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A Murine Model for the Development of Melanocytic
Nevi and Their Progression to Melanoma
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Acquired melanocytic nevi are commonly found in sun exposed and unexposed human skin, but the potential for their
transformation into invasive melanoma is not clear. Therefore, a mouse model of nevus initiation and progression was
developed in C3H/HeN mice using a modified chemical carcinogenesis protocol. Nevi develop due to DNA damage
initiated by dimethylbenz(a) anthracene (DMBA) followed by chronic promotion with 12-O-tetradecanoyl-phorbol-13-
acetate (TPA). Dysplastic pigmented skin lesions appeared in 7-9wk with 100% penetrance. Nests of melanocytic
cells appeared in a subset of skin draining lymph nodes (dLN) by 25wk, but not in age matched controls.
Immunohistochemistry, real-time PCR, and flow cytometric analyses confirmed their melanocytic origin. Transformed cells
were present in a subset of nevi and dLNs, which exhibited anchorage-independent growth, tumor development, and
metastasis in nude mice. Approximately 50% of the cell lines contained H-Ras mutations and lost tumor suppressor
p 16" expression. While most studies of melanoma focus on tumor progression in transgenic mouse models where the
mutations are present from birth, our model permits investigation of acquired mutations at the earliest stages of nevus
initiation and promotion of nevus cell transformation. This robust nevus/melanoma model may prove useful for identifying
genetic loci associated with nevus formation, novel oncogenic pathways, tumor targets for immune-prevention,

screening therapeutics, and elucidating mechanisms of immune surveillance and immune evasion.
© 2015 The Authors. Molecular Carcinogenesis, published by Wiley Periodicals, Inc.
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INTRODUCTION

Melanocytic nevi are benign proliferations of
melanocytic cells that are positively correlated
with susceptibility to melanoma [1,2]. They are
commonly present in human skin. However, little is
known about the factors that lead to their develop-
ment and evolution into melanoma. In 20-50% of
cases, melanoma can be traced back to a preexisting
nevus [3,4]. Nevi that develop after birth (acquired
nevi) harbor oncogenic mutations in BRAF, the
predominant oncogene associated with melanoma
[5]. On the other hand, congenital nevi and Spitz
nevi frequently harbor N-RAS mutations and H-RAS
mutations, respectively [6,7]. These mutations
are known to activate the MAP-kinase signal
transduction pathway. Activation of the MAP-kinase
pathway may be necessary for transformation of
melanocytes, but it is not sufficient for their
progression to melanoma [8]. In addition, inactiva-
tion of the INK4A/ARF (or CDKNZ2A) locus is a
common event in the development of human
melanoma, but its role in nevus formation is not
clear [11].

During the past decade, various mouse models have
been developed which attempt to recapitulate the
processes involved in developing melanoma. Geneti-
cally altered, or transgenic mouse models have been
used to study the impact of disrupting one or more

genes that are similarly mutated in human melano-
ma. Specifically, mutations that activate the RAS-RAF-
AKT pathway or disrupt the PTEN, CDK4-INK4A-pRB,
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NEVUS DEVELOPMENT AND MELANOMA PROGRESSION

or ARF-pS3 pathways have been the focus of most
studies (reviewed by Walker et al. [9]). Importantly,
these melanoma-associated mutations are also com-
monly found in benign nevi, indicating that other,
uncharacterized oncogenic mutations are required for
further transformation and progression to melanoma.
Nevus development has been investigated in pig-
mented hairless mice with genetic deficiencies in
Ink4a/Arf and Xpa genes by exposing their skin with
DMBA when they are newborn (day 3) and later, at an
“adult” age, with continuous treatment with tumor
promoter TPA [10]. This model produced only a few
nevi (~1-2/mouse) and none advanced to melanoma.
Further, a significant portion of mice remained nevus-
free. The combination of environmental carcinogens,
aloe emodin plus UVB, has been shown to induce
melanoma without development of nevi [11]. Thus,
the mechanisms governing melanocytic dysplasia,
nevus formation and progression to melanoma
cannot be elucidated. Romerdahl et al. also described
a few decades earlier that UV can induce melanoma in
C3H mice, but it was much less effective than the
DMBA protocol applied to neonatal mice [12], or the
robust model we present here.

We have established a DMBA/TPA protocol that
affects 100% of treated C3H/HeN mice in which
numerous nevi appear beginning at 7-9wk. By
30wk, we show that a subset of nevi harbor
transformed cells, exhibit an immune-suppressive
tumor micro-environment and metastasis in drain-
ing lymph nodes. Due to the immunocompetence of
C3H/HeN mice and low rate of nevus transforma-
tion to melanoma, this model mimics the low
transformation rate of nevi in humans. In compari-
son to C57B1/6 (B6) strain, C3H/HeN (C3H) mice are
more susceptible to the development of PAH
induced tumors [13,14]. The DMBA metabolizing
ability of B6 and C3H stains is similar as they have
same allele for AhP receptor (aryl hydrocarbon
receptor). The difference in MHC 1 alleles is
responsible for greater allergic contact hypersensi-
tivity response in C3H compared to B6 strains [14].
Other factors include a dominant allele of the agouti
signaling protein (ASP), resulting in the production
of the less stable, light colored pigment, pheomela-
nin [15]. The favored production of pheomelanin is
a known melanoma risk factor for humans with red
or blonde hair [13]. Differences in the background
genes of these two strains may influence the
substrates and intermediates affecting cellular func-
tions that may promote melanocyte transforma-
tion [16]. Current therapies target proteins in known
dysregulated pathways with the aim of eradicating
malignant melanoma [17]. Thus, the increased
susceptibility to nevus development in C3H/HeN
mice should be useful for screening drugs that can
block those dysregulated pathways and identify new
pathways that contribute to nevus development
and melanoma progression.
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MATERIALS AND METHODS

Animals

Female C57BL/6 and C3H/HeN mice aged 6-8 wk
were obtained from Charles River Laboratories (Wil-
mington, MA). Female NIH-bg-nu-Xid mice were
obtained from NCI-Fredrick. All mice were housed
in the University of Alabama at Birmingham (UAB)
pathogen-free animal facility. All animals were fed a
normal diet and were given water ad libitum. The
protocol for the study was approved by the UAB
Institutional Animal Care and Use Committee.

Chemicals and Antibodies

7,12- Dimethylbenz(a) anthracene (DMBA) (>95%
purity), N6, 2’-O-dibutyryladenosine 3:5-cyclic
monophosphate (dbcAMP), and Sodium orthovan-
date (Na3VO4) were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO). 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) was obtained from LC
laboratories (Woburn, MA).

Nevus/Melanoma Induction Protocol

The shaved and naired back skin of mice was painted
with 100 ng (~400 nmoles) or 50 ug (~200 nmoles) of
DMBA in 200 pL of acetone. The animals were then
treated with twice weekly application of 12.5 ug TPA
(20nmol) or 6.25 ng (10nmol) in acetone. TPA was
stopped at 20 wk unless otherwise stated. The area of
the lesions was measured using length and width of all
nevi. All the mice were naired weekly to count and
measure the nevi. Treatment of the skin of mice with
DMBA and TPA is known to cause epithelial tumors.
Using a lower TPA dose (12.5png) resulted in the
development of fewer epithelial papillomas, with a
delay in their appearance (14-15wk). Ceasing TPA
treatments after 20 wk caused regression of papillomas,
leading to 30-40% of mice to be papilloma free by
25wk (data not shown). Mice with low to absent
epithelial tumors were used in these studies.

Development of Melanocytic Cell Lines From Nevus Tissue
and Lymph Nodes (LNs)

Nevus biopsies and LNs were digested in 200 uL of
digestion buffer (collagenase D [Roche] [1 mg/mL] and
DNAse [20pg/mL]) for 45 min. The cells were cultured
in melanocyte growth media OptiMEM with dbcAMP
(0.1 mM), Na3VO4 (1 uM), horse serum (7%), and TPA
(25 ng/mlL) and media was changed every 2d.

Histological Evaluation and Melanin Bleaching

Nevus or lymph node biopsies were taken and
immediately placed in 10% buffered formalin. The
tissues were fixed for 24h and then embedded in
paraffin. Sections of 6 pm thickness were cut and
deparafinized by incubating in xylene and then
dehydrating serially in 100%, 95%, 70%, and 50%
ethanol. The slides were washed with water and
processed for hematoxylin and eosin (H&E) staining
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to identify melanocytic cells on serial sections.
Corresponding sections were also melanin bleached
using 0.25% potassium permanganate and 5% oxalic
acid solutions and were processed for H&E staining or
fluorescent staining discussed below.

Flow Cytometry

Lesions and adjacent skin from the DMBA/TPA
treated mice or age matched untreated skin were
collected. Single cell suspensions were prepared
individually by collagenase D digestion. Lymph
node cells were also prepared using collagenase
digestion. Cells were collected, counted, and dis-
pensed at 2 x 10° cells/sample for pretreated with Fc
receptor block, then stained with the appropriate
primary antibody. After fixation/permeablization,
cells were further stained with the appropriate anti-
bodies and fluorochromes. For pERK staining, cells
were fixed additionally with 90% methanol for
20 min before incubating them with the antibody.
Flow cytometric analysis was performed using a BD
LSRII cytometer with BD FACSDiva software for
acquisition and FlowJo 9.5.2 for data analysis.

Fluorescence Staining

Cells (1 x 10*) were plated on round cover slips
placed in a 12-well culture plate. The cells were
allowed to adhere and after 48 h the cover slips were
washed with PBS and fixed in 1% formaldehyde for
10 min at 4°C and 10% methanol for another 10 min
at —20°C. Cells were washed with PBS-GSA (phos-
phate buffered saline with 10 mM Glycine and 0.2%
Sodium Azide) and incubated in blocking buffer (5%
Horse serum and 10x Donkey y-globulin or Fc block
[clone 2.4G2]) at room temperature for 30 min. Cells
were then incubated with anti-S100, tyrosinase,
Melan A, HMB45 or Trp-2 antibody for 1h followed
by FITC, or 594 conjugated appropriate secondary
antibody. After washing with PBS, the cells were
counterstained with DAPI. Cells were detected with
an Olympus BX41 microscope and further analyzed
using ImagePro Plus software v6.0 (Media Cybernet-
ics, Inc., Silver Springs, MD). For tissues sections, if
melanin bleaching was required, sections were
bleached as described. The slides underwent antigen
retrieval by cooking the slides in sodium citrate buffer
(pH 6.0) for Smin at the highest pressure setting in a
preheated pressure cooker, and then allowing them to
cool them for an additional 20 min. After that, the
slides were incubated in PBS, blocked as above and
then sections were stained with the appropriate
primary antibody and were detected as described for
cell staining. In some cases LNs were embedded in
OCT-Tissue Tek and frozen immediately. Sections
(6 pm) in thickness were cut using a cryotome.
Sections were air dried, fixed and stained with the
appropriate antibody and visualized as described in
this section.
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DNA/RNA Extraction, RT-PCR and gqPCR

The total genomic DNA and RNA was extracted from
the samples using Trizol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The
concentration of total RNA was determined by
measuring the absorbance at 260 nm using an eppen-
dorf biophotometer plus. Purity of isolated RNA was
determined with the ratio of absorbance 260nm/
280nm >1.8. cDNA was synthesized from 1 g RNA
using Reverse transcriptase kit (Biorad) according to
the manufacturer’s instructions. cDNA was amplified
by real-time PCR using iQTM SYBR Green Master Mix
(Biorad), with a Bio-Rad MyiQ thermocycler, and SYBR
Green detection system (Bio-Rad). The primer sequen-
ces were retrieved from the Primer Bank [18] or were
obtained asindicated. The primers used are: Tyrosinase
Forward 5- AGTTTACCCAGAAGCCAATGC-3' and
Reverse 5- CGACTGGCCTTGTTCCAAGT-3' [19];
Dopachrome tautomerase (Dct or trp2) Forward 5'-
TTCAACCGGACATGCAAATGC-3' and reverse S'-
GCTTCTTCCGATTACAGTCGGG-3’ (Accession no.
NP_034154.2); Melan-A Forward 5'-ACGAAGTGGA-
TACAGAACCTTGA-3' and Reverse 5'- GGCTCTCA-
CATGAGCATCTTTC-3' (Accession no. NP_084269);
melanocyte protein (PMEL or gpl00) Forward 5'-
AAAAGGTACTACCGGATGGTCA-3' and Reverse 5'-
TCCACCGTCAGGGAAGACA-3’ (Accession  no.
NP_068682.2); GAPDH Forward 5-CATGTTCCAG-
TATGACTCCACTC-3' and Reverse 5'- GGCCTCACCC-
CATTTGATGT-3' [20]. The standard PCR conditions
were 95°C for 10min and then 40 cycles at 95°C for
305, 60°C for 30s. The expression levels of genes were
normalized to the expression level of the GAPDH
mRNA in each sample. For mRNA analysis, the
calculations for determining the relative level of
gene expression were made using the cycle thresh-
old (Ct) method. The mean Ct values from duplicate
measurements were used to calculate the expression
of the target gene with normalization to a house-
keeping gene used as internal control and using
the formulae 2 2*“T. The expression of pl6 k%
and p19*" mRNA was detected using primers and
conditions described elsewhere [21]. We followed
the established allele-specific competitive blocker
PCR (ACB-PCR) as per Parsons et al. (Parsons et al.,
2005), the WT allele blocking primer was phosphor-
ylated at the 3’ end to block primer extension. The
primers used were WT Forward 5'-CAGCAGGTCAA-
GAAGAGTATAGTGCCA-PO4-3, Mutant Forward
5'-CATCTTAGACACAGCAGGTCT-3' and common
reverse  5'-GCGAGCAGCCAGGTCACAC-3'. The
blocker allele and mutant allele-specific primers
were used at a 4:1 ratio (WT:mutant) using RT-PCR
protocols that were optimized for increased specific-
ity and sensitivity in detecting the H-Ras Q61L point
mutation. Thermocycling conditions were 10 min at
95°C and 35 cycles of 20s at 95°C, 30s at 60°C, and
20s at 72°C.
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DNA Isolation and Analysis of Gene Deletion

The genomic DNA was extracted from the samples
using Trizol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. The
concentration of total DNA was determined by
measuring the absorbance at 260nm using an
eppendorf biophotometer plus. Purity of isolated
DNA was determined with the ratio of absorbance
260nm/280nm >1.8. PCR to detect exon deletions
in p16 "™** and p19*"" gene locus was done using the
primers and strategy as described [21].

Soft Agar Anchorage-Independent Growth Assay

The soft agar colony forming assay was done as
described with some modifications [22]. Cells
(1 x 10*) were suspended in a top layer of Melanocyte
growth medium containing 7% horse serum and 7%
FBS and 0.4% low melting agarose (Invitrogen) and
plated on a bottom layer of Melanocyte growth
medium containing 7% horse serum and 7% FBS
and 0.7% agarose. The cells were cultured in dupli-
cates, and the medium was changed twice weekly.
The colonies were allowed to grow for 3 wk. Colonies
were counted in each well visually by staining with
0.05% crystal violet. The diameter of each colony
(>100 pm) was measured by taking pictures and
counting the colonies in at least five frames.

Growth in Nude Mice

Cells, 2 x 10° cells were injected in PBS: matrigel
(1:1) subcutaneously into immunocompromised
mice (NIH-bg-nu-Xid), two injections per animal in
triplicates. Tumors were counted weekly and tumor
volume was measured using the formula for hemi-
ellipsoid (Volume =1/2 x (4w/3) x (1/2) x (W/2) x h,
where 1, length, w, width, and h, height).

Metastasis Assay

Cells, 2 x 10° cells were injected in retro orbital
sinus of nude mice and sacrificed 8 wk later. Lungs
were infused and fixed in formalin. Sections were cut
and stained with H &E and analyzed for tumor foci.

RNA-Seq Analysis for Mutation Detection

RNA-sequencing was performed using Illumina
Genome Analyzer IIx (GAIllx) platform and was
done as described elsewhere [23]. TopHat version
2.0.0 was used to align RNA-Seq reads to the reference
genome (mm9) using the short read aligner Bowtie
(version 2.0.0.5). Mutations were analyzed using
Broad Institute’s Integrative Genomics Viewer (IGV).

RESULTS

C3H/HeN Mice Develop Nevus Lesions in a Time and Dose
Dependent Manner

Following a two-step DMBA/TPA protocol, 100% of
C3H/HeN mice developed pigmented lesions, which
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were visually discernible by 7-9 wk (Figure 1A). TPA
application alone does not generate nevi (data not
shown), highlighting the importance of DMBA as an
initiator. In the absence of TPA, a single dose of DMBA
generated only a few, very small nevi, in contrast to
mice treated with the combination of DMBA and TPA
(Figure 1A). The number of pigmented lesions in-
creased as the DMBA dose increased (Figure 1B). Lesion
size depended on both the DMBA and TPA doses used
(Figure 1B and C). To analyze whether these lesions
were stable, TPA administration was stopped at 20 wk
and the number and size of individual nevi were
mapped, then mice went untreated for 10wk then
a second lesion assessment was made. We observed
that a substantial number of lesions regressed
(Figure 1D), resulting in a reduced tumor burden per
mouse (Figure 1E); however, 44% of the lesions were
stable in the absence of continued TPA treatment, and
the penetrance remained at 100%. Moreover, the
remaining lesions were larger at 30 wk compared to
20wk, indicating that the stable lesions continued to
grow independent of TPA (FigurelF).

Histological Analysis of Accumulated Pigment Cells in the
Dermis

Biopsies of the nevi revealed that intensely pig-
mented cells were found in the dermis. In some cases,
the cells invaded the subcutaneous tissue (Figure 2A).
The lesions were composed of densely packed
melanocytes that were arranged in nests, exhibiting
both epithelioid and spindle shaped morphology.
Pigment-bleached serial sections revealed nests of
cells with abundant cytoplasm, large central nuclei
with prominent nucleoli, and were often surrounded
by inflammatory cells and blood vessels (Figure 2A).
The tyrosinase (Tyr) mRNA level was higher in the
nevus biopsies than in untreated skin (Figure 2B).
Melanoma tumor-associated staining with S100,
Ki67, and VEGF was enriched in tissue sections of
lesion biopsies compared to normal and age-matched
skin (Figure 2D and E). VEGF has been reported to
differentially stain human melanomas but not hu-
man nevi [24]. Biopsied skin lesions from treated mice
were positive for anti-VEGF immunofluorescence,
while age-matched tissues were negative (Figure 2D).
VEGF staining was confirmed by flow cytometric
analysis of nevus cell preparations (Figure 2C). Mel-
anA* gated cells expressed higher levels of VEGF in
comparison to normal skin cells (Peak channel 480
versus 240, respectively). Furthermore, a substantial
number of S100™ cells in the dermis were also Ki67
positive, indicating proliferative activity consistent
with transformation (Figure 2E).

MelanA + Skin Lesion Cells Contain a Discrete Subset of
CCR7, Vimentin + Cells

CCR?7 overexpression in melanoma cells has been
shown to facilitate metastasis [25,26]. Further, the
mesenchymal marker vimentin and Ki67 positivity
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Figure 1. Chemical carcinogenesis induces nevi in C3H/HeN mice.
Application of DMBA/TPA induces pigmented lesions that begin to
appear on skin by 7 wk. (A) Representative photo of mice at 20 wk after
DMBA (100 n.g) or DMBA (100 ng)/TPA (20 nmol) protocol. Note that
individual lesions are identified as darkened spots on the skin surface.
(B) Kinetics of pigmented lesion formation and growth demonstrate

are hallmarks of melanoma metastasis and aggres-
siveness [27,28]. Single cell preparations from DMBA/
TPA treated skin contained twice the number of
MelanA™ cells compared to control untreated skin.
Almost half (45%) of the MelanA™ cells were also
positive for CCR7 as well as vimentin, indicating that
the nevi contained a subset of cells with character-
istics of metastatic melanoma (Figure 3A).

MelanA + Skin Lesion Cells Contain Ki67*, TRP2"' Cells
With Increased Levels of Survival-Associated Phospho-ERK

The presence of a high number of Ki67" cells has
been reported to be an effective way to distinguish
melanomas from benign nevi [29]. Further, mitogen-
activated protein kinase/extracellular signal regulated
kinase (ERK) activation by phosphorylation (pERK) is
an important cell survival pathway in melanoma
cells [30]. We observed a 7-fold increase of Ki67
positive cells (Figure 3A) and increased pERK content
in the TRP2"8" subset of MelanA™ cells, in compari-
son to control skin, consistent with transformation to
melanoma in a subset of pigmented cells within nevi
(Figure 3B).
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that nevus development is DMBA and TPA dose dependent. (C) Size
distribution of lesions. (D, E) Reduction in lesion numbers (D) and
affected area per mouse (E), 10 wk after TPA treatment was stopped.
Each line represents an individual mouse. (F) Lesion growth without
TPA from weeks 20 through 30. P values: *, <0.05; **, <0.01; ***,
<0.001, **** 0.0001.

A Subset of Nevi Continue to Grow in the Absence of
Chronic Tumor Promotion Signals

To determine the role of TPA in driving and
maintaining the tumor microenvironment, we com-
pared the cellular composition of lesions 10 wk after
cessation of TPA treatment at week 20. Flow cytom-
etry of single cell suspensions prepared from treated
skin at 20 wk detected high numbers of CD11b™ cells
(32%) in comparison to normal skin (6%) (Figure 4A).
The CD11c" cells in pigmented lesions were reduced
2-fold as compared normal and adjacent skin
(Figure 4B). Following 10 wk without TPA treatment,
we isolated cells from lesions and adjacent skin for
phenotyping. The cellular infiltrate of lesional skin
contained a significant increase in CD11b* cells
(18%), but fewer MHCII™" cells (14%) in comparison
to the composition of lesion-adjacent (7% CD11b",
23% MHCII" cells) and normal skin (7% CD11b",
26% MHCII" cells) (Figure 4B). Further, the lesions
contained 10-fold more myeloid-derived suppressor
cells (MDSCs) (CD11b*, Gr-17) and increased fraction
of CD4" and CD8'°" T-cells numbers. (Figure 4 B). The
percent of CD4" Foxp3* cells was also higher in the
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Figure 2. Melanoma-associated markers and increased angiogene-
sis in chemically induced pigmented lesions. (A) Panels of H&E stained
nevus tissue serial section pairings of unbleached (left) and bleached
(right) views taken with objective magnification of 10x or 60x as
shown. Pigmented cells reached and invaded the subcutaneous layer.
Enhanced angiogenesis (red arrow) and infiltrating inflammatory cells
(blue arrow) in the lesion. (B) gPCR analysis of untreated skin and

lesion compared with adjacent or normal skin (data
not shown).

Migration of Pigmented Cells to the Lymph Nodes

To determine if any melanocytic cell metastasis
occurred, we examined skin-draining lymph nodes
(LNs) from 30-wk mice for the presence of pigmented
cells and expression of melanoma-related markers.
H&E stained LNs from DMBA/TPA treated mice
contained significant numbers of pigmented cells in
the paracortex, rather than just the lymph nodes
sinuses that are occasionally observed in TPA-only
treated or age-matched control mice (Figure 5A).
The photomicrographs of LNs from DMBA treated
mice contain enhanced pigmentation as compared
to controls (Figure 5B). All dLNs from treated mice
contained some pigmented cells in the capsular
sinuses; in addition, 15-20% of dLNs contained
pigmented cells deep in the paracortex and cortex
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DMBA treated pigmented lesions for tyrosinase mRNA levels from at
least 3 nevi each from 3 mice. (C) Flow cytometric analysis for VEGF.
The cells were gated on MelanA™ cells. (D-E) Formalin sections were
stained with anti-mouse S100 antibody, rabbit anti-mouse VEGF, or
rabbit anti-mouse Ki67. (TPA-induced hyperproliferation of epidermis
is confirmed by uniform Ki67 staining.) Arrows highlight Ki67™
melanocytic (5100+) cells. Scale bars are shown.

regions, indicative of more aggressive melanoma. In
order to establish that these cells were not melanin-
laden macrophages, we co-stained with the macro-
phage marker CD11b. Most of the pigmented cells
were Tyr", Trp2*, and/or S100* but CD11b™* cells were
distinct, confirming that pigmented cells were not
melanophages (Figure 5C).

Next, we quantified melanocytic cell content in
dLNs using flow cytometric analysis. LN cells from
DMBA treated groups contained an increase in the
percentage of Trp2" cells, as compared to age-
matched controls (Figure 5D). The absolute numbers
were nearly 6-fold higher in dLNs of the DMBA treated
groups than in control mice (Figure SE). Further,
Trp2* cells contained vimentin® cells, which is
indicative of decreased differentiation (Figure SF).
Tpr2/Dct, MelanA, Tyr, and gp100/Pmel mRNA expres-
sion in LNs of the DMBA treated group was confirmed
by qRT-PCR analysis (Figure 5G).
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and skin and nevus biopsies were processed for isolation of single cells, counted and stained for FACS analysis.
(A) MelanA high cells were gated as in A (% shown) and examined for vimentin, CCR7 or Ki67. (B) The cells
were stained, gated on the melanocytic marker anti-mouse MelanA or Anti-mouse TRP2, then analyzed for

PERK.

Establishment of Long-Term Melanocytic Cultures From
Skin Lesions and LNs

To determine whether immortalized cells were
present, we assessed the ability of skin biopsy tissue
or individual LNs to generate melanocytic lines in
culture. Continuous cell cultures were established
from a subset of pigmented skin lesions, harvested at
30-wk, in a DMBA dose-responsive manner (25% and
10% of individual nevi from mice treated with 100
and 50 pg DMBA, respectively) (Figure S1A). Further,
up to 33% of LNs from DMBA treated mice gave rise to
melanocytic cell cultures, also at a frequency related
to DMBA dose (Figure S1B). The melanocytic origin of
cell lines derived from nevi and LNs was confirmed
by immunofluorescence staining with melanoma-
associated markers (Figure S2). Most of the cell lines
expressed activated pERK, suggesting that survival
signal pathways were established. We were unable
to establish cell lines from the skin or LNs of mice
chronically treated with TPA alone.
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Tumorigenic Properties of Nevus-Derived Melanoma Cell
Lines

Anchorage-independent growth in vitro is an
important feature of metastatic potential [31].
Therefore, we tested the capacity of nevus-derived
cell lines to grow as colonies in soft agar. We
observed that early passage (<p3-5) cultured cell
lines from nevi grew aggressively in soft agar, but
normal melanocytes did not (Figure 6A-C and
Table S1). Growth was less than, but comparable
to control mouse melanoma B16F10 cells
(Figure 6A-C). The tumorigenic potential of our
cell lines was further assessed by their ability to grow
as orthotopic tumors in immunodeficient NIH-bg-
nu-Xid mice. We observed that a majority of cell
lines grew progressively in immunodeficient mice,
confirming their tumorigenic potential in vivo
(Figure 6D and summarized in Table S1). Further-
more, invasive metastatic properties were evident,
since orthotopic tumors also metastasized to dLNs
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(Figure 6E). Moreover, following i.v. injection into
nude mice cells grew readily in the lungs (Figure 6F
and S3). These data provide evidence that nevus-
derived lines possess properties consistent with
metastatic melanoma.

Melanoma Cell Lines Contain Genetic Abnormalities in
Ras and p16 "k4a

A representative cell line underwent RNA-se-
quencing, which revealed the presence of an H-
Ras mutation at codon 61 (A-T), changing amino
acid from Q to L (Q61L) (Figure 6G). In addition,
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the cell line sustained deletions in the tumor
suppressor p16"** gene (data not shown). There-
fore, we screened for the expression of the activated
mutant H-Ras (Q61L) oncogene mRNA and for the
loss of p16 4% mRNA expression in our panel of
cell lines, using an established allele-specific com-
petitive blocker—PCR (ACB-PCR) and primer-spe-
cific PCR, respectively (Figure 6H). More than half
of the cell lines lost p16""** expression (6/11) while
a minority also lost p19*" expression (2/11). Half of
the cell lines without p16 "*# expression contained
exon deletions in the locus (Figure 6I). Cells with
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an intact gene locus were able to re-express p16/#
mRNA following culture with 5-azacytidine,
indicating the locus had undergone epigenetic
silencing (Figure 6]). Interestingly, these genetic
anomalies (i.e., H-Ras [Q61L] mutation and loss of
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p16 "%49 gene expression) were absent in 4 of 11
lines, suggesting that p16”*** may contain inacti-
vating missense mutations or other mechanisms
that lead to progression are involved. The data are
summarized in Table S1.
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DISCUSSION

Nevi are benign proliferative lesions of melanocytic
origin that arise in both UV-exposed and un-exposed
skin. They can be congenital as well as acquired, and
are common in light-skinned individuals with blond
or light brown hair and blue or green eyes. Although
the majority of melanocytic nevi are benign, a
proportion can go on to become invasive melanomas.
The immune factors responsible for their onset and
their evolution into melanomas are not well under-
stood. This lack of information is due, in part, to the
lack of a suitable animal model with which to
investigate this issue.

Tumors derived from our mouse model share many
features of human nevi and melanoma. Gross
examination of the skin revealed multiple pigmented,
gradually enlarging, macules, and papules. Histologi-
cally, they resemble human melanocytic nevi. Immu-
nohistochemical and flow cytometric analysis
demonstrated that the neoplasms expressed melano-
ma-associated proteins S100, MelanA, and Trp2;
mRNA levels for Tyr were also increased over those
in normal skin. While report that murine nevi do not
progress to become melanomas [32], we found that
the advanced lesions showed features indicative of
invasive melanomas, including CCR7, Ki67, and
PERK expression. These and vimentin positive cells
were also detected in draining LNs. In absence of TPA
the majority of lesions regressed; however, a subset of
lesions continued to grow in a TPA-independent
manner, consistent with a fully transformed state.
TPA increases ROS production and induces hyper-
proliferation of keratinocytes both in vitro and in
vivo [33,34]. TPA activates PKC, which is important
for DNA synthesis, production of eicosanoids, cyto-
kines (e.g., TNFa) and growth factors, and affects cell-
cell interactions and communication [35,36]. The
effects of TPA are reversible when limited to a few
doses; however, prolonged application can promote
irreversible genetic changes that lead to cell transfor-
mation and TPA-independent tumor growth [36].

Proliferative cell lines were established from a
subset of skin lesions and draining LNs. The lines
exhibited anchorage independent growth in vitro, as
well as tumor growth in nude mice. In addition,
metastatic growth to lungs was observed when
injected i.v. into nude and normal mice. Many, but
not all of the cell lines exhibited genetic abnormali-
ties, such as the loss of p16% and mutations in
H-Ras, which similar to loss of p16™#? expression and
the N-ras mutations that are associated with a
significant proportion of human melanomas.

While there are several other animal models used
to investigate the pathogenesis of melanoma, few
trace the evolution of benign nevi into metastatic
melanoma. The most common mouse model used to
study melanoma has been the transplantable B16
melanoma cell line in congenic mice [37]. Since this
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cell line is already a melanoma, it cannot be used to
study melanoma initiation [38]. Recent innovations
in development of melanoma mouse models include
the introduction of the human BRAFyspor transgene
under Tyr promoter [39,40]. However, introduction of
transgenes can have unpredictable effects [41]. Fur-
ther, the presence of these mutations from birth may
lead specific tolerance to these mutations [42]. Induc-
ible mouse models are often crossed with knockout
strains of p16 ™#% or Pten gene expression to promote
rapid development of melanoma and metastasis
[43,44]. The hepatocyte growth factor/scatter factor
(HGEF/SF) transgenic mouse model is another well-
established model that develops melanoma as a
consequence of a single prolonged exposure of UV
during the neonatal stage [45]. The initial DNA
damage events and immune responsiveness to muta-
tions acquired during the neonatal stage remain to be
thoroughly investigated.

In this C3H/HeN model, not all melanocytes carry
the same oncogenic mutation, as is the case with
transgenic mouse models. Although there are differ-
ences between models in terms of time to onset and
multiplicity, in addition to differences in immune
recognition of oncogenes, these differences may
reflect many factors: strain background differences
and, importantly, the unpredictable effects of genetic
engineering. The present model avoids the complexi-
ty and possibly immune skewing effects of neonatal
DNA damage, and transgene introduction.

C3H/HeN mice develop cutaneous cell-mediated
immune responses to DMBA, in contrast to C57/BL6
(B6) mice, which are completely resistant to DMBA
induced cell-mediated contact hypersensitivity re-
sponses (Figure S4A). The C3H/HeN model provides
the flexibility to study the role of immune surveil-
lance at different steps of tumor development [46].
This is a particularly appealing feature, given the fact
that there has been success with the use of
immunological approaches for the treatment of
melanoma. We observed a significant increase in
the incidence and size of nevi that developed in
C3H/HeN mice, compared with B6 mice (Figure S4B-
E). The migration of melanocytic cells to LNs is
greater for C3H than B6. Further, a higher percent-
age of the lesions from C3H mice were able to
generate continuous cell lines, in comparison to the
lesions from B6 mice (Figure S4F).

It is well known that, in the absence of cooperating
factors, single mutations in oncogenes are insufficient
for malignant transformation and can lead to perma-
nent growth arrest (senescence) and even apopto-
sis. [47,48]. As such, even when mutations common
to melanomas are present, melanocytic nevi remain
in a benign state for years and rarely progress to
malignancy [5]. Interestingly, the level of p16™*#
mRNA expression gradually decreases as melanoma
progresses from benign nevi to melanoma. Thus,
there is a significant correlation between lack of
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P16 expression and metastasis [5,[8][8]. Consis-
tent with other studies, our results support the
concept that p16™** plays a pivotal role in growth
arrest of nevi, inhibiting their progression to melano-
ma; however, other factors may also be involved.
[9,49-52]

The cell lines we developed possessed similar
characteristics to human melanomas. More than
half contained mutations in H-Ras, and lost pl6
expression, similar to the genetically engineered
H-Ras®'?V p16"*#* null C57BL/6 model [53]. Al-
though H-Ras mutations are less frequently associated
with human melanomas as N-RAS mutations, the
increased frequency of H-Ras mutations in mice
suggests that the downstream signaling pathway
shared by H-Ras and N-Ras is what is critical for
murine melanocytic cell transformation. The majori-
ty of cell lines expressed high levels of phosphorylat-
ed-ERK, indicating activation of MAP kinase signal
transduction, which is highly associated with p16"#
silencing. Importantly, 4 of 11 independent cell lines
were negative for these commonly found genetic
anomalies. Deep sequencing and RNA-seq analysis of
the cell lines and lesions may elucidate new mutations
and mechanisms that contribute to nevus cell trans-
formation. Since the incidence of nevi is often
associated with an increased risk of melanoma,
determining the genetic loci responsible for nevus
formation as well as melanoma is of great interest. The
quantitative trait loci (QTLs) can interact in a non-
additive manner, thus the knowledge of their inter-
actions with one another and their effect on the disease
will help understand how all these loci impact the
disease jointly [54]. Using animal models like this
one can be of great value, to help understand and
uncover candidate genes to be studied in humans [55].

Sunlight and artificial sources of UVR are important
risk factors for the development of nevi and melano-
ma [56]. Indeed, fewer melanocytic nevi develop in
children that are regularly protected with sun-
screen [57]. It is clear, however, that sunlight is not
the sole inductive stimulus for melanoma. Many
individuals acquire nevi in sites that are shielded from
the sun, or are present at or shortly after birth. We
show that nevi can be generated by exposure to PAHs,
and contain mutations similar to human nevi as well
as melanomas. This raises the possibility that expo-
sure to xenobiotics may be relevant in the initiation of
nevus development, and their transformation into
invasive melanoma [58]. Thus, this model will be
valuable for elucidating novel genetic and epigenetic
alterations as well as the immunologic influences that
drive pigment cell dysregulation and transformation.
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