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Improving diagnostic accuracy

in atypical melanocytic tumors
using p16 immunohistochemistry
and 9p21 fluorescence in situ
hybridization: analysis of 206
second opinion cases
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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 opinions'. Reproducibility,
even among experts, is poor’™ and 10-25% of diagnoses lack interobserver agreement’. 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 cancer® and evidence of malignancy during follow-up may be elusive because of the
prolonged latency required for metastatic spread’.

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 management®. 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)°, inhibitor of cyclin-
dependent kinase 4 (INK4a) or p16INK4 gene)'”, 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 deletions®!1"12,
The latter can easily be detected with 9p21 fluorescence in situ hybridization (FISH)'3, 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 BAPI 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
t0 92% in ATNTs.

9p21 FISH

Technical evaluation of 9p21 FISH was successful in 95% of the tumors (195/206). Among pl6-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 41 425 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 (%)

At 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-THC, 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 tumors?. 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. *This 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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Test performance ‘ All cases (n=206) | SRTs (n=126) | ATNTs (n=31) | AThinTs (n=24)
pl6-IHC

Detection rate* 89.6% 86.0% 92.3% 90.0%
Exclusion rate® 11.0% 8.7% 20.0% 0.0%
Positive concordance® | 56.0% 43.8% 85.7% 81.8%
Negative concordance? | 45.5% 42.9% 33.3% 0.0%
9p21-FISH

Detection rate® 42.3% 44.4% 34.6% 47.4%
Exclusion rate® 95.2% 93.5% 100.0% 100.0%
Positive concordance® | 92.2% 85.7% 100.0% 100.0%
Negative concordance? | 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). *% of p16-IHC negativity (or 9p21-FISH homozygous
deletion) on tumors considered histologically as malignant (A + /DA +). ®% of p16-IHC positivity (or
9p21-FISH heterozygous or no deletion) on tumors considered histologically as benign (A—/DA-). % of
concordance between p16-IHC negativity (or 9p21-FISH homozygous deletion) and histological diagnosis of
malignancy (A +/DA +). 9% of concordance between p16-THC positivity (or 9p21-FISH heterozygous or no
deletion) and histological diagnosis of benign tumor (A—/DA-). SRT5 Spitz—-Reed tumors, AThinTs atypical
thin tumors, ATNT atypical thick nevoid lesion types, IHC immunohistochemistry, FISH fluorescence in situ
hybridization.
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Fig. 1. Receiver operating characteristics curve for heterozygous 9p21 labeling. The orange line represents the
50% bisects values at which the test is indiscriminate.

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, chi? 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
high!” and thus indicates diagnostic usefulness.
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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 BAPI 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 (x>=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 pl6 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 pl6-negative tumors without 9p21 homozygous deletion that displayed abnormalities on four-color
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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.

Scientific Reports |

(2025) 15:11425

| https://doi.org/10.1038/s41598-025-95785-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

panunuo)

UOISSTIAT [eITUT UT

(0=1) ewouepPwW

mou 4dersyjounuuwr 1a)5e . (,V) ewouepw | uresad A[es1dooisiy uonaEp L .
ssisouerp-jsod syjuowr ¢ ON | Wt 0z 's94 S prozydg «djoy Jou pip 1¢dg 12d6 snod4zoisroy -otd Eowuuwwmu Las ve 8a7 I d 01
uorseAur N'T [euorSoy snog4zo1ayoy Surpurg JOSIN
(+v@) 1oy (0=1
aanedau Uona3SsIp apou aantsod Nwmm Teord4ye HSII Bwoue[aw TS PU® TANDO s[[o0 oppurds X
-ydw4] pue aansod apou wop Sax. €1 10 PUIOUEW 10[03-5 un s10qQTey HSI pWOUR[UI _91d 10 I8N 14s 9T o1 1T g 6
-[UTIUIS I9YB UOISSTUIY EON«_mm LIedpun ,&m: jou pIp 12de I0]02-§ ‘UOnIPp 12d6 ON
suoneurquiodar de|
xopdwod 7 1dgz1dor
Adezoy parade) Aoueudiews 1oaej ‘cvebz 11bF1 993b
pue Aderayjounuuur (0=1) . . : suo prozyds
B sanIewIOUqe -I'F1DTT :J0 ss07 ‘ssof
UO PIIP {SSBISLIAW o o C ‘sa nq (V) [njasn sem {OD Inq et de—crrde 10 qedol ord | TEUU9D B UMM s
reanad x Areuownd N B € Emwwu: m_o\wwmm ‘padjoy anbrupay :w“ mmumﬁ%o%mwu% w TV TPUoR 91 TASRU UOTUTIOD Las s undL 0e| H 8
oneday ‘N'Tadnmur jo vm 18| HSId 109N gl A ot jovary
£I2A00SIP SNOUOIYDOULS aysodwion ‘HOHO "Mienouqe
: HSI PWOUR[RUI 10[0d-F
ou ‘uondPp 17d6 ON
s[[o0 orpurds
(1=T1) uonewILye JO sauoz swos
(+vq) Jowm AoueuSipewr IIM BWOI)S
1078 sxe24 7 padsefox oN | w01 so 731dg reordfje oyraraxd arord uonapp s[[92 orpurds >nserdowrs . 35
sasejsejow N'T [euorday N U i4 10 BWOUR[IW P 1y 1zdg snoLzowor] OITY 91d nsel P RN £ g! v| H L
prozyidg :reapup STV 9Inq © UL s[>
o ‘ydpoy sem 1zde proryda
JO S1SON
(0=1) louruSew | 9ARO/IEMN ‘won[p
Aderaygounurur vo arym : : AN ‘ured 1gqyy s[[92 prozyds
« « (+V) pwouepU | 3y} PIWIYUOD HST] .
patp ‘sisouderp-jsod 1eak-1 ON | wur oz ‘sag 9 Jomds ewouep 10[05-p | SOMEU HSL prouepu Teuop _91d | jo uoneajiord S e yunaij, ¥7| H 9
95UILINDAI N'T [EUOTSY proz «diau 10 1 % I0]02-F “UONI[PP [euor)
PYI0uPIP T2de 12d6 snod4zoray
Aderoyjounurur (,vQ) Iown) :owﬁwﬂwwsqm
[JIM PAJeII) ‘SISBISLIAW zydg reordfye | (z=1) £1080180 .y SVIN "uonapp dAN d s[[o0 orpurds .
snoauegndqns ON | umotun 9 10 BWOUR[OW | 0} V(] WOIJ YOIIMS hkas Mﬂ%wﬁ%ﬁ”ﬂw 91 JO §18ON Las 81 1004 8¢ d s
x Arevouwrng prozyds :respun 12dg s08 >No.EoE
qieap jo
3STED PAIIPISUOD IAT[IEd £ - (0=1) sisouderp wonsre si105 arpuids
¥ Ceanoond V) S1dwa) oy oN oN L (va) ay) u pre Jou pip TR eodvg Gord | IR OIPW 1S ON|  woud | oe| 4 ¥
uo w&o:ﬂw& Surpeards nds earddyy Ay1so84zo1a)o 12ds snokzorarey Josapung
repyradns nq parq
(,vQ) 1owm (0=1) ssouSerp s[[oo arpurds
Je9p paInqLijje-rowny, ON ON 3 znds reorddye 3y} Ul pre J0U Py uonspp euop o1d | ° uonesaytjoxd S 91 Suro| 6| W ¢
feap panqgt 10 BWOURPW | SowﬁwN&%v PP 17d6 snod4zoraroyq [PUop - Te[nyad :
prozyidg :reapup S WH 9)eIIPOIN
5 BWOLS
SISOusEIp =1) uorenw snse[douusa
[enTur 1oy s1eak g ‘Sof (0=1 . : nsel P
aaneSou (,v) ewouepw | ssouderp ewouepw | X190 d SYYN ‘uonenw ‘s[[oo afpurds .
UIES U} UO SISLISLIOW . Sk 6| ’ _o1d LiS €5 Pl | | W z
PUIOWE[OW JSUen-UY SO prozydg | ureyrad AresrSojossty AV¥d ou ‘uona[p pue s[>
e mwwmum.ﬁmﬁ Z‘H. ydiay 10N 12de snoS4zorajoy prorpyida
P FUTEING
(=1 Ayeurouqe
ayep 0} aansod ewouepw | sisouderp ewouePW ' q s[[o0 s[purds
P s WU ()7 ‘s 41 v [ : P [ SI.] BWOUB[AW I0[00-F ord 112> S[put S T | xero 9 1
uorsstwar ur ‘gNeINeg Ld SoX. A prozuds | urerad A[resrSofoisty HSId 1 I + JO S189U ASUI(T 1y UL d
3dipy 10N ou ‘wondPp 17d6 ON
WodIN0 [edIuI) apou |  IdjPWIEIp 1eak £108338> (31055 7) 1oedurr sSurpuy renoajoN DHI £So1014D adky (urur) g £ | xag ou
Punudg 3sa8xe| ‘dn es1Sofoasty pue ssaupnyasn es1So10)sT xapur 98y juaneq
UOISIIXIII | -MO[[O] anbruy>3) renosfop Mmo[saxg
Tearur)

nature portfolio

| https://doi.org/10.1038/s41598-025-95785-2

(2025) 15:11425

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

panunuo)

uornjeynut
Aderayounurwr (0=1) . :
(+v) ewouepw SVAN ‘ures 19y
9P UOISSILUDA eI o umow|u, 9 tonou | PP HSII PWOUBRUL| g0 BWIOURAW o1d S[[90 PIOA? 1 wr sz ST
‘eIOUR[OW ULIE AT} N un pt 10057 1nq ‘dppy qreq HSIA ! I - 1[99 PIOASN INLV v d
0 SISE)SBIOW URLIBAQ HEISEIIN jou pip 1zde 100277 UondPP
Jo st : ' 12d6 snod4zoiaroy
1228 2} (1=1) ue Emm:Oﬁmﬁﬁ
PUNOIE SISLISEIIU JISULI} aaptsod w07 o (,v) ewouepur | sisouderp esrdojoisiy 3@@%«2 P .sEM%W%w <ord 1195 DIOAD . D1
U1 pue saneSau uondsssIp sk 0z ‘9K o1 PIOASN | 93 U JussISUOD qrey wwmw .:ozk% 20004 VUL 9T 1[92 P1oadN INIV LT pis| ¥o| g 1
NT @anisod apou-fpunuag a19M HSLI ylod 12dg snoSAzouwopy
2>ueIa[0) J00d JO asnesaq uonap S[[92 proAdu
paddoys Aderayjounturur P (0=1) houeuSiew JAW pue ureS [gmay JO uorsa[
jueAn(pe jo syyuow 9 £q ON | wur O ‘sax S (V) 5\_5 9y} pauwyuod HSIJ | s10qrey HSI ewouepur -91d punodwod INLY 91 wry 9| H €1
PaMO[[0] 3[NPOU JISUET} PIOAN BUIOURAW JO[0D-F 1002~} ‘UONI[AP asuap
318urs e Jo uorsioxa esrding 12d6 snod4zoiaroy paje1ad|n
Adexaounurur S[[22
uo ApuarImd 7707 (,VQ) ewoueux (0=1) sisouSerp wonsT proryida
12qua)dag ur uono3SSIp ON | wi g ‘sag ¥ proasu 3Y) Ul pre J0u pIp HRp 1dvd 9eo-g < 91d SNOUOjOUOW INLV 7'z | 1apmoys 1€ q 71
17d6 snod4zorayery | *
NT 4q pamorjoy asdear ureyraoup | Aiso84zoralay 1zde Jjo uonjeajiord
stsejse)aur-N'T euorSoy asua(q
(+V)
(N1 ewojfo0ueW 1501 01 SNASU UOWITIOD
Adezoypounurary €/ 9)BATIORUT b/ <6 ‘¢ sawosoworyd usoe(pe
x desoyy pareSrey uo | siseyserour | | 0 59K e v.w g .um o ©0=n| ® Momu MS_E:E a \Mm « uu+mw%>m<wm aﬁ M .WU dVELINO ¢ ceg | 1| 4 -
PaIp $191e] STeAA 7 UOISBAUT o101 3 m< day jou pip 17d6 HI Q. HEN 1[92 PIOTf .ﬁ a Rt :m V4L 3
Sosnta Sa7 pUE sanisod uldopasp /A009A @ VY { "UONS[ap | UISSO[ IV “-91 prorpyida
I Tpue NT nr d 5%
sox BUIOUR[IW 12d6 snodLzowoy JO 815N
SAISEAU]

nature portfolio

| https://doi.org/10.1038/s41598-025-95785-2

(2025) 15:11425

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

“K1omnqrnuosuou HN ‘opou ydwid] N7 Tenusiod jueuSijer ure}19oun Jo sIown) dNAI0UBRW JA/). LTI “WOouR[UI Ul
uadnue passaxdxa A[renuaisjoid FWVYJ Urtudled-g 1wo-g qown) proadu o1y} reord4ye [N IV ‘T-urejord pajernosse-(1yDOYd) [-190ued Isealq Jyg Town) (JINNLTIIN) jpruaiod juvudyvus
urp1422un fo siouing 313A20uvjPUL [ N “UONRZIPLIGAY oTwouad aaneredwod gy ‘oseuny| ewoydwA| snysejdeue YTy ‘S1sojse[qo[oAwr g 1A <9 AJIurey ‘0GHd dWoIyd03Ld 94X 1-urejord
SurpuIq-Jusa[d 2ATSUOdSaI-sBY [FHYY QUIZ00UO [eIIA BUIOOIES-JE] BWO)SL[qOINaU SYYN ‘g Sojowroy auadoouo [eIIA BUIOOIeS SULINW JVY-A JVYF F030¢] 3oeduwir 1 TeordAye npqnop
_4+V ‘Ted1d43e _y ‘uonezipliqAy niis Ul 90Uad$310n} ST 0w} pasy-zidS [S "SaW0dINo [edIUI]d 3sI3Ape pue siowmn) dnfoouepw [edtd4ye yim syusned jo Arewrwng ¢ s[qel,

UOISSTUIAT uoneayrjord
. (0= HSI ewouepw
ur A[JUaLIND UOISIXI-d1 (va) 3 d [[9> prossu .
Juanbasqns uOISIX> ON ON 3 dNaLTaN | Sseuserp m% u1 pre 10[0>-p Ut S%x% [euop 91 ssuop INLV ST wry | 1¢ L1
Tentut 1aye asdefor [e20] JOUPIP T2d6 HSId | AN "UONRPP [2d6 ON punodwop
Aderoyjounurur snadu
uo Apuarmd ‘aAnESou aanyisod (7 ‘o (,V) BWwouepw oAN =1 WWMwwu_u@ M,M uonapp | mu..M dx “AWVId HMQMMGMW_M 2y
uondassIp N'T ‘@anisod ‘Sax. (URRN 4 PproAdN 1 va oy pn 12d6 snod4zowoyy -y mA +m%§nm§m HELOJ INLV € 1 8¥ o1
£103%980 03 pof T17d6 LIdVY <91d 1[92 prosau
Jpou-[aunuUg asua(]

nature portfolio

| https://doi.org/10.1038/s41598-025-95785-2

(2025) 15:11425

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Tumor 1 Tumor 3 Tumor 16

Fig. 3. Tumor histology for patients 1, 3 and 16 who had adverse outcomes. Tumor 1 (A-D) exhibits Spitz
architecture (A, HES x10) and fusiform Spitz cytology (B, HES x200), with p16-positivity (C, p16 THC x100)
and no 9p21 deletion (D, FISH x600). Tumor 3 (E-H) was a compound Spitz tumor (E, HES x10) with
epithelioid Spitz cytology (F, HES x200), loss of p16 (G, p16 IHC x100) and heterozygous 9p21 deletion

(H, FISH x600). Tumor 16 (I-L) was a densely cellular melanocytic dermal tumor (I, HES x10) with nevoid
cytology (J, HES x200), p16-negativity (K, p16 IHC x100) and homozygous 9p21 deletion (L, FISH x600). For
more detailed descriptions, see Table 3.

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 Nlalymph node metastasis but remains in remission, and the other died from a different melanoma. Notably,
all 4 of 28 SRT patients with pl6-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 melanoma'®, plays a role in various stages of melanoma developmen
including benign nevi, dysplastic nevi, radial growth and vertical growth?. However, p16 loss alone is insufficient
to trigger melanoma development, even though it increases the risk, especially when accompanied by other

driver mutations®!.
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Fig. 4. Kaplan—Meier curves depicting progression-free survival (PES), 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).

The pl6-IHC performance alone has been extensively studied!!**~2%, It has improved confidence in all
melanocytic tumor diagnoses, leading to management changes for 17.7% of them?®. However, using p16 alone
is not useful for differentiating between nevi and melanoma'!. Combining p16 with Ki67 and human melanoma
black-45 (HMB45) labeling is more informative for atypical melanocytic tumors??. Of course, the diagnosis of
difficult melanocytic tumors can also benefit from the use of other markers such as BRAE, 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 pl6 THC and homozygous 9p21 loss was reported (correlation coefficient,
0.6162; P<0.0001%%), but this modification is common in melanoma (homozygous 9p21 deletion, 31% of tumors;
promoter hypermethylation, 20-30% of tumors*>*’). Our findings align with existing data, as 50 (27%) of our
184 pl6-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 pl6-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 pl6-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 tumors?® found an association between a lack of malignancy-
related cytogenetic abnormalities at the FISH-detected 9p21 locus and p16 expression?. The authors of 1 study**
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 deletion®!32. Spitz lineage
was not addressed in another study® that focused on pregnancy-related nevi and nevoid melanomas; p16 loss
was found in melanomas. However, analysis of various atypical melanocytic tumors in 1 study 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
pl6-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)*°.

Compared with the 4-color melanoma FISH assay’¢~%, 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 pl6-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 algorithms?>4%4!, 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 authors>”-3340:41, More recently, attempts to replace FISH
with preferentially expressed antigen in melanoma (PRAME) IHC by Harvey et al.*> and McAfee et al.** failed
to demonstrate its effectiveness.
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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 pl6-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 deletion*!. Complementary results should always be compared
with histopathological analyses, as demonstrated by 4/17 tumors diagnosed as melanoma based solely on
histology (including 1 pl6-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 types* that align with the real-world challenges of second-opinion reviews*. Second, we
had an overall loss-to-follow-up rate of 53%*’; 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)*®*°. 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 melanoma*. 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 malignancy®’, 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 THC (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
protocols'?, with a homozygous loss threshold set at 29% affected nuclei'®.

4-Color melanoma FISH

Abbott Molecular Inc’s 4-color Vysis Melanoma FISH Probe kit (Abbott France, Rungis, France) targets 6p25
(RREBI: ras-responsive element-binding protein-1), 6q23 (MYB: myeloblastosis), 11q13 (CCDNI: 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, p-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<l 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 (BRCAI)-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:'® DA~ (low grade melanocytoma);
(3) doubtful atypical borderline tumor with melanoma'é: 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 pl6-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. PES 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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