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Abstract

Background: Spitzoid melanocytic neoplasms are diagnostically challenging; criteria
for malignancy continue to evolve. The ability to predict chromosomal abnormalities
with immunohistochemistry (IHC) could help select cases requiring chromosomal
evaluation.

Methods: Fluorescence in situ hybridization (FISH)-tested spitzoid neoplasms at our
institution (2013-2021) were reviewed. p16, BRAF V600E, and preferentially
expressed antigen in melanoma (PRAME) IHC results were correlated with FISH.
Results: A total of 174 cases (1.9F:1M, median age 28 years; range, 5 months-
74 years) were included; final diagnoses: Spitz nevus (11%), atypical Spitz tumor
(47%), spitzoid dysplastic nevus (9%), and spitzoid melanoma (32%). Sixty (34%) were
FISH positive, most commonly with absolute 6p25 gain (RREB1 > 2). Dermal mitotic
count was the only clinicopathologic predictor of FISH. Among IHC-stained cases,
p16 was lost in 55 of 134 cases (41%); loss correlated with FISH positive (p < 0.001,
Fisher exact test). BRAF V60OE (14/88, 16%) and PRAME (15/56, 27%) expression
did not correlate with FISH alone (p = 0.242 and p = 0.359, respectively, Fisher
exact test). When examined together, however, p16-retained/BRAF V600E-negative
lesions had low FISH-positive rates (5/37, 14%; 4/37, 11% not counting isolated
MYB loss); all other marker combinations had high rates (56%-75% of cases;
p < 0.001).

Conclusions: p16/BRAF V600E IHC predicts FISH results. “Low-risk” lesions (p16"/
BRAF V600E ~) uncommonly have meaningful FISH abnormalities (11%). PRAME may
have limited utility in this setting.
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1 | INTRODUCTION

Spitzoid tumors are diagnostically problematic, with histopathologic
overlap with melanoma: enlarged atypical cells, dermal mitotic figures,
and pagetoid spread.’™® Spitz nevi and atypical Spitz tumors (ASTs)
are benign and curable by complete local excision,®™ while spitzoid
melanomas can spread systemically; hence, ancillary tests may assist
with classification. Immunohistochemical (IHC) staining to evaluate
p1é protein expression (a CDKN2A gene product) has been used for
spitzoid lesions in particular.'°=2* Preferentially expressed antigen in
melanoma (PRAME) is reportedly helpful in a number of situations;
utility is less defined in spitzoid lesions.?"2” Comparative genomic
hybridization (CGH) and array-based CGH (aCGH) show multiple par-
tial chromosomal copy number alterations in melanoma, while nevi
show no abnormalities or few (<4) isolated copy number alterations
such as 11p gains and 3p losses in desmoplastic Spitz- and
BAP1-inactivated tumors, respectively.?®?° Findings from (a)CGH
have guided selection of probes for use in fluorescence in situ hybridi-
zation (FISH), which is comparatively simple and able to select small
tumor clones within a larger lesion. As such, FISH has become a more
readily available and commonly used method to evaluate difficult spit-
zoid lesions.28-33

Molecular understanding of melanocytic lesions has expanded
rapidly in recent years. Spitz tumors are driven by HRAS mutations
and/or 11p amplification, or kinase gene fusions.>*~4° They lack recur-
rent BRAF or NRAS mutations seen in conventional nevi and
melanoma.*?=>° Hence, malignant Spitz tumors (Spitz melanomas)
may be distinct from spitzoid melanomas with different underlying
molecular drivers.>*~>* Next-generation sequencing (NGS) aids in clas-
sification, but has yet to be broadly implemented.>>>¢

In this study, we hypothesized that staining patterns observed
with the molecular surrogate markers p16 and BRAF V600E may cate-
gorize spitzoid melanocytic lesions as either highly likely or unlikely to
harbor chromosomal alterations as detected by FISH. We sought to
understand the true likelihood of a FISH-positive result in these risk-
stratified subsets in order to guide the selection of ancillary molecular
testing in clinical practice (FISH, CGH, and/or NGS); and hypothesized
that PRAME may provide added benefit in this setting.

2 | MATERIALS AND METHODS

21 | Cases

FISH laboratory case records at our institution were searched for all
specimens subjected to our in-house melanoma FISH panel from
2013 to 2021. Pathology reports were reviewed and all cases repre-
senting spitzoid lesions were included in the study. Clinical, patho-
logic, and immunohistochemical data were abstracted from the
pathology reports and reviewed when the material was available
(104/174 cases in total [59%], including 33/60 FISH-positive cases
[55%] and 53/114 FISH-negative cases [46%]). Each diagnosis was
rendered by one of six academic dermatopathologists at our

institution, often with joint or group consensus. All malignant diagno-
ses were reviewed by at least two dermatopathologists, as were many

of the benign or intermediate lesions (data not shown).

2.2 | Immunohistochemistry

Immunohistochemical staining for p16, BRAF V600E, PRAME, and
ALK-1 was performed on the Ventana Medical Systems (VMS) Bench-
mark Automated Immunostainer (VMS) as previously described.*® pl6
expression patterns were categorized similar to prior studies.'®
PRAME was designated as positive when greater than 75% of mela-
nocytic nuclei stained positively compared to controls.??>?® In cases
without selected available IHC, stains were performed and blindly
scored retrospectively for: p16 (5/134, 4% of cases) BRAF V600E
(24/88, 27%), and PRAME (32/56, 57%). Details on processes and
reagents are included in Methods S1.

2.3 | Fluorescence in situ hybridization

All FISH was performed at the time of the original diagnostic workup.
Our laboratory uses the Abbott Vysis Cutaneous Melanoma FISH sys-
tem (Abbott Laboratories) following the manufacturer's instructions.
Enumeration was performed by a dedicated cytogenetics laboratory
technologist with subsequent pathologist review. Lesions are deemed
tetraploid when cells selected for enumeration have four signals for
each probe. Details on processes and reagents are included in
Methods S1.

24 | Statistics

Statistical analyses were performed using JASP (v0.14.1, JASP Team,
University of Amsterdam, The Netherlands) and R (v4.1.2, R
Core Team).

3 | RESULTS

3.1 | Clinical features

Patient characteristics are listed in Table 1. The female-to-male ratio
was 1.9:1, the median age at diagnosis was 28 years, and lesions were
most common on the extremities. No clinical factors were significantly
associated with FISH status. Of the 174 cases, 130 were received in
consultation. Clinical follow-up information was available for 46 cases;
31 (67%) were FISH negative and 15 (33%) were FISH positive.
Follow-up data are outlined in Table S1. Of 12 patients who under-
went sentinel lymph node biopsy (11/12 FISH positive), only one had
positive sentinel nodes (2/2 nodes positive for melanoma). The lesion
occurred in a 34-year-old woman. p16 was lost, BRAF V600E was
negative, PRAME was negative (3+), and FISH showed isolated 6p25
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TABLE 1 Clinicopathologic features in FISH-positive and FISH-negative cases

Factor® All cases FISH positive FISH negative
Sex n=174 n=60 n=114
Male 59 (34%) 22 (37%) 37 (32%) N.S.°
Female 115 (66%) 38 (63%) 77 (68%)
Age at diagnosis n=174 n =60 n=114
Mean (SD) 29 (17) 28 (17) 29 (17)
Median (interquartile range) 28 (15-40) 25 (14-39) 31 (15-40) N.S.©
Range 5 mo-74 yr 1-74 yr 5 mo-67 yr
Tumor site n=174 n =60 n=114
Extremities 78 (45%) 30 (50%) 48 (42%) N.S.P
Head and neck 41 (24%) 13 (22%) 28 (25%)
Trunk 38 (22%) 11 (18%) 27 (23%)
Acral 8 (5%) 2 (3%) 6 (5%)
Special site (breast/genital) 9 (5%) 4 (7%) 5(4%)
Spitzoid cytology n=169 n =60 n =109
Epithelioid 101 (60%) 43 (72%) 58 (53%) N.S.P
Epithelioid and spindled 59 (35%) 16 (30%) 43 (39%)
Spindled 9 (6%) 1(3%) 8 (7%)
Dermal mitotic figures n=133 n=>58 n=75
Mean (SD) 1.2 (1.6) 1.6(1.9) 0.8 (1.3)
Median (interquartile range) 1(0-2) 1(0-2) 0(0-1) p=0.011°
Range 0-10 0-10 0-8
Architecture n=174 n =60 n=114
Compound 140 (80%) 45 (75%) 95 (83%) N.S.P
Dermal 34 (20%) 15 (25%) 19 (17%)
n=115 n=43 n=72
Epidermal hyperplasia 97 (84%) 37 (86%) 60 (83%) N.S.P

Final clinical diagnosis

Benign/intermediate risk

Spitz nevus 20 (11%) 0 20 (18%)
Atypical Spitz tumor 82 (47%) 7 (12%) 75 (66%)
Dysplastic nevus, spitzoid 16 (9%) 1(2%) 15 (13%)

Malignant
Spitzoid melanoma 56 (32%) 52 (87%) 4 (4%)

Among malignant lesions

Tumor thickness (mm) n=>56 n=>52 n=4
Mean (SD) 1.6 (1.1) 1.6.(1.2) 0.9.(0.3)
Median (Interquartile range) 1.2.(0.9-1.8) 1.3 (0.9-1.8) 0.8 (0.75-1.0) N.S.
Range 04-7.0 0.4-7.0 0.7-1.2

Ulceration n=>56 n=>52 n=4
Present 2(5%) 2 (6%) 0 N.S.P
Absent 54 (95%) 50 (94%) 4 (100%)

Note: percentages may not add up to 100% because of rounding.

2Means all cases where that feature was assessible; denominator varies between attributes.
bFisher exact test.

“Wilcoxon rank-sum test. N.S., not significant.
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gain. The completion lymph node dissection was negative. The patient
received adjuvant pembrolizumab and was alive with no evidence of
disease over a 68-month follow-up period. None of the patients with

available follow-up developed distant metastases.

3.2 | Histopathologic features

As noted in Table 1, lesions in both groups were most often
compound, showed epidermal hyperplasia, and were composed of
epithelioid melanocytes. The median dermal mitotic rate was higher in
FISH-positive compared to FISH-negative lesions (1 vs. 0mm3

p = 0.011, Wilcoxon rank-sum test).

3.3 | Final diagnoses

As shown in Table 1, the final pathologic diagnoses in the 174 cases
comprised benign (118/174, 68%) and malignant (56/174, 32%)
entities. FISH status strongly informed final diagnosis; 87% of FISH-
positive lesions were called malignant, compared with 4% of FISH-
negative lesions. Eight cases (8/60, 13%) were called benign despite
positive FISH results (seven AST and one spitzoid dysplastic nevus).
Four cases (4/114, 4%) were called malignant (spitzoid melanoma)
despite a negative FISH result.

3.4 | Molecular features

FISH abnormalities are listed in Table 2. Sixty cases showed abnormal-
ities (60/174, 34%). Seventy cases underwent FISH testing before
8924 (MYC) and 9p21 (CDKN2A) probes were introduced in our labo-
ratory; 29/70 (41%) were FISH positive and 41/70 (59%) were FISH
negative (not shown). The FISH positivity rate did not increase after
8924 and 9p21 were introduced (41% positive before vs. 32% after,
p = 0.201, Fisher exact test). Five cases were found to be tetraploid;
these cases were included in the FISH-negative group, along with one
case with isolated RREB1 > 2 a percentage point over the upper limit
of normal as an isolated finding. These six cases were considered to
be “negative” at the time of sign out. Absolute 6p25 (RREB1) gain was
the most common aberration (68%). Among the 104 cases in which
9p21 was probed, 13 of 104 showed homozygous 9p21 loss
(9p21’/*; 13% of total cases and 39% of FISH-positive cases). Among
these 13 cases, a median of 67% of cells showed the 9p21’/* (inter-
quartile range, 37%-93%). Isolated 9p21(—/—) was observed in seven
cases.

Nine cases were sent for CGH testing at an outside institution
(ThermoFisher/Affymetrix OncoScan platform, Table S2). Seven were
FISH negative, and seven occurred in patients under 10 years of age.
One FISH-negative case, tested before our laboratory added 8g24
and 9p21 probes, was found to have 9p21~/~. This case showed strik-
ing cytologic atypia and high mitotic rate and was called a spitzoid

melanoma (Table S2, Case 1). In one other case, CGH confirmed

TABLE 2 Positive probes in FISH-positive cases

FISH positive FISH negative
n=174 n = 60 (34%) n =114 (66%)
6p25/RREB1 >2 41 (68%) 67" (5%)
11q13/CCND1 >2 29 (48%) 5P (4%)
6p25/RREB1 >CEP6 8 (13%) 2°(2%)
6G23/MYB <CEP6 199 (32%) 0
2 probes+ 12/27 (44%)
3 probes+ 7/27 (26%)
>3 probes+ 2/27 (7%)
n=104 n = 33 (32%) n=71(68%)
8g24/MYC >2 16 (48%) 1° (1%)
9p21/CDKN2A~/~ 13 (39%) 0
2 probes+ 6/33 (18%)
3 probes+ 6/33 (18%)
>3 probes+ 6/33 (18%)

Note: percentages may not add up to 100% because of rounding.

20One case was called negative because the abnormality was isolated and
only slightly higher than the upper limit of normal.

bRemaining five cases were found to be tetraploid.

“Two of five tetraploid cases showed RREB1 > CEPé, both with a
percentage only slightly above the upper limit of normal. Repeat FISH and
CGH at an outside lab were both negative and suggestive of tetraploidy.
dFour cases had isolated 6g23/MYB loss.

®Three of five tetraploid cases analyzed with 6-probe FISH; two cases
showed MYC>2 at near threshold for positive, both called negative and
suggestive of tetraploidy at an outside lab by aCGH.

9p21~/~ seen on FISH (Table S2, Case 8). In the other cases, CGH
was negative or revealed non-specific copy number changes not asso-
ciated with melanoma. In two cases, tetraploidy was suspected: one
showed by CGH a loss of chromosome 17 which allowed detection of
tetraploidy while the other was negative by CGH and FISH showed
increased counts for multiple probes, which was considered evidence
of tetraploidy.””

3.5 | Immunohistochemical features
Immunohistochemical features are listed in Table 3; diagnoses are
provided at right for reference. Further granular detail regarding sepa-
rate FISH probes with IHC findings is given in Table S3.

36 | plé6

Of 134 cases stained for p16, p16 was lost in 55 cases (41%), includ-
ing 21 (16%) with diffuse total loss, 19 (14%) with regional total loss,
and 15 (11%) with near-diffuse loss (rare scattered positive cells only)
(Table 3, top grouping). Most cases with retained p16 were FISH neg-
ative (63/79, 80%). By contrast, similar proportions of cases with p16
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TABLE 4

Category
Predicted lesion type

1
Spitz nevus/AST

FISH results and diagnosis in IHC-defined categories

2

AST/melanoma

3
Dysplastic nevus/MM

4

Melanoma

Low risk High risk
Factor p16*/BRAF V600E~ p16~/BRAF V600E™ p16*/BRAF V60OE™ pl6~/BRAF V600E™"
n=237 n=231 n=9 n=4
FISH positive 5(14%) 21 (68%) 5(56%) 3(75%) p < 0.001°
PRAME n=15 n=15 n=>5 n=3
Positive 3 4 0 1 N.S.2
Negative 12 11 5 2
Diagnosis n=237 n=231 n=29 n=4
Benign/intermediate risk
Spitz nevus 6 2
Atypical Spitz tumor 26°
Dysplastic nevus, spitzoid 2 5 0
Malignant
Spitzoid melanoma 3 22 4 4 (100%)
FISH positive, by probe n=>5 n=21 n=>5 n=3
RREB1 >2 3 15 5 3
CCND1 >2 1 14 2 1
RREB1 >CEP6 1 2 1 1
MYB <CEP6 3° 7 2 0
2 probes+ 1 3 1 0
3 probes+ 0 4 1 1
>3 probes+ 0 0 1 0
4/5 tested 12/21 tested 3/5 tested 2/3 tested
MYC >2 2 8 1 1
CDKN2A~/~ 0 7 0 1
2 probes+ 2 2 0 1
3 probes+ 1 3 0 0
>3 probes+ 0 4 0 0

Note: percentages may not add up to 100% because of rounding.
?Fisher exact test.
BIncludes one case with isolated 6g23/MYB loss. N.S., not significant.

loss were FISH positive (30/55, 55%) as were FISH negative (25/55,
45%). pl6 status was significantly associated with FISH status
(p = 0.0000807, Fisher exact test). This result was at least partially
attributable to cases with 9p21~/~. Nevertheless, p16 was lost in
several cases with retained 9p21. Sixteen of the 104 cases tested
by six-probe FISH (33/104 positive overall, bottom of Table 2)
showed retained 9p21 but were positive for other melanoma-
associated chromosomal abnormalities (data not shown). Six of
these 16 cases (6/16, 38%) showed p16 loss. Overall, these data
reinforce plé protein repression as a specific and general marker
for malignancy.

Of the 25 cases that had p16 loss but were FISH negative, most
were called benign (23/25): 16 AST (16/25) and seven Spitz nevi
(7/25). Both of the remaining two cases were diagnosed as spitzoid

melanomas. One case was referred to above in the CGH

section (Table S2, Case 1). The other is described with discordant

cases below (Table 5, Case 9).

3.7 | BRAF V600E

BRAF V600E IHC was performed on 88 of 174 cases. Fourteen cases
(14/88, 16%) were positive, nine of which (9/14, 64%) were also FISH
positive. BRAF V600E mutation was not independently associated
with FISH abnormalities (9/14 vs. 5/14, p = 0.242, Fisher exact test).
Out of the nine BRAF-mutated, FISH-positive cases, eight were called
spitzoid melanomas. One was called a dysplastic nevus with spitzoid
features (Table 5, Case 8, discussed with discordant cases below).
Four of the five BRAF-mutated, FISH-negative cases were called dys-

plastic nevi with spitzoid features because of the reassuring FISH
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results and retained p16 expression. One was called a spitzoid mela-

noma (Table 5, Case 9, discussed with discordant cases).

3.8 | PRAME

Fifty-six cases were stained for PRAME. Fifteen cases (27%) showed
diffuse PRAME expression (staining in >75% of cells; 4+). Of 15 cases,
seven (47%) were FISH positive. PRAME expression was not statisti-
cally associated with FISH status (p = 0.359, Fisher exact test). All
seven FISH-positive lesions were called spitzoid melanomas. Of the
eight cases with positive PRAME expression and negative FISH, seven
were diagnosed as ASTs. The remaining case was called a spitzoid
melanoma; it has been mentioned above, and is detailed below in the

discordant case section (Table 5, Case 9).

39 | ALK1

Staining for ALK1 was performed in 10 cases, and was positive in three
(8/10, 30%). Three (3/10) were FISH positive; one case was both FISH
positive and ALK1-positive. All three ALK1-positive cases were called
AST, regardless of FISH status; five ALK1-negative lesions were also
called AST, and two were called spitzoid melanoma (both FISH positive).

3.10 | FISH Results in low- and high-risk double
screen categories

We hypothesized that combined IHC staining with p16 and either BRAF
V600E or PRAME might be a superior screening tool than using markers

Cice RVt

separately. Eighty-two cases were stained for both pl6 and BRAF
V600E. As with the overall cohort, loss of plé expression in these
82 cases was associated with FISH positivity (p = 0.0000506, Fisher
exact test). While BRAF V60OE did not independently predict FISH sta-
tus (p = 0.365, Fisher exact test), it did when examined among cases
with retained p16 (p = 0.00149, Fisher exact test). Fifty-three cases
were stained for both p16 and PRAME expression. The majority of the
lesions (30/38, 79%) were negative for PRAME expression (0-3+). p16
and PRAME double staining status was not significantly associated with
FISH status (p = 0.0694, Fisher exact test, data not shown).

Cases were broken down into four groups based on combined
plé6 and BRAF V600E staining patterns; categories were annotated
with prototypical lesion type(s) (Table 4). Category 1, with retained
pl6 and no BRAF V600E mutation, was considered “low risk,” and
Categories 2-4, with either p16 loss, BRAF V600E positivity, or both,
were all considered “high risk,” given the spitzoid morphology. The
relative proportions of FISH-positive lesions differed significantly
between the categories (p = 0.00000991, Fisher exact test). There
was no significant difference in PRAME staining between groups
(p = 0.603, Fisher exact test, Table 4).

Thirty-seven cases fell into the low-risk category (37/81, 46%),
predicting a negative FISH result and benign diagnosis. Five of these
cases were FISH positive (Table 5, Cases 1-5); thus, the risk of FISH
positivity in double-screen low-risk cases was 14%. One of these five
cases (Table 5, Case 1) showed isolated 6g23 loss, leaving four cases
(4/37, 11%) in the low-risk category, showing worrisome positive
FISH results (Table 5, Cases 2-5; Figures 1-3). Only three cases
(3/37, 8%) in this low-risk category were called malignant, including
two FISH-positive cases (Table 5, Cases 4 and 5, Figures 2 and 3) and
one FISH-negative case (Table 5, Case 6, described with discordant
cases).

TABLE 5 Cases with unexpected or discordant FISH results and final diagnosis

D Case Age Sex Site
Category 1—p16 retained, BRAF V60OE negative; FISH positive

1* 3 F  Cheek - - - +
2 1 F Leg =+ + - -
3 7 M Ear + - - -
4 11 ™M Forearm + — + +
5 20 F  Shoulder — - - +

RREB1 >2 CCND1 >2 RREB1 > CEP6 MYB < CEP6 MYC>2 CDKN2A~’~ PRAME

Category 1—p16 retained, BRAF V60OE negative; FISH negative but called malignant

6 62 F  Forearm — — - _

Category 2—p16 lost, BRAF V60O0E negative; FISH positive but called benign

7 13 M Thigh - + - +

Category 3—p16 retained, BRAF V60OE positive; FISH positive but called benign

8 21 F  Abdomen + — — —

Diagnosis

— — N AST

ND ND N AST

+ - N AST

- - N Spitzoid melanoma

+ — N Spitzoid melanoma

— — ND Spitzoid melanoma
ND ND N AST

— — N Dysplastic nevus with

spitzoid features

Category 4—p16 lost, BRAF V60OE positive; FISH negative but called malignant

9 37 F Calf - - - -

Abbreviations: AST, atypical Spitz tumor; D case, discordant case number.
lsolated 6g23 loss. N, negative; ND, not done.

Positive in area Spitzoid melanoma
of p16 loss
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FIGURE 1 Table 5, Case 3:
3-year-old boy with ear lesion,
Category 1, FISH positive, called
atypical Spitz tumor. (A) Sections
show a mostly intradermal
melanocytic proliferation with
ulceration and inflammatory crust
(H&E, x20); left inset shows p16
is retained in a checkboard
pattern (p16, x40); right inset
shows BRAF V600E is negative
(BRAF V600E, x40). (B) Cells are
arranged in sheets, small nests,
and cords with scattered dermal
mitotic figures (arrows) (H&E,
x400). (C) Scattered
multinucleated cells are noted
(arrows) (H&E, x400). (D) Cells
are fairly uniform, with abundant
amphophilic cytoplasm, open
chromatin, irregular nuclear
contours (arrows), and prominent
nucleoli (H&E, x400).

FIGURE 2 Table 5, Case 4: 11-year-old boy with a forearm lesion, Category 1, FISH positive, called spitzoid melanoma. Sections show a large,
mostly intradermal melanocytic proliferation with brisk inflammation (H&E, x 10); left inset shows p16 is retained diffusely (p16, x40); middle
inset shows BRAF V60OE is negative (BRAF V600E, x40); right inset shows Ki6é7 highlights a portion of the atypical melanocytes (Ki67, x200).
(B) Cells are arranged in sheets and nests with impaired maturation, chronic inflammation, and patchy, irregular pigmentation (arrows) (H&E,
x200). (C) Cells range from large to small with multinucleation, abundant amphophilic cytoplasm, open chromatin, irregular nuclear contours with
multilobation, and prominent nucleoli (arrows) (H&E, x200). (D) Focal junctional activity is noted with rare pagetoid cells (arrows) (H&E, x200).

Forty-four cases fell into the high-risk categories (44/81, 54%), in
which FISH positivity rates ranged from 56% to 75%, (29/44, 66%
overall). Undoubtedly in part because FISH results informed the final
diagnoses, malignant diagnoses were rendered in larger proportions of
cases in high-risk categories, ranging from 44% to 100% (30/44, 68%
overall).

3.11 | Unexpected or discordant cases

Out of interest, we examined more closely nine cases in which the
final diagnosis was unexpected or discordant in light of the double-
screen category and/or FISH results. Six cases were derived from the

low-risk category (Table 5, Cases 1-6) and three from the high-risk
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FIGURE 3 Table 5, Case 5: 20-year-old woman with a shoulder lesion, Category 1, FISH negative, called spitzoid melanoma. (A) Sections
show a broad compound melanocytic proliferation with dermal fibrosis and inflammation. Cells are arranged in large and small nests and cords
(H&E, x10). (B) Junctional nests show patchy pigmentation (arrow) and pagetoid spread (arrow). Cells have irregular nuclear contours with
multilobation and prominent nucleoli (H&E, x200). (C) Nuclei range from large to small with open to dense chromatin and moderate amphophilic
cytoplasm (H&E, x200). (D) p16 was positive (p16, x 100); inset shows BRAF V600E was negative (BRAF V60OE, x 100). (E) Melan-A/Ki67
multiplex staining highlighted an elevated dermal proliferative index (Melan-A red/Ki67 brown, x100).

categories (Table 5, Cases 7-9). FISH-positive lesions were sometimes
called benign in younger patients with less histopathologically con-
cerning lesions (Table 5, Cases 1-3; Figure 1; and Table 5, Cases
7 and 8; Figure 4). Table 5, Case 8 (Figure 4B) was called a dysplastic
nevus with spitzoid features, as the lesion was mitotically inactive and
the degree of atypia was not severe. Some FISH-negative lesions
were called malignant in relatively older patients with dermal mitotic
figures (Table 5, Case 6; and Table 5, Case 9; Figure 4C,D). Table 5,
Case 9 occurred in a 39-year-old woman and showed p16 loss, BRAF
V600E was positive, and PRAME was positive. Similarly, Table 5, Case
6 occurred in a 62-year-old woman and showed sun damage and
extensive upward migration of individual melanocytes. These cases
reinforce the fact that FISH is not entirely sensitive nor specific for
malignancy, and that FISH results must be interpreted in the context
of other clinical and histopathologic findings.

4 | DISCUSSION

Spitz tumors and other spitzoid melanocytic neoplasms are notori-
ously difficult diagnostically, with disagreement among expert derma-
topathologists.2” Expanding molecular understanding emphasizes the
importance of not only risk stratifying Spitz tumors, but in distinguish-
ing them from morphologically similar but biologically distinct spitzoid

melanomas.”*~>*>¢ Diagnostic aids include more commonly available

techniques such as IHC and FISH as well as other molecular tech-
niques such as aCGH and NGS.30-31:555¢ |y this study, we show that a
combination of routine IHC markers, when applied to lesions with
spitzoid morphology, helps predict which cases are more or less likely
to show chromosomal abnormalities by FISH. This finding may serve
as a practical tool to help dermatopathologists select cases to send for
FISH/molecular testing.

In our cohort of spitzoid cases, the number of dermal mitotic fig-
ures was the only clinical or histopathologic feature that differed sig-
nificantly by FISH status, aligning with several previous reports.>*”
Other groups have reported that age and sex are associated with
malignancy or aggressive behavior, while mitotic rate is not.>®-%°
These studies examine different outcomes, ranging from FISH status,
to final diagnosis, to clinical behavior, which may partially explain dif-
ferent findings. Nonetheless, our study reaffirms that clinical and his-
topathologic features are insufficient to evaluate for malignant
potential in ambiguous spitzoid cases. The difference in median
mitotic rate between FISH-positive and FISH-negative cases, although
significant, is small (O vs. 1 per square mm) and impractical for clinical
application, highlighting the critical utility of ancillary testing in this
setting.

We detected chromosomal abnormalities by FISH in 60 of
176 (34%) cases. Other studies report lower positivity rates, although
differences in case composition (e.g., referral bias) and lesion types

complicate direct comparisons.®*~¢% Absolute 6p25 gain was the most
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FIGURE 4 Table 5, Cases 7-9—(A, B) Case 7: 13-year-old boy with a thigh lesion, Category 2, FISH positive, called atypical Spitz tumor.

(A) The lesion shows a large intradermal, nested melanocytic proliferation with impaired maturation (inset, H&E, x 10); cells are fusiform and
uniform with amphophilic cytoplasm, open to coarse chromatin, prominent nucleoli, and scattered mitotic figures (arrows) (H&E, x400). (B) Case
8: 21-year-old woman with an abdominal lesion, Category 3, FISH positive, called dysplastic nevus with spitzoid features. (B) The lesion is a
compound melanocytic proliferation with irregular nests, bridging of nests, and melanoderma (inset, H&E, x 10); cells are whorled within nests,
and show a mix of cells with open chromatin and pale, dustily pigmented cytoplasm as well as more hyperchromatic nuclei (H&E, x200). (C, D)
Case 9—37-year-old woman with a calf lesion, Category 4, FISH negative, called spitzoid melanoma. (C) The lesion is a compound melanocytic
proliferation with chronic inflammation (inset, H&E, x40) and lateral pagetoid spread (arrows) (H&E, x200). (D) Cells have abundant amphophilic
cytoplasm, and enlarged nuclei with inclusions, irregular nuclear membrane contours/multilobation (arrows), and prominent nucleoli (H&E, x400).

common abnormality we observed (68% of FISH-positive cases), fol-
lowed by abnormalities at 11q13, 8qg24, 9p21, and 6g23. Published
rates of individual copy number changes are variable; 6g23 loss,%¢°
6p25 absolute gain,3%! both 623 and 6p25,°* and 9p21~/~0%> have
all been reported as the most common finding in spitzoid lesions. Dif-
fering inclusion criteria, such as case ambiguity, BRAF mutation status,
or thresholds for calling spitzoid morphology may explain variation in
results.8:27-3261-66 iy of 114 cases that were ultimately called FISH
negative at the time of sign out technically showed positive probes.
One of these cases was slightly over the threshold in a single probe,
and was considered negative. The other five cases were found to be
tetraploid, either based on FISH results alone (all probes >2 being
strongly positive, and loss probes or probes >CEPé being solidly nega-
tive) or based on the recognition of borderline results with a trend that
suggested tetraploidy, with confirmation from additional tests (one out-
side lab FISH and two outside lab aCGH). These cases highlight the
expertise required in FISH testing as well as interpretation.

Several studies have indicated that isolated 6g23 loss in spitzoid
lesions is not associated with adverse clinical outcomes, even in cases
with nodal metastasis.2®? We encountered four cases of isolated
6923 loss in our study, all of which were diagnosed as AST. It is possi-
ble that 6923 loss is underrepresented in our cohort compared to

other studies because our cohort is enriched for challenging, atypical

cases. The clinical behavior of spitzoid neoplasms with isolated
9p21~/~ remains unresolved. While early studies showed increased
aggressive behavior, later studies have not reproduced these find-
ings.3%32%> We observed isolated 9p21~/~ in seven cases, all of
which were called spitzoid melanoma, in keeping with earlier stud-
jes.32 Our retrospective study design and limited follow-up data pre-
clude drawing conclusions about the prognostic significance of
isolated 9p21~/~. Regardless of its significance, knowing that a lesion
shows 9p21~/~ remains helpful. Even if isolated copy number
changes are considered reassuring, tools to help dermatopathologists
decide when to test for these changes are helpful.

Prior studies have shown that p16 loss correlates with malignancy
in spitzoid neoplasms.t”~2%%7 In our cohort, loss of p16 expression by
IHC was significantly associated with FISH abnormalities, including
cases with and without 9p21~/~1011286869 This association was
largely because of cases with 9p21~/, similar to other studies.!”-?°
Thus, while the statistical association is not surprising, it supports
sending spitzoid cases with p16 loss for evaluation. p16 loss in mela-
noma occurs by various mechanisms, not limited to homozygous
CDKN2A deletion, including mutations, small deletions, promoter
hypermethylation, and silencing by long non-coding RNA.®~7# Forty-
five percent of our cases with p16 loss were FISH negative, showing

p16 loss alone is not specific for predicting FISH abnormalities.
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We employed BRAF V600E immunostaining to identify spitzoid
nevi and melanomas that were not true Spitz tumors. A small propor-
tion (15/89, 17%) of lesions showed mutant protein expression, sug-
gesting our institution applies relatively strict criteria in designating
spitzoid morphology. BRAF V600E immunoreactivity rates did not dif-
fer significantly by FISH status, unsurprisingly, given prevalence in
both benign nevi and melanoma.*”484?”> When examined in the con-
text of retained p16, BRAF V600E positivity was significantly associ-
ated with FISH positivity, showing utility as an additional screening
tool. This finding does not imply that BRAF V600E mutation itself is
associated with malignancy. Rather, it excludes true Spitz lesions; and
thereby a relatively lower proportion of plé-retained and BRAF
V600E-negative lesions are FISH positive.

In using a p16/BRAF IHC double screen for spitzoid lesions, we
predicted that a Category 1 result (p167/BRAF V600E~) would
exclude many high-risk AST and spitzoid melanomas in our cohort of
mostly young, non-sun damaged patients.>® This is a screening
method commonly employed in our practice, but we wanted to quan-
titate the true risk in using such a method. Only 11% of cases (4/37)
in this category showed worrisome FISH findings; all occurred in
young patients (aged 1, 7, 11, and 20 years old). The fact that only
two of four FISH-positive cases in this category were diagnosed as
spitzoid melanoma, despite multiple FISH probes being positive (2, 2,
3, and 2 FISH probes positive, respectively), reflects the hesitancy to
diagnose malignancy in this cohort. Importantly, the biology of pediat-
ric spitzoid lesions that have chromosomal gains and losses mirroring
melanoma, but that do not have BRAF V600E mutations, requires fur-
ther study. These cases would merit NGS or, at a minimum, TERT pro-
moter evaluation. The molecular criteria discriminating atypical and
malignant Spitz tumors are still being established and require collabo-
rative projects with NGS and long-term patient follow-up.

Combined with spitzoid morphology, Category 2-4 IHC results
raise concern for melanoma; indeed, 66% (29/44 cases) showed
melanoma-associated chromosomal alterations by FISH. Given the
clinicopathologic features in our cohort, p16-negative/BRAF-negative
lesions would be predicted to represent high-risk or malignant Spitz
tumors. This group could also include spitzoid melanomas with other
MAPK driver mutations such as MAP2K1 or NRAS. Given the atypical
spitzoid morphology, the p16-positive, BRAF-positive group was pre-
dicted to be enriched along the severely dysplastic nevus-melanoma
spectrum. pl6 expression was heterogeneous in some of these
lesions, but remained sufficient to be called retained. This finding is in
agreement with published data showing that a large proportion of
melanomas retain 9p21 function; indeed with improved out-

come.10,11,28,68,69

plé6-negative, BRAF-positive lesions were predicted
to be the most potentially worrisome. The rate of FISH-positivity in
this group (4) was not higher than that in the others (2, 3); however,
these lesions were rare (four total).

In the past several years, PRAME has emerged as a helpful marker
for evaluating melanocytic lesions.??72%7¢ However, its role in spitzoid
lesions has not been resolved. Studies have shown that only small
proportions of spitzoid lesions express PRAME in general.22?42% One

recent study indicated higher rates of PRAME positivity in spitzoid

Cice RV

melanoma compared with nevi and atypical Spitz tumors.?” Concor-
dance of PRAME staining with chromosomal abnormalities in Spitz
tumors has also been reported.m'25 However, others have also shown
benign Spitz nevi with diffuse PRAME immunohistochemical stain-
ing.22242% |n our study, we found few lesions overall that diffusely
expressed PRAME. There was no significant association of PRAME
positivity with FISH status; in fact, diffuse PRAME expression was
found in several benign lesions. Thus, our results suggest that PRAME
may be less helpful in spitzoid neoplasms. Low PRAME positivity rates
compared to other studies may in part be attributable to use of the
Ventana Medical Systems platform in our laboratory. At least one
prior study used the Leica Bond system.?® Some authors have sug-
gested that Leica systems may be more sensitive than Ventana.””
Because of these incongruent results, further work in this area is war-
ranted to evaluate the diagnostic and prognostic significance of both
FISH and PRAME in spitzoid lesions, especially in young patients.
Practicing dermatopathologists need to be aware of potential nuances
with this stain, at a minimum. Studies with reflex NGS and CGH would
be particularly insightful, but tissue size is a limiting factor.

This study had a number of limitations. First, the retrospective
nature introduces the possibility of selection bias. This study could
not capture cases in which knowledge of the IHC status led the
dermatopathologist not to pursue FISH testing. Second, we had
follow-up data from only 46 of 174 cases (26%). Only one of these
cases presented at an advanced stage, and no patients developed dis-
tant metastases over the median follow-up period of 59 months.
Thus, although we can correlate IHC with FISH findings, we cannot
determine how either may translate into clinical outcomes. Because
long-term clinical behavior remains one of the most reliable methods
for differentiating atypical Spitz tumors from true Spitz melanomas,
our paucity of follow-up data means the reported final diagnoses
could change with additional information.”?

In conclusion, we investigated a set of 174 challenging spitzoid
neoplasms that were examined by FISH at our institution over an
8-year period. We found that cases with retained p16 expression, and
especially the subset of those cases that were negative for mutant
BRAF V600E protein, had much lower rates of melanoma FISH-
associated chromosomal abnormalities than cases with p16 loss—
specifically 14% (11% excluding isolated 623 loss). Because BRAF
V600E expression helped to exclude Spitz tumors, it significantly
assisted with risk stratification among the p16 retained cases, prompt-
ing other explanations for cytologic atypia and dermal mitotic figures,
such as melanoma, even in relatively young patients. By contrast,
PRAME expression was not associated with FISH-detected chromo-
somal abnormalities, and in fact was positive in several benign spitzoid
lesions. We conclude that knowledge of p16 and BRAF V600OE may
help dermatopathologists decide when to send a case for FISH and
potentially other molecular tests, in the appropriate clinical and histo-
pathologic context. PRAME should be employed cautiously in ambigu-

ous spitzoid lesions, as results may be misleading.

CONFLICT OF INTEREST
The authors declare no conflict of interest.



2 | wiLey- S

MCAFEE €T AL.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

John L. McAfee
Steven D. Billings

Jennifer S. Ko

https://orcid.org/0000-0001-7645-631X
https://orcid.org/0000-0002-2278-5908
https://orcid.org/0000-0003-0629-775X

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Barnhill RL. The spitzoid lesion: rethinking Spitz tumors, atypical vari-
ants, “spitzoid melanoma” and risk assessment. Mod Pathol. 2006;19-
(suppl 2):521-S33.

Barnhill RL, Argenyi ZB, From L, et al. Atypical Spitz nevi/tumors: lack
of consensus for diagnosis, discrimination from melanoma, and pre-
diction of outcome. Hum Pathol. 1999:30(5):513-520.

Requena C, Requena L, Kutzner H, Sdnchez YE. Spitz nevus: a clinico-
pathological study of 349 cases. Am J Dermatopathol. 2009;31(2):
107-116.

Weedon D, Little JH. Spindle and epithelioid cell nevi in children and
adults: a review of 211 cases of the Spitz nevus. Cancer. 1977;40(1):
217-225.

Spitz S. Melanomas of childhood. Am J Pathol.
591-609.

Sepehr A, Chao E, Trefrey B, et al.
Spitz-type melanocytic tumors. Arch Dermatol.
1173-1179.

Gerami P, Busam K, Cochran A, et al. Histomorphologic assessment
and interobserver diagnostic reproducibility of atypical spitzoid mela-
nocytic neoplasms with long-term follow-up. Am J Surg Pathol. 2014,
38(7):934-940.

Shen L, Cooper C, Bajaj S, et al. Atypical Spitz tumors with 6g23 dele-
tions: a clinical, histological, and molecular study. Am J Dermatopathol.
2013;35(8):804-812.

Paradela S, Fonseca E, Pita S, et al. Spitzoid melanoma in
children: clinicopathological study and application of immunohisto-
chemistry as an adjunct diagnostic tool. J Cutan Pathol. 2009;36(7):
740-752.

Straume O, Sviland L, Akslen LA. Loss of nuclear p16 protein expres-
sion correlates with increased tumor cell proliferation (Ki-67) and
poor prognosis in patients with vertical growth phase melanoma. Clin
Cancer Res. 2000;6(5):1845-1853.

Reed JA, Loganzo F, Shea CR, et al. Loss of expression of the p16/-
cyclin-dependent kinase inhibitor 2 tumor suppressor gene in mela-
nocytic lesions correlates with invasive stage of tumor progression.
Cancer Res. 1995;55(13):2713-2718.

Talve L, Sauroja |, Collan Y, Punnonen K, Ekfors T. Loss of expression
of the p16INK4/CDKN2 gene in cutaneous malignant melanoma cor-
relates with tumor cell proliferation and invasive stage. Int J Cancer.
1997;74(3):255-259.

Keller-Melchior R, Schmidt R, Piepkorn M. Expression of the tumor
suppressor gene product p16INK4 in benign and malignant melano-
cytic lesions. J Invest Dermatol. 1998;110(6):932-938.

Funk JO, Schiller PI, Barrett MT, Wong DJ, Kind P, Sander CA.
pl6INK4a expression is frequently decreased and associated with
9p21 loss of heterozygosity in sporadic melanoma. J Cutan Pathol.
1998;25(6):291-296.

Sparrow LE, Eldon MJ, English DR, Heenan PJ. p16 and p21WAF1
protein expression in melanocytic tumors by immunohistochemistry.
Am J Dermatopathol. 1998;20(3):255-261.

Oaxaca G, Billings SD, Ko JS. p16 range of expression in dermal pre-
dominant benign epithelioid and spindled nevi and melanoma. J Cutan
Pathol. 2020;47(9):815-823.

1948;24(3):

Long-term outcome of
2011;147(10):

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Harms PW, Hocker TL, Zhao L, et al. Loss of p16 expression and copy
number changes of CDKN2A in a spectrum of spitzoid melanocytic
lesions. Hum Pathol. 2016;58:152-160.

George E, Polissar NL, Wick M. Immunohistochemical evaluation of
p16INK4A, e-cadherin, and cyclin D1 expression in melanoma and
Spitz tumors. Am J Clin Pathol. 2010;133(3):370-379.

Mason A, Wititsuwannakul J, Klump VR, Lott J, Lazova R. Expression
of p16 alone does not differentiate between Spitz nevi and spitzoid
melanoma. J Cutan Pathol. 2012;39(12):1062-1074.

Yazdan P, Cooper C, Sholl LM, et al. Comparative analysis of atypical
spitz tumors with heterozygous versus homozygous 9p21 deletions
for clinical outcomes, histomorphology, BRAF mutation, and p16
expression. Am J Surg Pathol. 2014;38(5):638-645.

Hilliard NJ, Krahl D, Sellheyer K. p16 expression differentiates
between desmoplastic Spitz nevus and desmoplastic melanoma.
J Cutan Pathol. 2009;36(7):753-759.

Lezcano C, Jungbluth AA, Nehal KS, Hollmann TJ, Busam KJ. PRAME
expression in melanocytic tumors. Am J Surg Pathol. 2018;42(11):
1456-1465.

Lezcano C, Jungbluth AA, Busam KJ. Comparison of immunohisto-
chemistry for PRAME with cytogenetic test results in the evaluation
of challenging melanocytic tumors. Am J Surg Pathol. 2020;44(7):
893-900.

Googe PB, Flanigan KL, Miedema JR. Preferentially expressed antigen
in melanoma immunostaining in a series of melanocytic neoplasms.
Am J Dermatopathol. 2021;43(11):794-800.

Raghavan SS, Wang JY, Kwok S, Rieger KE, Novoa RA, Brown RA.
PRAME expression in melanocytic proliferations with intermediate
histopathologic or spitzoid features. J Cutan Pathol. 2020;47(12):
1123-1131.

McBride JD, McAfee JL, Piliang M, et al. Preferentially expressed anti-
gen in melanoma and p16 expression in acral melanocytic neoplasms.
J Cutan Pathol. 2022;49(3):220-230.

Koh SS, Lau SK, Scapa JV, Cassarino DS. PRAME immunohistochem-
istry of spitzoid neoplasms. J Cutan Pathol. 2022;49(8):709-716.
Bastian BC, LeBoit PE, Hamm H, Brocker EB, Pinkel D. Chromosomal
gains and losses in primary cutaneous melanomas detected by com-
parative genomic hybridization. Cancer Res. 1998;58(10):2170-2175.
Alomari AK, Miedema JR, Carter MD, et al. DNA copy number
changes correlate with clinical behavior in melanocytic neoplasms:
proposal of an algorithmic approach. Mod Pathol. 2020;33(7):1307-
1317.

Gammon B, Beilfuss B, Guitart J, Gerami P. Enhanced detection of
spitzoid melanomas using fluorescence in situ hybridization with
9p21 as an adjunctive probe. Am J Surg Pathol. 2012;36(1):81-88.
Gerami P, Li G, Pouryazdanparast P, et al. A highly specific and dis-
criminatory FISH assay for distinguishing between benign and malig-
nant melanocytic neoplasms. Am J Surg Pathol. 2012;36(6):808-817.
Gerami P, Scolyer RA, Xu X, et al. Risk assessment for atypical spit-
zoid melanocytic neoplasms using FISH to identify chromosomal copy
number aberrations. Am J Surg Pathol. 2013;37(5):676-684.

North JP, Vetto JT, Murali R, White KP, White CR, Bastian BC.
Assessment of copy number status of chromosomes 6 and 11 by
FISH provides independent prognostic information in primary mela-
noma. Am J Surg Pathol. 2011;35(8):1146-1150.

Bastian BC, LeBoit PE, Pinkel D. Mutations and copy number increase
of HRAS in Spitz nevi with distinctive histopathological features.
Am J Pathol. 2000;157(3):967-972.

Wiesner T, He J, Yelensky R, et al. Kinase fusions are frequent in Spitz
tumours and spitzoid melanomas. Nat Commun. 2014;5:3116.

Yeh |, Botton T, Talevich E, et al. Activating MET kinase
rearrangements in melanoma and Spitz tumours. Nat Commun. 2015;
6:7174.

Yeh |, Tee MK, Botton T, et al. NTRK3 kinase fusions in Spitz
tumours. J Pathol. 2016;240(3):282-290.


https://orcid.org/0000-0001-7645-631X
https://orcid.org/0000-0001-7645-631X
https://orcid.org/0000-0002-2278-5908
https://orcid.org/0000-0002-2278-5908
https://orcid.org/0000-0003-0629-775X
https://orcid.org/0000-0003-0629-775X

MCAFEE ET AL.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wang L, Busam KJ, Benayed R, et al. Identification of NTRK3 fusions
in childhood melanocytic neoplasms. J Mol Diagn. 2017;19(3):
387-396.

Lezcano CM, Yeh |, Eslamdoost N, et al. Expanding the spectrum of
microscopic and cytogenetic findings associated with Spitz tumors
with 11p gains. Am J Surg Pathol. 2021;45(2):277-285.

van Engen-van Grunsven ACH, van Dijk MCRF, Ruiter DJ, Klaasen A,
Mooi WJ, Blokx WAM. HRAS-mutated Spitz tumors: a subtype of
Spitz tumors with distinct features. Am J Surg Pathol. 2010;34(10):
1436-1441.

Turner DJ, Zirvi MA, Barany F, Elenitsas R, Seykora J. Detection of
the BRAF V600E mutation in melanocytic lesions using the ligase
detection reaction. J Cutan Pathol. 2005;32(5):334-339.

Mihic-Probst D, Perren A, Schmid S, Saremaslani P, Komminoth P,
Heitz PU. Absence of BRAF gene mutations differentiates Spitz nevi
from malignant melanoma. Anticancer Res. 2004;24(4):2415-2418.
Palmedo G, Hantschke M, Ritten A, et al. The T1796A mutation of
the BRAF gene is absent in Spitz nevi. J Cutan Pathol. 2004;31(3):
266-270.

Takata M, Lin J, Takayanagi S, et al. Genetic and epigenetic alterations
in the differential diagnosis of malignant melanoma and spitzoid
lesion. Br J Dermatol. 2007;156(6):1287-1294.

Fullen DR, Poynter JN, Lowe L, et al. BRAF and NRAS mutations in
spitzoid melanocytic lesions. Mod Pathol. 2006;19(10):1324-1332.
Gill M, Cohen J, Renwick N, Mones JM, Silvers DN, Celebi JT. Genetic
similarities between Spitz nevus and spitzoid melanoma in children.
Cancer. 2004;101(11):2636-2640.

Yeh |, von Deimling A, Bastian BC. Clonal BRAF mutations in melano-
cytic nevi and initiating role of BRAF in melanocytic neoplasia. J Natl
Cancer Inst. 2013;105(12):917-919.

Pollock PM, Harper UL, Hansen KS, et al. High frequency of BRAF
mutations in nevi. Nat Genet. 2003;33(1):19-20.

La Porta CAM, Cardano R, Facchetti F, et al. BRAF V599E mutation
occurs in Spitz and Reed naevi. J Eur Acad Dermatol Venereol. 2006;
20(9):1164-1165.

Emley A, Yang S, Wajapeyee N, Green MR, Mahalingam M. Onco-
genic BRAF and the tumor suppressor IGFBP7 in the genesis of atypi-
cal spitzoid nevomelanocytic proliferations. J Cutan Pathol. 2010;
37(3):344-349.

Raghavan SS, Peternel S, Mully TW, et al. Spitz melanoma is a
distinct subset of spitzoid melanoma. Mod Pathol. 2020;33(6):1122-
1134,

Quan VL, Zhang B, Mohan LS, et al. Activating structural alterations
in MAPK genes are distinct genetic drivers in a unique subgroup of
spitzoid neoplasms. Am J Surg Pathol. 2019;43(4):538-548.

Lazova R, Pornputtapong N, Halaban R, et al. Spitz nevi and spitzoid
melanomas: exome sequencing and comparison with conventional
melanocytic nevi and melanomas. Mod Pathol. 2017;30(5):640-649.
Wu G, Barnhill RL, Lee S, et al. The landscape of fusion transcripts in
spitzoid melanoma and biologically indeterminate spitzoid tumors by
RNA sequencing. Mod Pathol. 2016;29(4):359-369.

Zarabi SK, Azzato EM, Tu ZJ, et al. Targeted next generation sequenc-
ing (NGS) to classify melanocytic neoplasms. J Cutan Pathol. 2020;
47(8):691-704.

Quan VL, Zhang B, Zhang Y, et al. Integrating next-generation
sequencing with morphology improves prognostic and biologic classi-
fication of Spitz neoplasms. J Invest Dermatol. 2020;140(8):1599-
1608.

Cooley LD, Lebo M, Li MM, Slovak ML, Wolff DJ, Working Group of
the American College of Medical Genetics and Genomics (ACMG)
Laboratory Quality Assurance Committee. American College of Medi-
cal Genetics and Genomics technical standards and guidelines: micro-
array analysis for chromosome abnormalities in neoplastic disorders.
Genet Med. 2013;15(6):484-494.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Cice RISt

Lott JP, Wititsuwannakul J, Lee JJ, et al. Clinical characteristics associ-
ated with Spitz nevi and spitzoid malignant melanomas: the Yale Uni-
versity spitzoid neoplasm repository experience, 1991 to 2008. J Am
Acad Dermatol. 2014;71(6):1077-1082.

Spatz A, Calonje E, Handfield-Jones S, Barnhill RL. Spitz tumors in
children: a grading system for risk stratification. Arch Dermatol. 1999;
135(3):282-285.

Lang UE, Torres R, Cheung C, et al. Ciliation index is a useful diagnos-
tic tool in challenging spitzoid melanocytic neoplasms. J Invest Derma-
tol. 2020;140(7):1401-1409.

Vergier B, Prochazkova-Carlotti M, de la Fouchardiére A, et al. Fluo-
rescence in situ hybridization, a diagnostic aid in ambiguous melano-
cytic tumors: European study of 113 cases. Mod Pathol. 2011;24(5):
613-623.

Zembowicz A, Yang SE, Kafanas A, Lyle SR. Correlation between his-
tologic assessment and fluorescence in situ hybridization using Mela-
noSITE in evaluation of histologically ambiguous melanocytic lesions.
Arch Pathol Lab Med. 2012;136(12):1571-1579.

North JP, Garrido MC, Kolaitis NA, LeBoit PE, McCalmont TH,
Bastian BC. Fluorescence in situ hybridization as an ancillary tool in
the diagnosis of ambiguous melanocytic neoplasms: a review of
804 cases. Am J Surg Pathol. 2014;38(6):824-831.

Massi D, Cesinaro AM, Tomasini C, et al. Atypical spitzoid melanocy-
tic tumors: a morphological, mutational, and FISH analysis. J Am Acad
Dermatol. 2011;64(5):919-935.

Gassenmaier M, Soltanpour N, Held L, et al. Diagnostic and prognos-
tic classification of atypical spitzoid tumours based on histology and
genomic aberrations: a prospective cohort study with long-term
follow-up. Eur J Cancer. 2022;163:200-210.

Raskin L, Ludgate M, lyer RK, et al. Copy number variations and clini-
cal outcome in atypical Spitz tumors. Am J Surg Pathol. 2011;35(2):
243-252.

Al Dhaybi R, Agoumi M, Gagné |, McCuaig C, Powell J, Kokta V.
p1é6 expression: a marker of differentiation between childhood malig-
nant melanomas and Spitz nevi. J Am Acad Dermatol. 2011;65(2):
357-363.

Grafstrom E, Egyhazi S, Ringborg U, Hansson J, Platz A. Biallelic
deletions in INK4 in cutaneous melanoma are common and
associated with decreased survival. Clin Cancer Res. 2005;11(8):2991-
2997.

Cancer Genome Atlas Network. Genomic classification of cutaneous
melanoma. Cell. 2015;161(7):1681-1696.

Straume O, Smeds J, Kumar R, Hemminki K, Akslen LA. Significant
impact of promoter hypermethylation and the 540 C>T polymor-
phism of CDKN2A in cutaneous melanoma of the vertical growth
phase. Am J Pathol. 2002;161(1):229-237.

Jonsson A, Tuominen R, Grafstrom E, Hansson J, Egyhazi S.
High frequency of p16(INK4A) promoter methylation in NRAS-
mutated cutaneous melanoma. J Invest Dermatol. 2010;130(12):2809-
2817.

Maccioni L, Rachakonda PS, Bermejo JL, et al. Variants at the 9p21
locus and melanoma risk. BMC Cancer. 2013;13:325.

Wang L, Rao M, Fang Y, et al. A genome-wide high-resolution
array-CGH analysis of cutaneous melanoma and comparison of array-
CGH to FISH in diagnostic evaluation. J Mol Diagn. 2013;15(5):
581-591.

Carter MD, Durham AB, Miedema JR, et al. Molecular testing of bor-
derline cutaneous melanocytic lesions: SNP array is more sensitive
and specific than FISH. Hum Pathol. 2019;86:115-123.

Curtin JA, Fridlyand J, Kageshita T, et al. Distinct sets of genetic alter-
ations in melanoma. N Engl J Med. 2005;353(20):2135-2147.

Jansen B, Hansen D, Moy R, Hanhan M, Yao Z. Gene expression anal-
ysis differentiates melanomas from Spitz nevi. J Drugs Dermatol.
2018;17(5):574-576.



o L wicey- S

MCAFEE €T AL.

77. Gradecki SE, Slingluff CL, Gru AA. PRAME expression in 155 cases of
metastatic melanoma. J Cutan Pathol. 2021;48(4):479-485.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.
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