanocytic neoplasms with breast cancer-1 (BRCA1)-associated protein-1 (BAP1) 
inactivation, congenital lesions, acral and genital nevi.

Next, the tumors were distributed into 4 categories (more on less significant doubt with melanoma), based 
on the potential clinical usefulness for the therapeutic care of patients, considering their histological features, 
clinical context and degree of histopathological doubt between benign or malignant melanocytic tumor; first 
without considering the p16 IHC and 9p21-FISH findings, then using them: (1) atypical benign tumor/nevus 
A–(considered as nevus); (2) doubtful atypical borderline tumor with nevus:16 DA– (low grade melanocytoma); 
(3) doubtful atypical borderline tumor with melanoma16: DA+ (high grade melanocytoma); and (4) atypical 
malignant tumor/melanoma: A+(considered as melanoma).

Each pathologist completed an evaluation form for each tumor, indicating histopathological diagnosis, 
diagnostic confidence before and after reviewing the p16 IHC labeling, and 9p21-deletion type. Malignancy 
was suspected only for p16-negativity associated with homozygous 9p21 deletion. The p16 and 9p21 impact on 
the final diagnosis (i) was evaluated on a scale ranging from 0 to 2, where i = 0 indicated none, i = 1 confirmed 
malignancy and i = 2 diagnosis upgraded to malignancy.

Statistical analyses
Statistical analyses were computed with R software (v4.3.0; http://www.cran.r-project.org). A receiver operating 
characteristics curve was used to identify the optimal threshold for identifying the heterozygous status of the 
9p21-locus deletion, ie, < 29% of nuclei exhibiting homozygous deletion compared to the expert histopathological 
diagnosis. A tumor was considered “diseased”, i.e. borderline or malignant, when the histological diagnosis was 
DA+ or A+, without knowing the p16-IHC or 9p21-FISH results. P16-IHC and 9p21-FISH test performances 
were defined as : detection rate (% of p16-IHC negativity (or 9p21-FISH homozygous deletion) on tumors 
considered histologically as malignant (A + /DA +)); exclusion rate (% of p16-IHC positivity (or 9p21-FISH 
heterozygous or no deletion) on tumors considered histologically as benign (A−/DA−); positive concordance 
(% of concordance between p16-IHC negativity (or 9p21-FISH homozygous deletion) and histological diagnosis 
of malignancy (A + /DA +); negative concordance (% of concordance between p16-IHC positivity (or 9p21-FISH 
heterozygous or no deletion) and histological diagnosis of benign tumor (A−/DA−)).

The association between 9p21-deletion status and diagnostic confidence was assessed using Pearson’s chi-
square test. Progression-free survival (PFS) was analyzed using the Kaplan–Meier method. PFS was defined as the 
time in months from the date of excision to the occurrence of a tumor-related event (i.e., local recurrence, lymph 
node metastasis, or distant metastasis), with cases without such an event censored on October 31, 2023. Survival 
analysis was performed to compare event-free survival between two groups: (1) tumors with p16 negativity 
and 9p21 homozygous deletion and (2) tumors with any other status (p16 negativity with 9p21 heterozygous 
deletion, no deletion, no result available, or p16 positivity). Statistical significance between survival curves was 
determined using the log-rank test.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due to the presence 
of sensitive personal data of the patients in the raw data but are available from the corresponding author on 
reasonable request.
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