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In brief

Large congenital nevi, or highly
pigmented regions of skin, can present
major cosmetic and psychosocial issues
and have a significant chance of turning
into malignant melanoma. However,
current treatment methods provide only
partial removal and can lead to scarring.
Here, congenital nevus mouse models
were developed and used to identify
topical therapies that were highly
effective at clearing nevi and protecting
against melanoma formation.

¢? CellPress


mailto:dfisher3@mgh.harvard.edu
https://doi.org/10.1016/j.cell.2022.04.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2022.04.025&domain=pdf

Cell

¢? CellPress

Topical therapy for regression
and melanoma prevention
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SUMMARY

Giant congenital melanocytic nevi are NRAS-driven proliferations that may cover up to 80% of the body sur-
face. Their most dangerous consequence is progression to melanoma. This risk often triggers preemptive
extensive surgical excisions in childhood, producing severe lifelong challenges. We have presented preclin-
ical models, including multiple genetically engineered mice and xenografted human lesions, which enabled
testing locally applied pharmacologic agents to avoid surgery. The murine models permitted the identifica-
tion of proliferative versus senescent nevus phases and treatments targeting both. These nevi recapitulated
the histologic and molecular features of human giant congenital nevi, including the risk of melanoma
transformation. Cutaneously delivered MEK, PI3K, and c-KIT inhibitors or proinflammatory squaric acid dibu-
tylester (SADBE) achieved major regressions. SADBE triggered innate immunity that ablated detectable ne-
vocytes, fully prevented melanoma, and regressed human giant nevus xenografts. These findings reveal
nevus mechanistic vulnerabilities and suggest opportunities for topical interventions that may alter the
therapeutic options for children with congenital giant nevi.

INTRODUCTION melanocytic nevi include weakened skin integrity within the le-

sions as well as major cosmetic and psychosocial ramifications

Congenital melanocytic nevi are benign proliferations of nevo-
melanocytes that are present at birth. Large or giant congenital
nevi occur in approximately 1 in 20,000 births (Chien et al.,
2010; Hashmi et al., 2009). The estimated rates of conversion
from benign nevus to malignant melanoma are approximately
2% and 12% in patients with large and giant congenital nevi,
respectively (Bett, 2005; Kinsler et al., 2009; Vourc’h-Jourdain
et al., 2013; Zaal et al., 2005). Other side effects of congenital

due to their appearance (Koot et al., 2000; Price and Schaffer,
2010; Tromberg et al., 2005).

The current available treatments for patients with congenital
melanocytic nevi include surgical excision, dermatome shaving,
pigment-specific laser, and others (Ibrahimi et al., 2012; Viana
et al., 2013). However, removal of a complete lesion by these ap-
proaches is often impossible. The development of alternative
therapies that avoid the shortcomings of the current treatments
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(such as extensive scarring) while minimizing the lifetime risk of
melanoma is needed.

Activating NRAS mutations are the sole recurrent somatic mu-
tation found in up to 80%-95% of large and giant congenital nevi
(Bauer et al., 2007). The majority of NRAS mutations are Q61K or
Q61R amino acid substitutions, resulting in a constitutively
active NRAS protein (Bauer et al., 2007; Charbel et al., 2014;
Kinsler et al., 2013). Shakhova and colleagues (Shakhova
et al., 2012) demonstrated that transgenic mutant Nras targeting
melanocytes via the tyrosinase promoter can cause Sox10-
dependent giant congenital nevi in mice, in agreement with
several groups who used tyr::Nras models to demonstrate and
study nevi or progression to melanoma (Ackermann et al.,
2005; Pawlikowski et al., 2015; Shakhova et al., 2012).

In this study, we describe the development and characteriza-
tion of murine congenital nevus models that accurately recapit-
ulate key features of human giant congenital nevi, including
risk of progression to invasive melanoma. We utilized these pre-
clinical models to test a collection of localized drug treatments
and observed that MEK (mitogen-activated kinase)-targeted
local therapies exhibit regressive activity. We additionally
observed a profound clearance of the lesions following topical
squaric acid dibutyl ester (SADBE)-based immunotherapy, an
approach that also offered 100% protection against melanoma
formation within treated skin of prospectively followed mice.
The activity of SADBE was shown to be mediated by macro-
phages. Therefore, it was possible to confirm SADBE efficacy
in xenografts of human resected giant nevi established in immu-
nodeficient (SHO) mice that retain macrophage function. These
data suggest that an immune-based approach that utilizes
topical SADBE may hold therapeutic potential for human giant
congenital nevi.

RESULTS

Melanocyte-specific Nras?¢’R-driven congenital nevus
models recapitulate genetic and phenotypic features of
human giant congenital nevi

We generated and then characterized both constitutive and
inducible murine giant congenital nevus models and compared
their features with those of corresponding human lesions. Mela-
nocyte-specific Nras?’® mutant mice were generated by
crossing lox-stop-lox (LSL)-Nras?®’® knockin mice (Burd et al.,
2014) with transgenic mice expressing homozygous Cre recom-
binase under the control of melanocyte-specific promoters,
including dopachrome tautomerase (Dct) and tyrosinase (Tyr).
Newborn mice harboring the Dct-Cre-mediated Nras®®"" muta-
tion displayed cutaneous hyperpigmentation and retained their
congenital pigmented lesions throughout life, without sponta-
neous regression (Figures 1A and S1A). Abundant ectopic
dermal melanin was detected in mutant skin (Figures 1B and
S1B), and the melanin producing dermal melanocytes stained
positively for the Nras®®"" mutation (Figure S1C). Melanocytic
markers, such as S100, SOX10, MITF (microphthalmia associ-
ated transcription factor), and phospho-ERK (extracellular
signal-regulated kinase), were also present within dermal nevus
cells (Figures 1C, 1D, and S1D-S1F). When lesions from Nras
mutant mice were juxtaposed with human giant congenital nevi
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(e.g., Figures 1G and S2), multiple comparable histologic fea-
tures were detected. Similar to the human giant congenital
nevi, the mutant mouse nevi were adjacent to adnexal structures
while sparing other structures, distributed within papillary and
reticular dermis extending into superficial subcutaneous fat,
and combined with variably pigmented spindle-shaped nevus
cells. In addition, superficial aggregates of nevus cells formed
nests and penetrated along collagen bundles parallel to the
long axis of the epidermis.

In order to assess proliferative vs senescent phases of
nevus development, melanocyte-specific expression of inducible
Nras®"F mutation was activated by topical 4-hydroxytamoxifen
(tamoxifen) treatment in neonatal offspring of LSL-Nras@'?
knockin mice crossed with tamoxifen-inducible Tyr-CreER™
mice. 2 weeks after induction, skin hyperpigmentation was
observed, driven by ectopic dermal melanocytes that developed
in tamoxifen-treated areas of skin (Figures 1E, 1F, S1G, and S1H).
We also generated mice by using constitutive Tyr-Cre-mediated
Nras@'F expression. The combination of these alleles was lethal
in most offspring. In addition to skin hyperpigmentation, the few
surviving Tyr-Cre Nras®"? mutants displayed hydrocephalus
(Figure S1l) and other neurologic abnormalities, such as neurocu-
taneous melanosis, (Figures S1J-S1N) which are in line with
similar murine and human Nras mutations expressed in mice
and in children (Kinsler et al., 2013; Pedersen et al., 2013; Shah,
2010; Shakhova et al., 2012).

Nras?°"R mutation-driven congenital nevi exhibit
proliferative and senescent phases

Since the therapeutic efficacies of various treatments may
depend on whether nevus cells are proliferating or arrested/se-
nescent, we quantified the proportion of dermal melanocytic
cells in Dct-Cre Nras®®'" mice, at various time points relative
to date of birth, measuring proliferative and senescence
markers. The results indicated that neonatal nevus cells are
negative for p16'™“2 (Figure 2A) and positive for Ki67 (Figure 2B),
consistent with a proliferative phase. In contrast, adult nevus
cells are positive for p16"2 (Figure 2C), but not Ki67 (Figure 2D),
consistent with growth arrest and senescence (Gray-Schopfer
et al., 2006; Tran et al., 2012). Quantification of these data re-
vealed that Nras®®"" mutation-driven congenital nevi are initially
proliferative and become senescent over approximately 3 weeks
(Figure 2E, note left and right y axes), a feature that has also been
observed in humans (Gerami and Paller, 2013; Leech et al., 2004;
Phadke et al., 2011).

Nras@°"R. driven nevi transform into invasive melanoma
Human giant congenital nevi carry a significant risk of melano-
magenesis (Bajaj et al., 2009; Krengel et al., 2006; Shah, 2010).
We, therefore, assessed the risk of melanoma development in
our Nras®'® mutation-driven murine nevus models. Tumor-
free survival curves for Nras mutant animals displayed significant
rates of melanoma formation in Dct-Cre Nras®’® mice (Fig-
ure 3A) and Tyr-CreER™ Nras®®’® mice (Figure 3B) compared
with control mice. In humans, melanomas derived from giant
congenital nevi are typically heterozygous for mutant NRAS
(Kinsler et al., 2013; Price, 2016). Consistent with this, we
observed significant latency and sporadic frequency of
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mutant mice recapitulate histologic and molecular features of human giant congenital melano-

B) Melanin of adult Dct-Cre Nras®®'" mice was detected by Fontana-Masson staining.
C and D) Immunostains. Paraffin sections were immunostained for S100 (C, green), SOX10 (C, red), or p-ERK (D, red).
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(

(G) The clinical appearance of a human giant congenital nevus.

mice.
mice was detected by Fontana-Masson staining.

White arrow in (C) indicates normal signal in hair follicle. Yellow arrows in (C) indicate ectopic signals in the dermis of nevus skin. Blue arrows in (D) indicate positive

signals.
See also Figures S1 and S2.

spontaneous melanoma formation in Nras®®""/* heterozygous
mice activated by either constitutive (Dct-Cre) or inducible
(Tyr-CreER™) Cre alleles (Figures 3A and 3B, red lines), thus
resembling another feature of human giant congenital nevi.
Two copies of Nras®®'? produced melanoma transformation
with a shorter latency and a higher penetrance in both the consti-
tutive (Dct-Cre) and inducible (Tyr-CreER™) backgrounds
(Figures 3A and 3B, green lines). Furthermore, we found that
Dct-Cre Nras®'" mutation-driven melanomas were positive
for melanocytic markers, including S100, SOX10 (Figure 3C),
and MITF (Figure 3H), and were highly proliferative (Figure 3D).
The activating Nras®®'R epitope was found in both models
(Figures 3E and 3l), and 3 of 3 melanomas arising on heterozy-
gous Nras®®'® mice retained the wild-type Nras allele (Figure S3).
The activation of MEK/ERK signaling in Dct-Cre Nras@®’F nevus-
derived melanomas was confirmed by immunofluorescence
(Figures 3F and 3G). Dct-Cre Nras®®’® mutation-driven murine
melanomas (Figures 3L-3N) also showed similar histologic fea-

tures when compared with those of human melanomas
(Figures 3J and 3K).

RNA sequencing (RNA-seq) was performed on nevi containing
pinna and tumors from Dct-Cre Nras®’™* and Tyr-CreER™
Nras9"7/Q87R mice and compared with normal pinna. Pigmenta-
tion/melanocytic genes were somewhat upregulated with larger
upregulation in homozygous Nras@"®Q6'R neyi (Figure S4A),
likely reflecting the relative mixture of nevus cells within other
skin cells. Previously published human CMN (congenital melano-
cytic naevus) expression data (Martins da Silva et al., 2019)
showed heterogeneous expression patterns with some showing
only weak melanocytic genes (e.g., MITF, SOX10), whereas
others showing higher melanocytic genes expression (Fig-
ure S4B). In addition, there is evidence of upregulated inter-
feron-o. response as well as G2M checkpoint in the
mouse CMN models compared with normal skin (Figure S4C).
Upregulated transcription factors, such as hematopoietic factor
Gfilb (fold change = 33.3, g value < 3.7 x 1079), regulatory
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Figure 2. Nras®®'® mutation-driven congenital nevi are initially proliferative and subsequently become senescent

(A-D) (A and B) Representative images of proliferative nevi. (C and D) Representative images of senescent nevi. Paraffin sections were immunostained for p16'™4a
(A and C, red), MelanA/MART1 (A and C, green), Ki67 (B and D, red), or DCT (B and D, green). Yellow arrows indicate double-positive cells, and white arrows
indicate single-positive cells.

(E) Dorsal skin samples from Dct-Cre Nras' mutant mice were harvested at the ages indicated. Samples from three mice of each age group, with five to
ten of nonadjacent samples per mouse, were quantified. Nevus cell proliferation and senescence were measured by immunofluorescence staining for Ki67 and
p16"*4a respectively. Quantification of the above staining revealed a statistically significant decrease in proliferative nevus cell between 10 and 20 days of age (E,
red). The percentage of senescent nevus cells gradually increases between age groups until mice reach approximately 1 month of age (E, blue). Red- and blue-
colored dots indicate mean percentages of nevus cells that are proliferative (left y axis) or senescent (right y axis), respectively. The bars represent the standard

Q671R/Q61R

error of the mean (SEM). p values were calculated using one-way ANOVA with Tukey’s multiple comparison test (***p < 0.0001).

T cell-specific factor Foxp3 (fold change = 3.7, g value < x 1.5
1072), and lymphoid specific transcription factor Spi-b (fold
change = 3.0, q value < 4.5 x 10~2) also indicate immune infiltra-
tion in heterozygous nevi. Gfi and Foxp3 are included among the
top 20 LISA (epigenetic Landscape in silico Sequence Analysis)-
predicted TF (transcription factor) regulators of the differentially
expressed genes, along with other immune-related factors,
Stat1, Stat3, Runx1, Irf4, RelA, and Tbx21 (Figure S4D). In tu-
mors, both models exhibited heterogeneity in expression pat-
terns, likely reflecting variable second genetic events that fol-
lowed the initiating Nras?®’" genomic event. Ngfr and Sox10
were upregulated in Dct-Cre Nras®®"™* tumors (Figure S4E).
Interestingly, Sox9 was downregulated in tumors from both
models, similar to SOX9 in human melanoma (Yang et al.,
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2019). The interferon-o response was upregulated in the mouse
tumors (Figure S4F). Human CMN samples (Martins da Silva
et al., 2019) expressed a number of pathways in common with
the murine CMNSs, including upregulated interferon-o and down-
regulated oxidative phosphorylation and adipogenesis (Fig-
ure S4G). We therefore utilized these murine models of Nras®"F-
mutation-driven melanocytic nevi in subsequent experiments to
preclinically evaluate therapeutic strategies to regress nevi and
prevent progression to melanoma.

Q61R mutation-

Signaling inhibitors can regress Nras
driven melanocytic nevi
We hypothesized that MAPK or PI3K pathway inhibitors (either

alone or in combination) may lead to regression of Nras®'?
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Figure 3. Melanocyte-specific Nras®¢'?

human melanoma

(A) Dct-Cre Nras@6"7/Q67R mutant (green, n = 35), Dct-Cre Nras@®"™* mutant (red, n = 34), and Dct-Cre control (blue, n = 32) mice were examined to compare the
incidence of Nras®®'® mutation-driven melanoma formation. Survival curves were plotted using the Kaplan-Meier method and analyzed by the log rank test. The
tumor-free survival rates were significantly different between the control and Dct-Cre Nras@7/26"% groups (p < 0.0001) and between the control and Dct-Cre
Nras®""+ groups (p < 0.0001).

(B) The incidence of Nras®®"F mutation-driven melanomas was measured in tamoxifen-induced Tyr-CreER™ Nras mutant (green, n = 22), Tyr-CreER™
Nras®""+ mutant (red, n = 23), and Tyr-CreER'? control (blue, n = 20) mice. Statistical significance was defined as p < 0.05.

(C-G) Dct-Cre Nras®®"F tumor sections were immunostained for $100 (C, green), SOX10 (C, red), PCNA (D, green), Ki67 (D, red), Nras®®'® (E, brown), p-MEK
(F, brown), or p-ERK (G, brown).

(H) Melanocytic markers, including S100, SOX10, MITF, MelanA/MART-1, and HMB45, were assessed by immunostaining in Dct-Cre Nras@'F tumor samples,
and the percentage of positive samples for each marker was calculated.

(1) Tyr-CreER™ Nras?’" tumor samples were examined using an antibody against Nras -positive samples was calculated.
(J-N) (J and K) H&E stained histological images of human melanomas. (L-N) H&E stained histological images of Nras mutation-driven murine melanomas.
Histologic images at low and high magnifications are shown (J and L, 20x) (K and M, 400x; N, 100x). The infiltrate of human primary malignant melanomas
replaces the entire dermis as a sheet, punctuated by nidi of inflammation (J, yellow arrows). The nuclear-to-cytoplasmic ratios, hyperchromatic nuclei, and
sometimes multiple nucleoli are shown (K, yellow arrow). The atypical mitotic figure is visible (K, green arrow). The infiltration of murine melanoma can be
observed in the ear as a sheet of tumor cells, encircling the cartilage (L, yellow arrow). Severe pleomorphism of the murine melanoma cells, with large nuclear-to-
cytoplasmic ratios, hyperchromatic nuclei, and intranuclear vacuoles (M, yellow arrow), and mitotic activity, (M, green arrows) is observed. The murine melanoma
abuts the epidermis, with no grenz zone (N, yellow arrow), and invades the hair follicle adventitia (N, orange arrow). The extravasation of red blood cells (N, red
arrow), a common finding in human melanoma, is also detected.

See also Figures S3 and S4.

activating mutation in mice results in high incidence of melanoma with shared histologic features of

Q61R/Q61R

Q51R and the percentage of Nras@’%

Q671R
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Figure 4. Local therapy with small molecule inhibitors of the NRAS signaling pathway regress Nras®"%_driven melanocytic nevi

(A-F) Nras®®'R mutation-driven nevi were induced in Tyr-CreER™ LSL-Nras?’" newborn mice with tamoxifen over the first postnatal week, and 2 months later,
local treatments of senescent nevi were initiated with MEK and/or PI3K inhibitors or DMSO vehicle control. Trametinib (A-C, 0.1 pg/uL) or omipalisib (D-F,
0.03 ug/pl) was subcutaneously injected into the pigmented paws of tamoxifen-induced Tyr-CreER™ Nras?®"%/* heterozygous mutants in 10 uL of 10% DMSO,
three times per week for 2 weeks. Paws were visualized 187 days after treatment with trametinib (A) or 146 days after treatment with omipalisib (D). Melanin (B and

E, blue arrows) was detected by Fontana-Masson staining. Tissue sections were stained for MelanA/MART1 (C and F). White arrows (in C and F) indicate dermal
melanin detected by bright-field microscopy.

(legend continued on next page)
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mutation-driven giant congenital nevi, as evidence supporting
this for MEK inhibitors has been previously reported (Kinsler
et al.,, 2017; Mir et al., 2019; Pawlikowski et al., 2015; Rouillé
et al., 2019). We tested MEK and/or PI3K inhibitors applied as
direct intralesional injection into paws (skin is thicker) or topical
application to ears (Table S1). Local administration of these
agents to 2-month-old tamoxifen-induced Tyr-CreER™ Nras®'?
mice led to a significant loss of nevus cells and hypopigmenta-
tion (Figures 4 and S5). In topical single-drug therapies, the
MEK inhibitor, binimetinib, induced clear hypopigmentation (Fig-
ure S5B), and the PI3K inhibitor, omipalisib, caused moderate
hypopigmentation in the dermis (Figure S5C). Subcutaneous in-
jection of the MEK inhibitors, such as trametinib (Figures 4A
and 4B) and binimetinib (Figures S5A and S5B), or of the PI3K
inhibitor, omipalisib (Figures 4D, 4E, and S5C), resulted in
hypopigmentation and almost complete loss of melanocytes
(Figures 4C and 4F), compared with untreated control (Fig-
ure 4G). These data suggest that localized treatment of postse-
nescent nevi with inhibitors targeting kinases downstream of
RAS may cause the selective loss of nevus cells, albeit not
necessarily complete ablation. Drukker et al. showed activated
AKT pathway activity in giant nevi (Drukker et al., 2013). We
therefore tested various kinase-targeting combinations. When
applied to right ear skin and compared with contralateral ears
treated with vehicle control, we observed that topical combina-
tions of trametinib and omipalisib (Figures 4G, 4l, and 4K) or bi-
nimetinib and omipalisib (Figures 4H, 4J, and 4L) led to strong
melanocyte regression and dramatic depigmentation, demon-
strating that the effects were localized and not systemic. MEK-
or PI3K-targeted local therapies alone or in combination may
thus regress Nras®®""-driven nevi. The c-KIT inhibitor, imatinib,
has inhibitory effects on human melanocytes and infrequently
causes skin hypopigmentation (Cerchione et al., 2009; Heme-
sath et al., 1998; Nishimura et al., 2002; Tsao et al., 2003;
Wehrle-Haller, 2003; Wu et al., 2000; Yoshida et al., 2001). We
found that single-drug treatment with imatinib resulted in
measurable depigmentation (Figure S5K). Moreover, a topical
combination of binimetinib with imatinib led to more profound
melanocyte regressions (Figures S5F and S5G) and depigmenta-
tion (Figures S5D and S5E). This combination induced immune
responses (Figures S5H-S5J), as evident by the increased in-
flammatory cell recruitment (CD11c+, CD163+, and CD16+) to
treated lesions.

Topical squaric acid dibutylester induces local
inflammation and nevus cell destruction

We chose to test the efficacy of haptens, as these are low mo-
lecular weight chemicals that become antigenic when bound to

¢? CellPress

a carrier molecule and consequently elicit a well-known “con-
tact hypersensitivity”-like response (Chipinda et al., 2011;
Vocanson et al., 2009). To determine whether topical hapten-
based immunotherapy is capable of regressing congenital
nevi, we tested SADBE, as a single-agent topical immuno-
therapy. SADBE was chosen for this study because it is already
clinically used by dermatologists as a topical agent for alopecia
areata and warts and because it has been described to induce
hypopigmentation or vitiligo (Sakai et al., 2020; Silverberg et al.,
2000; Valsecchi et al., 1989). 2 months after tamoxifen induc-
tion of nevi in ear skin of Tyr-CreER™ Nras®’® neonatal
mice, the Nras®'" mutation-driven nevus mice were sensitized
by applying 2% SADBE to the right side of the shaved
abdomen. Subsequent treatment of the right ear with topical
1.5% SADBE occurred three times over the following week.
This short-term single-agent therapy resulted in major regres-
sion of congenital nevi (Figure 5A). We next tested the efficacy
of SADBE single agent on both senescent and proliferative gi-
ant congenital nevi in dorsal skin of Dct-Cre Nras?®'F-mutant
mice as depicted in Figures 5B and 5G, respectively. When se-
nescent nevus lesions were treated with SADBE beginning at
2 months of age, we observed skin depigmentation in areas
treated with SADBE (Figures 5C and 5F). This regression was
confirmed by the disappearance of both melanocytes and
melanin (Figures 5D and 5E). To study susceptibility of prolifer-
ative nevi, SADBE treatments were initiated within a week of
birth as depicted in Figure 5G, prior to the loss of proliferative
nevus features (Figure 2E). Nevus regression was again noted
(Figure 5H, lower panel red arrow) as well as subsequent leuko-
trichia (white hair) in SADBE-treated areas (Figure 5H, upper
panel red arrow). In contrast, melanocytic nevi remained in
areas treated with vehicle control (Figure 5H, purple arrows).
Disappearance of both melanocytes and melanin was verified
in treated lesions (Figures 51 and 5J).

Topical squaric acid dibutylester regression of nevi
involves recruitment and M1-like polarization of
macrophages

In order to assess immune cell requirements for the SADBE-
dependent regression of nevi, depletion of specific immune
populations was performed on 2-month-old Dct-Cre Nras@¢’?
mice through IP injection of monoclonal antibodies directed at
distinct immune lineages. Skin Melan-A-positive nevus cells
were quantified after SADBE treatment and compared with
vehicle control (Figure 6A). Depletion of macrophages via
anti-F4/80 significantly inhibited the ability of SADBE to clear
melan-A-positive cells; however, depletion of CD4+ T cells,
NK1.1+ NK cells CD8+ T cells, and CD19+ B cells did not

(G) Representative image of melanin detected by Fontana-Masson staining of nontreated tamoxifen-induced Tyr-CreER™ Nras'

2 weeks after tamoxifen induction.

Q6TR/+ mice from postnatal day 16,

(H-M) Topical combinatorial therapies. Topical combinatorial therapies with the PI3K inhibitor, omipalisib (10 ug/uL), plus the MEK inhibitor, trametinib (H, J, and
L, 2 pg/ul) or binimetinib (I, K, and M, 10 ug/uL), were applied to the pigmented ears of tamoxifen-induced Tyr-CreER™ Nras@""/25"R_mytant mice. All topical
agents were administered in 5 uL. DMSO, five times per week for 3 weeks (“Trametinib+Omipalisib” and their vehicle control treatments) or for 6 weeks
(“Binimetinib+Omipalisib” and their vehicle control treatments). Ear skin tissues were harvested 1 month after the final drug treatment, and nevus regression was
examined. Images were obtained with a stereomicroscope, and the dark brown particles indicate melanin (H and I). Tissue sections were stained for MelanA/
MART1 (J and K, green). Yellow arrows indicate positive signals. Dermal melanin detected by bright-field microscopy is shown (L and M, black). We used
five mice per treatment group, and representative images are shown.

See also Figure S5.
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Figure 5. Single-agent local immunotherapy with topical SADBE results in significant regression of both neonatal proliferative and postnatal

senescent congenital nevi

Q671R/Q61R

(A) SADBE (1.5%, topical) was applied to the pigmented right ears of tamoxifen-induced Tyr-CreER'® Nras mutant mice 2 months after tamoxifen in-
duction, whereas the pigmented left ears of the same animals were treated with acetone vehicle. Ear tissue images were obtained with a stereomicroscope, and
dark brown particles indicate melanin.

(B-J) (B) Treatment scheme of adult Dct-Cre Nras@¢"" 2677 Single-drug local therapy with 1.5% SADBE was administered topically to the right back. Acetone
was applied topically to the left back of each SADBE-treated mouse as a vehicle control. All treatments were carried out three times per week (every other day),
and the treated skin tissues were harvested 1 month after the first treatment to assess regression of melanocytic nevi (C and F). Tissue sections were immuno-
stained for MelanA/MART1 (D and I). Melanin (black) detected by bright-field microscopy is shown in (E) and (J). (G) Treatment scheme of neonatal Dct-Cre
Nras@¢"R/@1R mice. (H) Representative images of treated Dct-Cre Nras®®"# "R mice unshaved (upper panel) and shaved (lower panel) are shown. White hairs
were detectable in treated areas (H, upper panel red arrow). Regression of melanocytic nevi was detectable in treated areas (H, lower panel red arrow). The purple
arrows in (H) indicate unchanged nevi in the nevus lesion treated with acetone vehicle. Yellow-dashed lines in (H) demarcate the region treated with 1.5% SADBE.

Stippled white lines in (D), (E), (I), and (J) separate the epidermis (epi) and hair follicles (HF) from the dermis.

diminish the regression efficacy of SADBE. Depletion of tis-
sue-resident cells (such as macrophages) is typically incom-
plete compared with other hematopoietic lineages, but the
diminished efficacy of SADBE despite incomplete depletion
(Figure 6B) strongly suggests that these cells play a key func-
tional role in nevus clearance. Cells expressing the proinflam-
matory macrophage (M1) marker iNOS (inducible nitric oxide
synthase) were also strongly recruited by SADBE (Figure 6B),
as were anti-inflammatory Arg1+ cells (Figure 6C). Further-
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more, CD4+ T cell depletion enhanced macrophage recruit-
ment, with modestly larger increases in proinflammatory
(and decreased anti-inflammatory Arg1+) populations and
slightly higher melanin clearance (Figure 6C). Thus, SADBE
appears to attract both inflammatory and anti-inflammatory
macrophages. To independently assess the effect of SADBE
on the presence of markers for these cell populations, Dct-
Cre Nras®®"" mice were treated with either SADBE or vehicle
control (3 per treatment or control groups) for 72 h, and
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Figure 6. Antibody-mediated depletion of inflammatory cell lineages
(A) Quantification of Melan-A-positive cells per mm? in Dct-Cre Nras®¢'?
NK1.1, anti-CD-8, and anti-CD-19.

(B) Quantification of iNOS positive cells per mm? in Dct-Cre Nras@™?

CellType

in mice and RNA-seq reveal macrophage recruitment by SADBE

mice after immunodepletion by IP injection with 750 ug of anti-F4/80, anti-CD-4, anti-

mice after immunodepletion by IP injection with 750 ng of anti-F4/80 and anti-CD-4.

(C) Arg1 staining (red) of ear skin sections following depletion with anti-CD-4, anti-F4/80, isotype control, and 2% SADBE treatment for 1 week. Yellow arrows
indicate negative signals. Melanin detected by bright-field microscopy is shown in white.

(D) Differential gene expression analysis.
(E) GSEA hallmark pathways analysis.

(F) Heatmap of macrophage marker groups according to macrophage phase.
(G) GO biological processes analysis. Dct-Cre Nras@6"?

mice were treated with SADBE (2%) or vehicle control (acetone) on dorsal skin (3 mice per treatment or

control group). Whole-skin RNA-seq was performed 72 h after treatment. Macrophage-associated genes for MO, M1, and M2 phases were collected from the

hematopoietic gene signature set LM22.

RNA-seq was carried out. Differential gene expression anal-
ysis revealed macrophage-related cytokines among top upre-
gulated genes (Figure 6D). GSEA analysis showed TNFa (tu-
mor necrosis factor a) signaling via NF-«B (nuclear factor
kappa-light-chain-enhancer of activated B cells) as the top
upregulated pathway (Figure 6E). SADBE was shown to highly
induce genes of multiple macrophage subtypes, which
included proinflammatory M1-like polarization genes (Fig-
ure 6F) and GO (gene ontology) biological processes analysis
showed migration and regulation of phagocytosis as enriched
pathways (Figure 6G).

Topical squaric acid dibutylester decreases nevus cell
numbers in human CMN xenografts

These lineage-ablation and expression studies suggested that
SADBE’s clearance of nevus cells was not dependent upon
adaptive immune cell types but rather required macrophage
function. We therefore engrafted human discarded resected
CMN tissue onto immunodeficient SHO mice (which lack adap-
tive immunity but retain at least partial macrophage function)
(Bancroft and Kelly, 1994; Charles River) in order to test re-
sponses to SADBE. Eight human CMN xenografts were thus
generated from a single giant nevus specimen. We utilized the
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Figure 7. SADBE decreases melanocyte numbers in CMN xenografts and prevents melanoma formation in mice
(A) Immunofluorescent staining of CMN tissue xenografts treated with topical application of 1% SADBE or acetone control for 8 months: DAPI (blue) TRP2 (red)

Merged (purple).

(B) Quantification of the percentage of TRP2 positive cells of the total cells in the epidermis.
(C) Immunofluorescent staining of CMN tissue xenografts treated with topical application of 1% SADBE or acetone control for 2 weeks: DAPI (blue) F4/80 (green)

Merged (cyan).
(D) Quantification of F4/80 positive cells as percent of total cells.

(E) Effect of SADBE on melanoma genesis and mouse survival in Dct-Cre Nras®®""+ mice. Mice were sensitized with a 2% SADBE in acetone treatment of the
right side of the shaved abdomen. 3 days later, sensitized mice were treated with 1.5% SADBE over the shaved dorsal (back) skin (treated and untreated controls
indicated by arrows). Treatments with SADBE were carried out every other day (total of three treatments), and tumor formation was monitored. Untreated control
tumor incidences are the same (historical) control Dct-CRE Nras®®’"* mice in Figure 3A. In a population where anatomic location was tracked, dorsal back spe-
cific melanomas occurred in 13 of 21 (61.9%) control mice. See also Figure S6.

epidermal region of the lesion that contained a significant
epidermal nevus component for engraftment, thereby enhancing
vascular supply and immune access. Following a 4-month re-
covery period, the grafts were subjected to biweekly topical
treatment with 1% SADBE (or vehicle control) with dosing guided
by potential sensitivity of the graft, followed by harvesting and
staining for nevus cells using the melanocytic antibody anti-
TRP2 (TRP, transient receptor potential). SADBE treatments in
these xenografted mice led to thickening of the stratum corneum
(superficial dead cell layer of xenografts, Figure S6A), which con-
tained significantly accumulated pigment, thus obscuring under-
lying cellular pigmentation changes. Stratum corneum thick-
ening was not observed in mouse models (above) or in humans
who were treated with SADBE for warts or alopecia areata.
Immunofluorescence staining and automated quantification of
underlying nevus cells (TRP2+) revealed a striking melanocyte
decrease of ~90% (p = 0.03) in human giant nevus xenografts
following SADBE treatment as compared with vehicle controls
(Figures 7A and 7B). To further examine whether SADBE treat-
ments of human-to-mouse xenografts were inducing macro-
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phage recruitment (as in the murine model), specimens from
2 weeks following initiation of topical SADBE treatment were
stained with the macrophage marker F4/80. Figures 7C and 7D
depict the results of F4/80+ immunostaining and its quantifica-
tion and reveal significant recruitment of mouse macrophages
(F4/80+) into the CMN tissue (vehicle 0.21 + 0.03, SADBE
1.01 £ 0.22, p = 0.004). These results corroborate nevus cell re-
gressions within human tissue, showing that SADBE exhibits the
ability to induce macrophage recruitment together with the sig-
nificant clearance of human CMN cells within the murine
SHO model.

SADBE prevents melanoma formation in Nras?¢’® mice
To more stringently test whether SADBE could visually regress
melanocytic nevus cells, regress pigmentation, and also prevent
melanoma formation, we treated a cohort of 29 Dct-Cre
Nras®¢"/* mice with SADBE over dorsal trunk skin and observed
their long-term melanoma incidence for up to 400 days. As
shown in Figure 7E, pretreatment with SADBE fully protected
against melanoma formation within the treated skin (dorsal half
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of the trunk) during the observation period. Importantly, six mel-
anomas did form in the SADBE-treated mice; however, all of
these tumors were in untreated areas of the skin, where depig-
mentation was also not observed (Figure 7E, blue arrow), further
confirming the localized activity of the regressive treatment.
Finally, to determine whether lower doses of SADBE may be
capable of minimizing toxicity while maintaining efficacy at re-
gressing CMN cells in the Dct-Nras®’® model, we tested the
lower dose 0.5% SADBE 3 times per week for 6 total doses
(2 weeks) rather than 1.5% for 3 doses. We observed similar
depigmentation with the lower dose of SADBE (Figure S6B), sug-
gesting that additional dose/schedule options should be pur-
sued before future application of this strategy.

DISCUSSION

We report the development of a collection of engineered murine
models for giant congenital nevi, which permit us to distinguish
proliferative from senescent phases of these lesions. These pre-
clinical models complement previously reported Nras-transgenic
models (Ackermann et al., 2005; Shakhova et al., 2012) and
permitted the identification of multipronged therapeutic
approaches for nonsurgical regression of the lesions and preven-
tion of melanoma formation. These data suggest potentially valu-
able treatment strategies for children with giant congenital nevi
morbidity, which otherwise lack effective nonsurgical therapies.
Along with alleviating the cosmetic and psychosocial effects of
giant congenital melanocytic nevi (Koot et al., 2000; Price and
Schaffer, 2010; Tromberg et al., 2005), a driving purpose of this
study is to diminish the increased melanoma risk arising from
these lesions, as was strongly observed following 1 week (3 treat-
ments) of topical SADBE in our mouse models. It is important to
note that the melanoma risk in patients with CMN is not fully
confined to cutaneous locations, as deeper melanocytic popula-
tions may exist, due to differences in the developmental states in
which the nevus formed (oncogenic mutation). Nonetheless,
cutaneous melanomagenesis is a significant challenge in these
patients and likely contributes importantly to current parental de-
cisions to seek debilitating surgical resections. The plausibility of
exploiting the proinflammatory hapten SADBE is supported by its
active use in several unrelated clinical contexts (Happle et al.,
1980; Micali et al., 2000) as well as anecdotal reports of vitiligo-
like depigmentation in humans, where the agent was used topi-
cally for other indications such as alopecia areata (Sakai et al.,
2020; Valsecchi et al., 1989). Although SADBE achieved melano-
cyte clearance, we emphasize the value in further interrogating ki-
nase-targeting agents that, despite requiring further develop-
ment as local-cutaneous drugs, offer potential advantages of
specific molecular targeting. Mechanistically, melanocyte clear-
ance utilizes recruitment of macrophages into the skin. Other
studies in mice (Feng et al., 2017; Gupta et al., 2006; Zoller
et al., 2004) and a human case report (Herrmann et al., 2004)
have demonstrated macrophage recruitment by haptens sug-
gesting that the macrophage recruitment observed here is un-
likely to be particular to nevi or SADBE. Our RNA-seq data of
SADBE-treated mice revealed multiple macrophage cytokines,
such as CCL2 (Fuentes et al., 1995; Rollins, 1991) and CCL7
(Xuan et al., 2015) as well as the monocyte recruiting chemokine

¢ CellP’ress

CCL8 (Ji et al., 2019) and macrophage differentiating cytokine
CSF (colony stimulating factor)-1 (Jones and Ricardo, 2013),
which may contribute to macrophage recruitment to the treated
area. Furthermore, the TNFa signaling pathway was found to
be highly upregulated after SADBE treatment. TNFa can elevate
cytotoxic activity of macrophages (Salim et al., 2016). Interest-
ingly, TNFa. is also able to affect both the growth and melanogen-
esis of melanocytes (Englaro et al., 1999; Hu et al., 2002). In
addition, increased levels of TNFa were found in vitiligo lesions,
and exposure of melanocytes to TNFa was reported to downre-
gulate MITF-M and induces apoptosis (Singh et al., 2021).
TNFa is produced predominantly by macrophages (Riches
et al., 1996). Therefore, TNFa. induction represents a candidate
mechanism of melanocyte/nevocyte reduction either by
elevating cytotoxic activity of macrophages or by inducing mela-
nocyte apoptosis. Since our GO analysis revealed phagocytosis
as an enriched pathway, this process may participate in nevus
clearance. Our functional data demonstrated that macrophage
depletion impeded SADBE'’s efficacy at nevus regression,
and we believe future studies could further clarify exactly
which macrophage functions contribute to this activity. In our
studies, manipulations favoring proinflammatory macrophages
enhanced melanocyte clearance, suggesting that future strate-
gies to modulate this macrophage population might further refine
the selectivity of the treatment. Interestingly, our LISA analysis
and GSEA pathway analysis revealed many transcription factors
involved in immune system and interferon-a pathway activity to
be highly regulated in both mouse and human CMN. This could
be as a result of the senescent characteristics of the nevi that
can induce the senescence-associated secretory phenotype
(Coppé et al., 2010). Given clinical anecdotes of melanocyte
loss after SADBE in settings independent of CMN, these findings
suggest potential applications for other conditions where mela-
nocyte clearance may be beneficial, such as cases where distinct
driver oncogenes drive melanocytic neoplasia. Collectively, this
study provides preclinical genetically driven and human-en-
grafted congenital nevus models that show translational potential
for future human clinical testing.

Limitations of the study

In this proof-of-principle study, several murine models of
congenital giant nevi are developed, and various treatments
are tested to regress the lesions. However, there are several lim-
itations. They are as follows:

(1) Although genetically matching the NRAS®®'R gene driving
many human CMNSs, the nevi are present within mouse
skin that differs structurally from human skin. For
example, interfollicular dorsal skin in mice does not nor-
mally contain melanocytes, and ear skin, which does
contain epidermal melanocytes in mouse, is particularly
thin, lacking barrier features of human skin.

A variety of kinase-targeting agents demonstrated signif-
icant regressions of the CMN cells in the mouse CMN le-
sions. However, these agents have not been developed
for either topical or injected cutaneous delivery. There-
fore, the feasibility of delivering these agents into human
skin awaits further study.

S
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(3) SADBE efficiently regresses CMN cells in several of the
genetically engineered mouse CMN models. However, it
is unknown how the relative dosing of SADBE in mouse
will apply to humans, a question which requires additional
evaluation.

(4) SADBE also regressed ~90% of human CMNs within re-
sected human CMN specimens, xenografted onto immu-
nodeficient mice, and recruited macrophages into the
CMN xenografts. However, the immunodeficient back-
ground of the xenograft recipients remains an imperfect
predictor of in vivo responses in immune-intact hu-
man skin.
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STARXxMETHODS

KEY RESOURCES TABLE

Cell

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-TRP2/DCT
Mouse monoclonal anti-SOX10
Mouse monoclonal anti-MITF
Mouse monoclonal anti-Ki67
Rabbit polyclonal anti-S100
Mouse monoclonal anti-HMB45

Rabbit monoclonal anti-Phospho-p44/42
MAPK

Rabbit monoclonal anti-Phospho-MEK1/2
(Ser221) (166F8)

Mouse monoclonal anti-PCNA

Rabbit monoclonal anti-CD8

Rabbit polyclonal anti-CD163

Mouse monoclonal anti-CD161

Rabbit polyclonal anti-NRAS®®'R

Mouse monoclonal anti-p16™<4A

Rabbit monoclonal anti-MelanA

Hamster monoclonal anti-CD11c

Rat monoclonal anti-CD3

Rabbit monoclonal anti-CD4

Rat monoclonal InVivoMAb anti-mouse CD4
Rat monoclonal InVivoMAb anti-mouse CD8a

Rat monoclonal InVivoMADb rat IgG2b
isotype control,
anti-keyhole limpet hemocyanin

Rat monoclonal InVivoMab anti-mouse F4/80
Rabbit polyclonal anti-TRP2
Rat monoclonal anti-F4/80

Goat polyclonal Alexa Fluor 488-AffiniPure
Anti-Rabbit IgG (H+L)

Donkey polyclonal Alexa Fluor® 594 AffiniPure
Anti-Rabbit 1gG (H+L)

Rabbit monoclonal anti-SOX10
Mouse monoclonal anti-HMB-45

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Leica Biosystems

Leica Biosystems

DAKO

DAKO

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Biorbyt

Novus Biologicals

Abcam

Abcam

Abcam

Abcam

Abcam

Abcam

BioXCell

BioXCell

BioXCell

BioXCell

Abcam

Abcam

Jackson ImmunoResearch Labs

Jackson ImmunoResearch Labs

Abcam
Abcam

Cati#tsc-74439; RRID:AB_1130818
Cat# sc-365692; RRID:AB_10844002
Cat# NCL-L-MITF; RRID:AB_564111
Cat# KI67-MM1-CE; RRID:AB_563841
Cat# Z031129-2; RRID:AB_2315306
Cat# M0634; RRID:AB_2335682

Cat# 4370; RRID:AB_2315112

Cat# 2338; RRID:AB_490903

Cat# 2586; RRID:AB_2160343
Cat# 98941; RRID:AB_2756376
Cat# orb13303; RRID:AB_10749283
Cat# NBP2-14844; RRID: N/A
Cat# ab227658; RRID: N/A

Cat# ab54210; RRID:AB_881819
Cat #ab210546; RRID:AB_2889292
Cat# ab33483; RRID:AB_726084
Cat# ab11089; RRID:AB_2889189
Cat# ab183685; RRID:AB_2686917
Cat# BE0003-1; RRID:AB_1107636
Cat# BE0061; RRID:AB_1125541
Cat# BE0090; RRID:AB_1107780

Cat# BE0206; RRID:AB_10949019
Cat# ab74073; RRID:AB_1524517
Cat# ab16911; RRID:AB_443548
Cat# 111-545-144; RRID:AB_2338052

Cat# 711-585-152; RRID:AB_2340621

Cat# ab155279; RRID:AB_2650603
Cat# ab732; RRID:AB_305844

Biological samples

De-identified nevus tissue

Mass General Brigham Healthcare

IRB Protocol 2017P000992

Chemicals, peptides, and recombinant proteins

4-hydroxytamoxifen

Binimetinib (MEK162)

Trametinib (GSK1120212)
Omipalisib (GSK2126458)
Imatinib (STI571)

Squaric acid dibutylester (SADBE)

16% Paraformaldehyde Aqueous Solution, EM
Grade, Ampoule 10 ML

el Cell 185, 2071-2085.e1-€6, June 9, 2022

Sigma-Aldrich

Selleckchem

Selleckchem

Selleckchem

Selleckchem

Sigma-Aldrich

Electron Microscopy Sciences

Cat#H6278; CAS: 68392-35-8
Cat#S7007; CAS 606143-89-9
Cat# S2673; CAS 871700-17-3
Cat# S2658; CAS 1086062-66-9
Cat# S2475; CAS 152459-95-5
Cat# 339792; CAS 2892-62-8
Cat# 50-980-487

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Hematoxylin 2 Epredia Cat# 7231
Nuclear Fast Red Abcam Cat #ab246831
RNAlater Life Technologies Cat# AM7020

EQUISUL-SDT® (SULFADIAZINE/TRIMETHOPRIM)
Citrate Buffer (pH 6.0), Concentrate

Goat Serum

DAPI

Fluoromount G

Aurora Pharmaceuticals
Life Technologies
Sigma Aldrich

Sigma Aldrich

Southern Biotech

Cat# SC-395895Rx

Cat# 005000

Cat# G9023

Cat# D9542; CAS:28718-90-3
Cat# 0100-01

Critical commercial assays

RNeasy Plus Universal Kit

Agilent RNA 6000 Nano Kit
Fontana-Masson Stain Kit (Melanin Stain)
RNA FFPE Miniprep kit

Agilent RNA 6000 Pico Kit

Quant-it™ RiboGreen RNA Assay Kit and
RiboGreen RNA Reagent

Qiagen

Agilent Technologies
Abcam

Zymo Research
Agilent Technologies
ThermoFisher Scientific

Cati# 73404

Cat# G2938-90034
Cat# ab150669
Cat# R1009

Cat# G2938-90046
Cat# R11490

lllumina Ribo-Zero Plus rRNA Depletion Kit lllumina Cat# 20037135

QlAamp DNA FFPE Tissue Kit Qiagen Cat# 56404

High Sensitivity RNA ScreenTape Analysis Agilent Technologies Cat# 5067-5579

lllumina® Stranded mRNA Prep, Ligation llumina Cat# 20040534

(96 Samples)

Deposited data

Raw and analyzed CMN Model RNA Seq Data This Paper GEO: GSE199891; GEO: GSE199894
Raw and analyzed DCT SADBE RNA Seq Data This Paper GEO: GSE199893

LM22 (leukocyte gene signature matrix)

Stanford University CIBERSORT

Newman et al. 2015

Experimental models: Organisms/strains

Mouse: Lox-stop-Lox (LSL)-Nras®®'": C57BI/6
Nrastrn 1.1Nesh

Mouse: Dct-Cre: C57BL/6 Dct'™!(CreiBee

Mouse: Tyr-Cre: C57BL/6 Tg(Tyr-cre)1Lru

Mouse: Tyr-CreER"2: C57BI/6 Tg(Tyr-cre/
ERT2)13Bos

Mouse:SHO: Crl:SHO-PrkdcSc@Hr™

Burd et al., 2014

Sourced from Drs. Christin Burd
and Norman Sharpless, University

of North Carolina
Guyonneau et al., 2004

Sourced from Dr. Friedrich
Beermann, ISREC, Lausanne,

Switzerland
Delmas et al., 2003

Source from Dr. Lionel Larue,
Institut Curie, Paris, France

Bosenberg et al., 2006
Sourced from Dr. Marcus

Bosenberg, Yale University

Charles River Laboratories

MGI:5645358

MGI:2387116

MGI:3573939

MGI:3641203

RRID: IMSR_CRL:474

Oligonucleotides

Primer DCT Forward: TTGAGAGGAGAGG
AAAGGGC

Primer DCT Reverse: CACGCCATCCAA
GGTCATGC

Primer CRE Reverse: CATTGCTGTCACT
TGGTCGT

Primer NRAS Q61R: GCAAGAGGCCCGG
CAGTACCTA

Guyonneau et al., 2004

Guyonneau et al., 2004

Guyonneau et al., 2004

Burd et al., 2014

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer NRAS 1: AGACGCGGAGACTTGG Burd et al., 2014 N/A

CGAGC

Primer NRAS 2: GCTGGATCGTCAAGG Burd et al., 2014 N/A

CGCTTTTCC

Primer Tyr::CRE<ERT2> 1: CAGGGTGTTATA Bosenberg et al., 2006 N/A

AGCAATCCC

Primer Tyr::CRE<ERT2> 2: CCTGGAAAATGC Bosenberg et al., 2006 N/A

TTCTGTCCG

Primer Tyr::CRE Forward: GTCACTCCAGGG Delmas et al., 2003 N/A

GTTGCTGG

Primer Tyr::CRE Reverse: CCGCCGCATAA Delmas et al., 2003 N/A

CCAGTGA

Software and algorithms

GraphPad Random Treatment Assigner GraphPad https://www.graphpad.com/quickcalcs/
randomize1/

Zeiss Zen Image Software, Version 2.3 Zeiss https://www.zeiss.com/microscopy/us/
products/microscope-software/zen.html

Imaged National Institutes of Health https://imagej.nih.gov/ij/

(NIH)

NIS Elements imaging software Nikon Instruments Inc www.microscope.healthcare.nikon.com/
products/software/nis-elements

DESeq2 Bioconductor https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

Prism 7 Graphpad https://www.graphpad.com/support/prism-
7-updates/

DRAGEN FastQC lllumina https://support.illumina.com/content/dam/

illumina-support/help/lllumina_DRAGEN_Bio_
IT_Platform_v3_7_1000000141465/Content/SW/
Informatics/Dragen/FASTQC_Intro_fDG.htm

Salmon v 1.8.0 Patro et al., 2017 https://github.com/COMBINE-lab/Salmon

NDP.view2 v 2.8.24 Hamamatsu https://www.hamamatsu.com/us/en/product/
life-science-and-medical-systems/digital-slide-
scanner/U12388-01.html

R package: fgsea Korotkevich et al., 2021 https://doi.org/10.1101/060012

R package: clusterProfiler Yu et al., 2012 https://doi.org/10.1089/0mi.2011.0118

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Dr. David
Fisher, M.D., Ph.D. (DFISHER3@mgh.harvard.edu).

Materials availability
Mouse lines generated in this study will be distributed upon request to other investigators under a Material Transfer Agreement. All
unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

All the Software packages and methods used in this study have been properly detailed and referenced under the Software and al-
gorithms listed in key resources table. Al RNA-seq data has been deposited at GEO and are publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement
Mouse studies and procedures were approved by the Institutional Animal Care and Use Committee of Massachusetts General Hos-
pital and conducted strictly in accordance with the approved animal handling protocol.

Mice

Mice were assigned randomly to the different experimental groups by covariate adaptive randomization using an online calculator
(www.graphpad.com/quickcalcs/randomize1/). All mice were matched by gender and age, as indicated in each experiment. All
mice were group-housed, fed ProLab IsoPro RMH 300 Irradiated feed, and kept at 68-73 °F. Mice were genotyped according to
the protocol obtained from their respective publications or distributers. Primers can be found in the key resources table.
Generation of melanocyte-specific Nras®®'® mutant mice

Melanocyte-specific Nras?8'F expression was induced by crossing LSL-Nras®®"® mice (Burd et al., 2014) (generated by Drs. Christin
Burd and Norman Sharpless, University of North Carolina) with melanocyte-targeted Cre recombinase transgenic mice containing
either Dct promoter-driven Cre (Dct-Cre mice (Guyonneau et al., 2004), kindly provided by Dr. Friedrich Beermann, ISREC, Lausanne,
Switzerland), Tyr promoter-driven Cre Tyr-Cre mice (Delmas et al., 2003), kindly provided by Dr. Lionel Larue, Institut Curie, Paris,
France), or inducible Tyr promoter-driven CreER™ (Tyr-CreER™ mice) (Bosenberg et al., 2006), kindly provided by Dr. Marcus
Bosenberg, Yale University). To obtain a melanocyte-specific inducible Nras mutation, two-day- old female LSL-Nras@’" newborn
mice harboring Tyr-CreER™ were painted topically with 25 mg/ml 4-hydroxytamoxifen (Sigma-Aldrich, #H6278) dissolved in dimethy!
sulfoxide (DMSOQO), once daily for 1 week.

METHOD DETAILS

Animal studies and analysis of melanoma incidence

We measured the incidence of Nras®’® mutation-driven melanoma formation in both Dct-Cre Nras mutant and tamoxifen-
induced Tyr-CreER™ Nras®"f mutant mice. These experiments were performed with > 20 mice per group (both genders, classified
by ages), and their survival curves were calculated by the log-rank test at a two-sided significance level of P<0.05.

Q671R

Quantification of proliferative and senescent phases

Dorsal skin samples from Dct-Cre Nras@®"™ 1R mytant mice were harvested at the ages indicated. Samples from three mice of each
age group, with five to ten nonadjacent samples per mouse, were quantified. Nevus cell proliferation and senescence were measured
by immunofluorescence staining for Ki67 (Leica Biosystems, #KI67-MM1-CE) and p16'™2 (Abcam, # ab54210), respectively and
quantification of Ki67+MelanA+ double-positive proliferative nevus cells or p16+MelanA+ double-positive senescent nevus cells
was calculated as a percentage of the total number of MelanA+ positive nevus cells.

Quantification of Melan A or iNOS positive cells
Ear skin samples from three mice of each study group, with three to five non-adjacent samples per mouse, were quantified. The num-
ber of MelanA-positive nevus cells (Figure 6A) or INOS-positive cells (Figure 6B) was measured and calculated per mm? unit area.

Treatment procedures for therapeutic agents

Selected therapeutic agents or vehicle controls were applied on Nras mutation-driven nevus lesions by either direct intralesional
injection (paws) or topical application (ears and dorsal skin). Agents tested included: (1) small molecules targeting NRAS signaling
pathways: binimetinib (MEK162) (Sellechkchem, #S7007), trametinib (GSK1120212) (Selleckchem, #S2673), and omipalisib
(GSK2126458) (Selleckchem, #S2658); (2) the melanocyte-selective toxic agent, imatinib (STI571) (Selleckchem, #S2475); SADBE
(squaric acid dibutylester) (Sigma-Aldrich, #339792). Details are provided in Table S1 For all topical hapten-based immunotherapies.
Mice were sensitized with 2% SADBE in acetone which was applied to the right side of the shaved abdomen. Three days later, sensi-
tized mice were challenged with the same drug applied to the right ear or dorsal skin. An identical quantity of acetone (without
SADBE) was administered topically to the left ear or dorsal skin as control. All drug treatments in mice were performed under isoflur-
ane inhalation anesthesia. Mice were examined for signs of toxicity and for depigmentation during each treatment. Animals were
euthanized in accordance with a set schedule, and the treated lesions were collected and processed for assessment of melanocyte
destruction. Each sample was compared to the vehicle control from the same mouse, and five mice per treatment group were typi-
cally used excluding 0.5% SADBE 3 times per week for 2 weeks, where 3 mice per treatment group were used (Figure S4B).

Q61R

Histology, staining, and imaging

Skin samples were taken from euthanized mice, fixed in 4% paraformaldehyde (Electron Microscopy Sciences, #50-980-487) over-
night at 4°C, and embedded in paraffin using standard procedures. 5 um sections were prepared from tissue blocks and stained with
hematoxylin and eosin (H&E) (Epredia, #7231) for histologic analysis. Fontana-Masson silver stain (Abcam, #ab150669) was used to
detect the melanin pigments following the provided protocol with one modification by leaving the slides in Ammoniacal Silver solution
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for 40 minutes rather than the recommended 30 minutes for melanin, and stained sections were counterstained with Nuclear Fast
Red (Abcam, #ab246831). Stained images were captured using a Hamamatsu Nanozoomer, and analyzed using NDP.view2 software
(Hamamatsu).

For immunostaining, sections were subjected to heat-induced antigen retrieval and incubated with primary antibodies against
TRP2/DCT (1:100) or SOX10 (1:50) (Santa Cruz Biotechnology, #sc-74439, #sc-365692); MITF (1:50) or Ki67 (1:50) (Leica Bio-
systems, #NCL-L-MITF, #KI67-MM1-CE); S100 (1:2000) or HMB-45 (1:100) (DAKO, #7031129-2, #M0634); p-p44/42 MAPK
(1:50), p-MEK1/2 (1:50), PCNA (1:2000), or CD8 (1:400) (Cell Signaling Technology, #4370, #2338, #2586); CD163 (1:100) (Biorbyt,
#0rb13303); CD161 (1:50) (Novus Biologicals, #NBP2-14844); NRASQ61R (1:100), p16INK4A (1:1000), MelanA (1:500), CD11c
(1:100), CD3 (1:100), or CD4 (1:500) (Abcam, #ab227658, #ab54210, #ab210546, #ab33483, #ab33483, #ab11089, #ab183685).
Stained images were captured using a Zeiss AxioObserver Z1 microscope and an AxioCam MRC digital camera for brightfield or
Photometrics CoolSNAP HQ2 interline CCD camera for fluorescence, and Ziess Zen software, version 2.3 (Carl Zeiss Microscopy
LLC, Thornwood, NY, USA). Immunofluorescence-stained sections were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) (Sigma Aldrich, #D9542), and Imaged software (National Institutes of Health [NIH]) (Schneider et al., 2012) was used for image
processing and analysis. Skin tissue images were obtained with a Nikon SMZ1500 stereomicroscope, a Nikon DS-Ri2 microscope
camera, and NIS Elements imaging software, version 4.30 (Nikon Instruments Inc., Melville, NY, USA).

Nras loss of heterozygosity

DNA from 5-10 5um sections taken from paraffin blocks, was extracted using the QlIAamp DNA FFPE Tissue Kit (QIAGEN, #56404).
PCR reactions were run with approximately 200ng of DNA following the established genotyping test PCR for the Dct:CRE, Nras mice.
PCR products were run on a QlAxcel to visualize the bands and determine estimated concentrations. Toe DNA samples were
collected during routine genotyping of pups to use as controls.

In vivo depletion of immune cells

750 ng of the following antibodies were IP injected on day 7, 4, and 2 prior to sensitization with SADBE, and 300 ng on days 0 (sensi-
tization with 2% SADBE), 3, 5, 7, 10: InVivoMAb anti-mouse CD4_GK1.5 clone (BioXCell, #BE0003-1), InVivoMAb anti-mouse CD8a.
_2.43 clone ( BioXCell, #BE0061), InVivoMAb anti-rat IgG2b isotype control; anti-keyhole limpet hemocyanin_LTF-2 clone (BioXCell,
#BE0090), and InVivoMADb anti-mouse F4/80_CI:A3-1 clone (BioXCell, #BE0206).

RNA-Sequencing of SADBE treated samples

Whole skin sections were harvested from treated areas of Dct-Cre Nras®’"* mice 72 hours after treatment with 2% SADBE or
vehicle control (acetone) and stored in RNAlater (Ambion/Life Technologies, #AM7020). Total RNA was isolated from skin using
the RNeasy Plus Universal Kit (Qiagen, #73404) with disruption and homogenization using the TissueLyser Il system (Qiagen). All ex-
tracted RNA samples possessed RIN > 8.0 by Agilent TapeStation System with High Sensitivity RNA Screen Tape (Agilent Technol-
ogies, #5067-55779) and proceeded for NGS library construction with lllumina Stranded mRNA Prep, Ligation kit (lllumina,
#20040534). Each amplified, then bead-cleaned library was assessed for its quality and quantity by Agilent TapeStation with High
Sensitivity D1000 ScreenTape and Qubit fluorometer 4.0.(Invitrogen), respectively. Each library was normalized at 4 nM, then pooled,
denatured, and loaded onto the lllumina NextSeq550 at 2x74 base-pair specification. The generated FastQ files were processed un-
der DRAGEN FastQC bioinformatic pipeline (lllumina) to assess the overall quality of the data for adapter contamination or GC
content.

RNA-Sequencing mouse model comparison

FFPE blocks of tumor and control tissues(n=18) were cut at 8 um thickness and RNA was extracted with RNA FFPE Miniprep kit
(Zymo Research, #R1009) following manufacturer recommendations. Extracted RNA quality was assessed by the Agilent Bio-
analyzer system with Eukaryote Total RNA Pico assay (Agilent Technologies, #G2938-90046). The overall quantity was measured
by Nanodrop 2000 Spectrophotometer followed by Quant-it RiboGreen RNA Assay (ThermoFisher Scientific, #R11490) to optimize
inputs for NGS library construction. The maximum input of 1 ug was processed for library construction with Stranded total RNA with
ligation with Ribozero plus kit (lllumina, #20037135). Each amplified then bead-cleaned library was assessed for its quality and quan-
tity by Agilent TapeStation with High Sensitivity D1000 ScreenTapes and Qubit fluorometer 4.0. (Invitrogen, Waltham, MA), respec-
tively. Each library was normalized at 4 nM, then pooled, denatured, and loaded onto the lllumina NextSeg550 targeting 80 million
reads per sample at 1x76 base-pair specification. The generated FastQ files were processed under DRAGEN FastQC bioinformatic
pipeline (lllumina) to assess the overall quality of the data for adapter contamination or GC content.

RNA-Sequencing Analysis

We performed RNA-seq and differential expression analysis for in-house mouse RNA-seq datasets and one publicly available human
nevi cohort. Read alignment was preformed using STAR (Dobin et al., 2013), followed by transcript quantification using Salmon (Patro
et al., 2017), and differential analysis using DESeg2(Love et al., 2014) that compares SADBE-treated samples and control samples.
The set of differentially expressed genes were determined using absolute LogFoldChange>1 and FDR<0.01. To investigate macro-
phage-related genes, we obtained macrophage gene lists from LM22 (Newman et al., 2015) which includes markers for macrophage
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states M0, M1, and M2. We also obtained from TIDE (Jiang et al., 2018) the gene correlation scores with tumor M2 macrophage
levels. For the systematic (Jiang et al., 2018) pathway analysis on differentially expressed genes, we performed gene-set enrichment
analysis using R packages fgsea(Korotkevich et al., 2021) and clusterProfiler(Yu et al., 2012). The above analysis was performed on
both mouse and human RNA-seq datasets using corresponding genomic references in each species; specifically, for the mouse set
with untreated nevi, normal, and melanoma, differential expression was carried out using protein-coding genes to facilitate pathway
interpretation between nevi and normal skin samples. After obtaining differential gene lists, we applied LISA (Qin et al., 2020) to infer
transcriptional regulators using public ChIP-seq profiles.

Transplantation of CMN xenografts

Discarded de-identified nevus tissue was obtained under IRB approved protocol 2017P000992 (Mass General Brigham Healthcare).
Nevi were transplanted onto the back of SHO (Charles River Laboratories, MA, USA) 62-day-old female mice according to previous
published work (Schiferle et al., 2021). Briefly, using a DermaBlade Shave Biopsy Instrument (AccuTec Blades Inc., #72-0001-0000)
under sterile conditions, subcutaneous dermal fat was removed from the dermal side of the giant nevus to enhance vascularization
and grafting efficiency. Mice were anesthetized and placed on a heating pad. The surgical site was sterilized with 70% ethanol. Nevi
were transplanted onto recipient mice using surgical grade sutures and were bandaged using Vaseline gauze and elastic adhesive
bandage. Mice were placed on sulfadiazine/trimethoprim antibiotics (Equisul-SDT Oral Suspension) (Aurora Pharmaceuticals, #sc-
395895Rx) after transplantation. Bandages were removed 5 to 7 days after surgery and graft sutures were removed 14 days post-
surgery.

SADBE treatment of xenografts

8 xenografts from one donor were implanted on 4 SHO 62-day-old female mice and 2 xenografts from an additional donor were im-
planted on 1 SHO mouse. For melanocyte cell count, topical application of 1% SADBE using a cotton tip was performed twice a week
for 8 months on 3 of the xenografts, 5 of the xenografts from the same donor received acetone control. Treatments did not induce
recognized side effects; behavior remained normal and morphologic structure of the skin remained intact with minimal surrounding
erythema. For macrophage cell counts, 2 additional xenografts from a different donor were treated with 1% SADBE or acetone con-
trol for 2 weeks after which the xenografts were harvested for further F4/80 macrophage staining.

Imaging of CMN xenografts

Formalin—fixed paraffin-embedded CMN xenografts (5 um) were labeled with the following antibodies: TRP2 antibody (1:100) (Ab-
cam, #ab74073) and F4/80 antibody (1:100) (Abcam, #ab16911). Deparaffinization of slides was performed with 100% xylene for
2x5 min, followed by 100, 90, 70, 50 and 30% ethanol for 2 min each. Slides were washed in PBS for 5 min. Permeabilization was
conducted in 0.2% triton-X for 5 min and then the slides were washed 2x3 min in 0.01% PBS-tween 20. Antigen retrieval was per-
formed by incubating the slides with citrate buffer (pH = 6) at 95 °C for 20 minutes. Sections were washed with 0.01% PBS-tween 20
for 3x3 min and blocked for 1 hour with PBS containing 10% normal goat serum and 5% BSA. Slides were incubated overnightat4 °C
with primary antibodies diluted in blocking buffer. Sections were washed with 0.01% PBS-tween 20 for 3x3 min, followed by sec-
ondary antibody incubation [1:500; goat anti-Rabbit IgG (H+L) Alexa Fluor® 488-AffiniPure (Jackson ImmunoResearch Laboratories,
#111-545-144), or 1:500 Alexa Fluor® 594 AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch Laboratories, #711-
585-152)] for 2 hours at room temperature. Slides were washed 3x3 min with 0.01% PBS-tween 20, incubated with DAPI (Sigma-
Aldrich, #D9542) for 5 minutes for nuclei staining and coverslipped using Fluoromount G (Southern Biotech, #0100-01). Slides
were placed at 4°C for 48 hours before imaging.

Photomicrographs were obtained under eitherx20 orx40 objective using a Ziess Axio Photo Observer Microscope or Nikon
SMZ1500 stereomicroscope. Imaged (National Institutes of Health [NIH]) was used to identify cells based on size, circularity, nuclear
presence, and intensity. Positive cells were counted in both the epidermis and dermis of each specimen for F4/80 and throughout
epidermis for TRP2. In each area, the number of positive cells was counted and reported in relationship to the total number of
DAPI-positive cells. Thus, results are expressed as a percentage of positive cells for each marker analyzed per total cells. Quantifi-
cations were done on multiple sections from each CMN xenograft, typically 3-20 images per sample.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were performed with GraphPad Prism 7 software, and the evaluations were conducted by using a Student’s

t-test, one-way ANOVA with Tukey’s multiple comparison test, or log-rank test for survival analysis. A probability value of P<0.05 was
considered statistically significant (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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Figure S1. Additional melanocyte-specific Nras@®’?

human giant congenital nevi, related to Figure 1

(A-F) (A) Features of melanocytic nevi of adult Dct-Cre Nras mouse. (B-F) Features of melanocytic nevi of 3-day-old Dct-Cre Nras
perpigmentation was observed in melanocyte-specific Nras mutant mice, but not in control mice. (B) Melanin from 3-day-old Dct-Cre Nras
detected by Fontana-Masson staining. (C-F) Immunostaining of paraffin sections. Paraffin sections were immunostained for (mutant-specific) Nras
dark brown), DCT (D, red in upper panel, green in lower panel), MITF (D, red in lower panel), S100 (E, green), SOX10 (E, red), or p-ERK (F, red). Red arrows in
(C) indicate follicular melanin detected by bright-field microscopy, blue arrows in (C) indicate positive signals. Phosphorylated ERK (yellow arrows in F) was
detectable in dermal nevus cells showing melanin deposition (white, F).

(G and H) Features of melanocytic nevi of tamoxifen-induced Tyr-CreER™ Nras mutant mice were observed (G, tail, H, ear).

(1) Surviving Tyr-Cre Nras®®'™* heterozygous mutant mouse was compared with control littermates at 1 month of age. The mutant mouse developed hydro-
cephalus and had growth retardation.

(J-L) Hyperpigmentation. Skin hyperpigmentation in Tyr-Cre Nras mice was observed in the snout/perioral region (J), paws (K), and tail (L).

(M and N) Ectopic pigmentation was compared in the parietal-temporal lobe (M, upper image) and the area of the superior and interior colliculi (N, lower image).
Yellow arrows in (N) indicate ectopic melanocytes in the meninges of the mutant brain, but not in control tissue.
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Figure S2. Comparison of mouse vs human giant congenital nevi, related to Figure 1

(A-D) hematoxylin and eosin (H&E) stained histological images of human congenital nevi.

(E-H) hematoxylin and eosin (H&E) stained histological images of Nras?®’" mutation-driven murine congenital nevi. Histologic images at low magnifications (A, C,
and D, 200x) and high magnification (B, E, G, and H, 400x; F: 600x) are presented. Yellow arrows in (A) indicate nevus cells. Red arrow in (A) indicates nevi
exhibiting perivascular distribution. Green arrow (A) indicates nevi associated with the adventitia of the hair follicle. Yellow arrows in (B) indicate nevus cells having
hyperchromatic nuclei. Green arrow in (E) indicates nevus cells distributed around some adnexal structures. Yellow arrow in (F) indicates nevus cells with small
hyperchromatic nuclei. Red arrow in (F) indicates spindle-shaped nevus cells. Yellow arrow in (C) indicates nevus cells displaying increased cytoplasm. Green
arrow in (C) indicates large nests of pigmentation. Red arrow in (C) indicates melanocytes infiltrating the reticular dermis. Yellow arrow in (G) indicates nevus cells
having hyperchromatic nuclei and a round cytoplasm. Green arrow in (G) indicates a superficial aggregate of nevus cells forming a nest.
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Figure S3. Loss of heterozygosity determination in Nras-driven mice melanoma, related to Figure 3
3 heterozygous Dct-Cre Nras@®""* tumors and control tissue were tested using PCR primers that discriminate between the wild-type (WT), mutant (Q61R), and

recombined mutant (Q61R+CRE) alleles. All three tumors retained the wild-type allele.
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Figure S4. RNA sequencing of mouse nevi and melanoma compared with normal mouse skin and human CMN, related to Figure 3

(A) Heatmap of melanocytic genes in nevi Nras mouse models.

(B) Heatmap of melanocytic genes in human CMN samples.

(C) GSEA hallmark pathway analysis of nevi from Nras mouse models in comparison with normal skin.

(D) Top 20 LISA-predicted transcription factors based on top 200 significantly upregulated genes from the nevi vs normal skin comparison.
(E) Heatmap of melanocytic genes in melanoma Nras mouse models.

(F) GSEA hallmark pathway analysis of melanoma from Nras mouse models in comparison with normal skin.

(G) GSEA hallmark pathway analysis of human CMN samples in comparison with human healthy skin samples from the same cohort.



Cell ¢ CelPress

Left ear treated with DMSO  Right ear treated with drug Before After treatment

mmgtmlp

ﬂwﬁ"m‘%ﬁ
e e

o SO %
ngs ) 15 week3"’g‘gpe\\@
Omlpahsm
Binimetinib “ Imatinib
DMSO Binimetinib+Imatinib DMSO Binimetinib+Imatinib

Melanin

i DCfl(Ile]aham

7weeks

epi,‘ 2038y

dermis -’

Figure S5. Kinase inhibitor treatments to induce nevus regression, related to Figure 4

(A and K) The MEK inhibitor, binimetinib (A, 0.6 ng/uL), or the c-KIT inhibitor, imatinib (K, 10 ug/uL), was subcutaneously injected into the pigmented paws of
tamoxifen-induced Tyr-CreER™ Nras®®"#/257R mice in 10 L of 10% DMSO three times per week for 2 weeks. Depigmentation was then assessed 2 weeks (A and
K) and 6 weeks (A) after the final drug treatment.

(B and C) Pigmented right ears of tamoxifen-induced Tyr-CreER™ Nras®"? mutant mice were topically treated with the MEK inhibitor, binimetinib (B, 10 ug/uL) or
the PI3K inhibitor, omipalisib (C, 10 ug/uL), five times per week for 2 months; the vehicle control, DMSO, was applied at the same time points to the pigmented left
ear of the same mouse. All agents were administered topically in 5 ul DMSO. Ear skin tissues were harvested 15 weeks after the final drug treatment, and nevus
regression was assessed. Melanin detected by bright-field microscopy is shown (B and C, black). Five mice per each treatment group were used, and repre-
sentative images are shown.

(D-J) Topical combinatorial therapy with binimetinib (5 ug/uL ) plus imatinib (50 pg/uL ) was applied to the pigmented ears of tamoxifen-induced Tyr-CreER™
Nras@77/61R mutant mice. Topical agents were administered in 5 L. DMSO, four times per week for 7 weeks. Shortly thereafter ear skin tissues were collected
and analyzed. Photographic images of ear tissues are shown (D). Melanin is shown in images of hematoxylin and eosin (H&E) stained ear skin (E, brown). Red
arrows in (E) indicate dermal melanin detected by bright-field microscopy. Ear skin sections were stained with DCT (F, red), SOX10 (G, red), CD11c (H, red),
CD163 (I, red), or CD16 (J, red) antibodies. Blue arrows in (F), (I), and (J) and yellow arrows in (G) and (H) indicate positive signals. Melanin detected by bright-field
microscopy is shown as dark brown in (F), (I), and (J) and white in (G) and (H). We used five mice per treatment group, and representative images are shown.
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Figure S6. Fontana Masson of xenografts and efficacy of low dose SADBE in mice, related to Figure 7
(A) Fontana-Masson staining of human xenografts treated with SADBE (1%) compared with acetone control.

(B) SADBE (0.5%, topical) was applied to the pigmented right ears of tamoxifen-induced Dct-Cre Nras®®'™+ mutant 3 times a week for 2 weeks, and the pig-
mented left ears of the same animals were treated with acetone vehicle. Ear tissue images were obtained with a stereomicroscope, and dark brown particles
indicate melanin.
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