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Abstract

Understanding the molecular mechanisms behind formation of melanoma, the deadliest form of
skin cancer, is crucial for improved diagnosis and treatment. One key is to better understand the
cross-talk between epidermal keratinocytes and pigment-producing melanocytes. Here, using a
bigenic mouse model system combining mutant oncogenic NRASQ®K (constitutively active RAS)
or mutant activated CDK4R24C/R24C (prevents binding of CDK4 by kinase inhibitor p16!/NK4A)
with an epidermis-specific knockout of the nuclear retinoid X receptor alpha (RXRa&~/") results
in increased melanoma formation after chronic ultraviolet-B (UVB) irradiation compared to
control mice with functional RXRa. Melanomas from both groups of bigenic RXRa&~/~ mice are
larger in size with higher proliferative capacity, and exhibit enhanced angiogenic properties and
increased expression of malignant melanoma markers. Analysis of tumor adjacent normal skin
from these mice revealed altered expression of several biomarkers indicative of enhanced
melanoma susceptibility, including reduced expression of tumor suppressor p53 and loss of PTEN,
with concomitant increase in activated AKT. Loss of epidermal RXRa in combination with UVB
significantly enhances invasion of melanocytic cells to draining lymph nodes in bigenic mice
expressing oncogenic NRASQ61K compared to controls with functional RXRa. These results
suggest a crucial role of keratinocytic RXRa to suppress formation of UVB-induced melanomas
and their progression to malignant cancers in the context of driver mutations such as activated
CDKA4R24C/R24C or gncogenic NRASQEIK,
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Introduction

Malignant melanoma is the deadliest form of skin cancer (American Cancer Society, 2013),
and exposure to ultraviolet (UV) radiation is an important etiological risk factor [1].
Therefore, understanding the molecular mechanisms behind UV-induced melanoma
formation is crucial for determining new pathways that can be manipulated for diagnosis and
therapeutic targeting. Retinoid-X-Receptors (RXRs) a, B, and y are members of the nuclear
hormone receptor (NR) superfamily, and have a complex and dynamic role in regulation of
cellular processes. RXRs function as a ubiquitous DNA-binding transcription factor via
ligand binding [2,3] and promiscuous heterodimerization with other NRs [2,4]. By
interacting with several transcriptional coactivators and/or corepressors, RXRs can regulate
gene expression via multiple signaling pathways [2]. Previously we established that RXRa
ablation in keratinocytes (cells comprising skin epidermis) alters paracrine signals to the
melanocytes (pigment producing cells in the skin) and can enhance melanomagenesis [5,6].
Epidermis-specific Rxra knockout in a mouse model is achieved using Cre-LoxP
recombination, with Cre gene expression driven by the Keratin 14 (K14) promoter [7],
which is expressed specifically in stratified squamous epithelium [8]. These RxrafP~/~ mice
show increased melanocyte proliferation and defective DNA damage repair following acute
ultraviolet-B (UVB) irradiation [5], and have increased melanocytic tumor formation
resulting from chemical carcinogenesis [6,9]. Expression of several mitogenic factors are
upregulated in keratinocytes lacking RXRa, including Endothelin-1 (EDN1), Stem Cell
Factor (SCF), Microphthalmia-associated Transcription Factor (MITF), and Hepatocyte
Growth Factor (HGF) [5,6,10], which stimulate melanocyte activation/proliferation in vitro
[5,10]. We also found that combining epidermis-specific RXRa knockout with an activating
Cyclin-Dependent Kinase 4 (CDK4) mutation (R24C) in a bigenic mouse model further
enhanced chemical carcinogen-induced melanomagenesis, suggesting a cooperative effect
between RXRa signaling and a key oncogenic driver [6]. Analyses of human melanocytic
lesions collected at different stages of disease progression revealed a progressive loss of
RXRa protein as tumors progress from benign nevi to in situ and metastatic melanomas [6].

In this study we aimed to investigate a mechanistic role for keratinocytic RXRa in UVB-
induced melanomagenesis, which is a more biologically-relevant model than chemical-
induced carcinogenesis. Rxra?~~ mice were combined with either oncogenic
Neuroblastoma RAS Viral Oncogene Homolog (NRASRQELK) or activating Cdk4R24C/R24C
mutations to elucidate the role of RXRa loss in melanoma formation when combined with
aberrant signaling pathways. The CDK4 pathway (p16-cyclin D-CDK4/6-retinoblastoma
protein pathway) is reported to be dysregulated in 90% of human melanomas [11], while
NRAS gene mutations are detected in 15-20% [12].

We observed that keratinocytic Rxr« ablation combined with either Cdk4R24C/R24C or
NRASQEIK mytations resulted in increased number/size of UVB-induced melanocytic
tumors compared to control Cdk4R24C/R24C or NRASQEIK mice with functional RXRa
(Rxra-?'L2). Melanocytic tumors from both groups of bigenic Rxra”~/~ mice were more
proliferative and showed increased labeling for malignant melanoma and tumor
angiogenesis markers. The tumors also had altered expression of several genes implicated in
mouse cancer compared to corresponding Rxra-?/-2 control samples, which corroborate

Mol Cancer Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Coleman et al.

Page 3

several observed phenotypic changes. We have also observed increased invasion of
melanocytic cells into draining lymph nodes bigenic Rxra®P~/~ mice expressing oncogenic
NRASQ6IK  compared to controls with functional RXRa. Additionally, the tumor adjacent
normal (TAN) skin from both groups of UVB-treated bigenic Rxra€P~/~ mice showed
dysregulated expression of several melanoma biomarkers. Particularly, we observed reduced
Phosphatase and Tensin Homolog (PTEN) protein and concomitant increase in the
phosphorylated, active form of its downstream effector Protein Kinase B (commonly called
AKT), in addition to reduced expression of Tumor Suppressor p53. These results suggest
that loss of keratinocytic RXRa both promotes and enhances formation of UVB-induced
malignant melanomas in combinations with distinct driver mutations. Therefore epidermal
RXRa expression may represent a new potential biomarker for diagnosis and treatment of
UVB-induced melanomas in humans.

Materials and Methods

Mice

Generation of RxrafP~/~ [7], Cdk4R24C/R24C [13] and Tyr-NRASQ6IK [14] mice have been
described previously. See Supplementary Figure S1 for breeding/genotyping strategies for
RxrafP~/~ | CdkaR24C/R24C and RxrafP~/~ | Tyr-NRASQEIK higenic mice. PCR primers used
for genotyping are listed in Supplementary Table S2. Mice were housed in our approved
University Animal Facility with 12-h light cycles, food/water were provided ad libitum, and
institutional approval was granted for all experiments via an Animal Care and Use Protocol
(ACUP).

UVR treatment of mice

Age- and sex-matched (female) P2 mice were exposed to a single dose of 800 mJ/cm? of
UVB light from a bank of four Philips FS-40 UV sunlamps [5], in order to stimulate a large
outmigration of melanocytes from hair follicles into the extrafollicular epidermis and dermis
[5] and promote melanomagenesis [15] prior to chronic treatment. Upon weaning (21 days
postnatal), dorsal skin was shaved weekly and exposed to chronic doses of 320 mJ/cm?, 3X
weekly for 30 weeks [16]. For negative controls, parallel groups of mice were shaved but
not UVB-treated. At the conclusion of 30 weeks, melanocytic lesions were quantitated, and
biopsies of lesions and tumor adjacent normal (TAN) skin were collected for analyses. This
experiment was repeated independently twice with at least five mice per group.

Histological analyses

All analyses were performed on 5 um formalin-fixed paraffin (FFPE) sections. Hematoxylin
and eosin (H&E) staining was performed as previously described [9]. Fontana-Masson and
combined eosinophil/mast cell stain (CEM) procedures were done using commercial Kits
(American MasterTech) according to manufacturer’s protocol. Prior to CEM staining,
melanin pigment was bleached by treating slides with 10% H,0O5 in 1X PBS for 25 minutes
at 60°C. See Supplementary Methods for detailed protocols.
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Immunohistochemistry

All chromogenic and fluorescent IHC studies were performed on 5 um FFPE sections. All
slides were treated with 10% H,0, in 1X PBS as described above to remove melanin
pigment. Antibodies used are detailed in Supplementary Table 1. Sections on the same slide
labeled without primary antibody was used as negative controls (for examples see
Supplementary Figure S3A), and all experiments were performed in triplicates. See
Supplementary Methods for detailed protocols.

Imaging and quantitation of histological experiments

Brightfield images were captured with a Leica DME light microscope using the Leica
Application Suite software, version 3.3.1. Fluorescent images were captured using a Zeiss
AXIO Imager.Z1 with a digital AxioCam HRm and processed using AxioVision 4.8 and
Adobe Photoshop. Quantifications of cell labeling were performed using ImageJ software
(NIH), multiple random fields (at least 12) were imaged from several replicate mice in all
groups and counted. The slides were analyzed independently in a double-blinded manner by
two investigators and significance was determined using a Student’s two-tailed t-test as
calculated by GraphPad Prism software.

Laser Capture Microdissection (LCM) and RNA isolation from melanoma tissue

Melanocytic lesions embedded in OCT (fresh, not fixed) were sectioned at 14 um. Blocks
were kept on dry ice prior to sectioning. One section was affixed per glass slide, and slides
were immediately placed on dry ice, stored at —80°C long term, and kept on dry ice until
immediately before LCM. Sections were dehydrated through sequential washes of cold
alcohol followed by cold xylene. LCM was performed using a Zeiss PALM MicroBeam
laser microdissection system; tissue was collected from five individual sections from each
lesion and pooled. RNA was isolated using an Arcturus Pico Pure RNA Isolation Kit
according to manufacturer’s protocol.

RT-gPCR analysis of gene expression in melanoma tissue isolated by LCM

Equal amounts of RNA from five distinct lesions from each group (each from a different
animal) were pooled and converted to cDNA using a RT2 PreAMP cDNA Synthesis Kit (SA
Biosciences/Qiagen) according to manufacturer’s protocol. cDNAs were applied to an SA
Biosciences/Qiagen RT? Profiler PCR Array (Mouse Cancer, PAMM-033Z). Triplicate
arrays were run for each group, and data analyses performed using SA Biosciences web-
based software.

Immunoblotting analyses

Immunoblotting analyses were performed according to standard protocols (described in
[5,17]). After incubation with appropriate secondary antibody, signals were detected using
immunochemiluminescent reagents (GE Healthcare, Piscataway, NJ). Equal protein loading
in each lane was confirmed with a p-actin antibody (#A300-491, Bethyl). See
Supplementary Methods for detailed protocol.

Mol Cancer Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Coleman et al. Page 5

Results

Loss of keratinocytic Rxra expression in cooperation with activated Cdk4 or oncogenic
NRAS mutations results in increased UVB-induced melanoma formation

Our previous studies indicated that loss of keratinocytic RXRa protein has a role in
melanocyte homeostasis and melanomagenesis, as observed in mouse models with
epidermis-specific knockout of Rxra (Rxraf*~/~) [5,6,9] and human melanoma samples [6].
Therefore we hypothesized that loss of keratinocytic Rxra expression would result in
enhanced malignant melanoma formation from chronic UVB-irradiation in bigenic mouse
models, combined with homozygous activated Cdk4R24C/R24C or heterozygous melanocyte-
specific expression of oncogenic human NRAS (Tyr-NRASQELK),

To that end, Rxra®P~/~ mice were bred to either Cdk4R24C/R24C or Tyr-NRASQ8IK mice to
generate RxrafP~/~ | Cdk4R24C/R24C and RxrafP~/~ | Tyr-NRASQELK higenic mice,
respectively (see Materials and Methods, Supplementary Figure S1). Rxra-2/L2 |
Cdk4R24C/R24C and Rxral-2/L2 | Tyr-NRASRQEIK mice (floxed Rxra mice containing LoxP
sites flanking exon 4) were used as controls for wild-type Rxra function. Here onwards, the
homozygous Cdk4R24C/R24C mytation will be simply referred to as Cdk4R24C. Cohorts of
neonatal (P2) mice from each group were irradiated with a single large dose of UVB,
followed by 3X weekly doses of UVB (2X minimal erythemal dose) for 30 weeks and
monitored periodically for formation of melanocytic tumors (Figure 1A) [16]. The initial
UVB dose served to stimulate outmigration of melanocytes into the extrafollicular epidermis
and dermis prior to chronic treatments [5]. Additionally, since HGF is upregulated in
RxrafP =/~ | Cdk4R24C skin [6], we found it prudent to apply a large neonatal dose to
promote melanomagenesis; it has been previously found that HGF/Scatter Factor (SF)
overexpressing mice are prone to later melanoma development when receiving a large dose
of UVB as neonates, but not as adults [15].

Phenotypically, overall skin coloration of adult homozygous Cdk4R24C mice was distinct
from those expressing oncogenic Tyr-NRASQEIK, The Tyr-NRASQS1K mice have heavily
pigmented skin throughout (Figure 1B, Supplementary Figure S2E) compared to skin of
Cdk4R24C mice (Figure 1C, Supplementary Figure S2E), making it difficult to quantitate
smaller melanocytic lesions. Only larger (>2 mm) lesions in RxraP~/~ | Tyr-NRASQ6IK
mice could be quantitated, as they were raised at that size due to the presence of a follicular
cyst underneath. Dermal cysts are another phenotype of epidermal Rxr« ablation [7],
resulting from degenerate hair follicles, and were also found within the lesions from
RxrafP =/~ | Cdk4R24C mice.

Both bigenic Rxraf?~/~ mouse lines developed higher numbers of melanocytic lesions, most
of which were larger in size (>2 mm), compared to mice with functional Rxra expression
(Figure 1B, C, F, G). The Rxraf”~'~ lesions were also more densely pigmented (Figure 1D,
E) and showed enhanced penetration into the epidermal basal layer (Figure 1D, E (inset)).
Histopathological analyses confirmed that the melanocytic lesions (>2 mm) from both
bigenic mouse lines are melanomas with hallmarks of round and/or spindle cell tumors.
Cohorts of Rxra-?-2 and RxrafP~/~ mice without Cdk4R24C or Tyr-NRASQS1K mutations
were treated identically with chronic UVB and did not develop any melanocytic lesions after
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end of treatment (Supplementary Figure S2D). Additionally, bigenic mice from each group
were shaved weekly without any UVB treatment to monitor spontaneous melanoma
formation and did not develop any lesions (Supplementary Figure S2E). Non-UVB treated
bigenic RxratP~/~ mice do develop small melanocytic nevi (<1 mm) that do not increase in
size over the life of the mouse (Supplementary Figure S2E). Altogether, our results suggest
that loss of epidermal Rxra expression in combination with oncogenic NRAS or activated
CDK4 enhances UVB-induced melanomagenesis.

Increased proliferation, malignant conversion, and enhanced angiogenesis in melanomas
from mice lacking keratinocytic Rxra expression

We employed immunohistochemical (IHC) analyses in order to characterize the melanomas
formed after chronic UVB exposure. We aimed to elucidate the differences between
melanomas from bigenic RxrafP~/~ | Tyr-NRASQ82K and RxrafP~/~ | Cdk4R24C mice and
their corresponding Rxrat%2 controls. Fluorescent IHC was performed on sections from
melanocytic lesions. To characterize immune cell infiltration, IHC was performed to label
for macrophages (Supplementary Figure S4 A-D) and T-cells (Supplementary Figure S4 E—
H). A significant increase in infiltration of Macrophage-1 antigen (MACL)-positive
macrophages was observed specifically in melanomas from Rxraf?~/~ | Cdk4R24C mice
compared to their control (Supplementary Figure S4 C, D). IHC for Cluster of
Differentiation (CD4)-positive T-cells (Supplementary Figure S4 E-H) and combined
eosinophil-mast cell (CEM) staining (Supplementary Figure S5) did not reveal any changes
in either bigenic group. These results suggest specific cooperative effects between epidermal
Rxra loss and activated Cdk4 mutation to alter UVB-induced macrophage response.

Next we co-labeled the lesions for proliferation marker Proliferating Cell Nuclear Antigen
(PCNA) and melanocyte-specific marker Tyrosinase-Related Protein 1 (TYRP1), an enzyme
involved in melanin synthesis [18]. We observed a significantly higher percentage of PCNA/
TYRP1 co-labeled cells in lesions from bigenic RxraP~/~ mice compared to their controls
(Figure 2A, B and insets). Rxra®P~/~ | Cdk4R24C lesions also displayed significantly higher
overall numbers of TYRP1+ melanocytic cells (Figure 2B). An antibody cocktail against
malignant melanoma (HMB45 + MART1) [19] showed markedly higher staining in
melanomas from bigenic Rxra®*~/~ mice (Figure 2C, D). We then labeled for tumor
angiogenesis marker Cluster of Differentiation 31 (CD31) [20]. Although melanomas from
RxrafP =/~ | Tyr-NRASQEIK mice exhibited a similar presence of CD31+ cells compared to
controls, there was a higher incidence of larger, more complex CD31+ vasculature (Figure
2E, right panel). Similarly, we observed more intense staining of CD31 in RxrafP~/~ |
Cdk4R24C melanocytic lesions than in the control group (Figure 2F). Altogether, these
results suggest that loss of Rxra expression in the epidermis contributes to enhanced
proliferation, malignant conversion, and angiogenesis in UVB-induced melanomas in the
context of oncogenic signaling or dysregulated cell-cycle regulators.

Chronic UVB-irradiation results in increased melanoma invasion to draining lymph nodes
in Tyr-NRASQ61K mice lacking keratinocytic Rxra expression

Next we wanted to determine the effects of keratinocytic Rxra loss on metastasis of UVB-
induced melanomas. Upon conclusion of the 30 week chronic UVB treatment period,
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draining inguinal lymph nodes (LNs) were excised from the mice. Fontana-Masson (FM)
staining for melanin pigment showed increased number of pigment-containing cells in LNs
from mice expressing Tyr-NRASQ61K compared to those expressing the activated Cdk4R24C
gene (Figure 3A). Interestingly, no difference in overall pigmentation was observed in
RxrafP~/~ LNs compared to their corresponding Rxra-?/2 controls in either group of
bigenic mice (Figure 3A). To specifically characterize the presence of melanocytic cells in
the LNs, we performed chromogenic IHC for TYRP1 on LN sections from mutant and
control mice. We observed a much higher presence of TYRP1+ positive cells in the Tyr-
NRASQ6IK group compared to the Cdk4R24C group (Figure 3B, C), and a marked increase in
TYRP1+ cells in LNs from the RxrafP~/~| Tyr-NRASQELK mice compared to their Rxral2?/-2
controls (Figure 3B,C). Epidermal Rxra ablation did not result in significant changes to LN
invasion in the Cdk4R24C group. These results suggest that loss of epidermal Rxra
expression cooperates with oncogenic NRAS to form UVB-induced melanomas with
enhanced risk of metastasis of melanocytic cells to the distal LNs.

Overlapping and distinct sets of genes related to cancer progression are dysregulated in
melanomas from Rxra®P~~ | Tyr-NRASQEIK and Rxra®P~ | Cdk4R24C pigenic mice

In order to determine gene signature changes that might cause the observed phenotypic
differences between melanomas from bigenic Rxra®*~/~ mice compared to Rxra-%/-2
controls, we utilized LCM to specifically isolate RNA from pigmented melanoma tissue
(Figure 4A). Converted cDNA was then applied to an RT-qPCR array of genes implicated in
mouse cancer progression (Qiagen/SA Biosciences PAMM-033Z) (Supplementary Figures
S6, S7). Using a 1.7 fold cutoff, melanomas from both RxrafP~/~|Tyr-NRASQE1K and
RxrafP~/~ | Cdk4R24C mice exhibited similar upregulation of four gene transcripts relative to
corresponding controls (Figure 4B). Three are involved in cell cycle regulation/proliferation:
Marker of proliferation Mki67, Aurora Kinase A (Aurka, required for G2-M transition [21])
and Cell Division Cycle Protein 20 (Cdc20, activates anaphase promoting complex [22]).
Additionally, both Rxraf?~/~ | Tyr-NRASRQ®1K and RxrafP~/~|Cdk4R24C melanomas had
upregulated angiopoietin 1 (Angptl) expression, which contributes to blood vessel
formation/maturation [23]. Interestingly, a single gene was appreciably dysregulated
specifically in the RxraP~/~ | Tyr-NRASQ62K melanomas but not in the RxrafP =/~ |
Cdk4R24C melanomas; Tankyrase-2 (Tnks2), associated with telomere maintenance
processes [24], was upregulated (Figure 4B). Suppression of TNKS2 has also been
previously associated with reduced colony formation, migration, and invasion of cervical
cancer cells [25]. Additionally, a diverse subset of genes was dysregulated only in Rxra®P =/~
| Cdk4R24C melanomas but not in the RxraP~/~ | Tyr-NRASQ6IK |esions (Figure 4B, C).
They are involved in regulating key cellular processes including microtubule dynamics
(Stathmin-1 (Stmn1) [26]), angiogenesis (Serpin Peptidase Inhibitor Clade F (Serpinfl) [27],
Basic Fibroblast Growth Factor (Fgf2) [28], and Placental Growth Factor (Pgf) [29]), cell
adhesion (Occludin (Ocln) [30]), apoptosis (Bcl-2-like Protein 11 (Bcl2111) [31], Caspase-2
(Casp2) [32], and Fas Ligand (Fasl) [33]), chromatin remodeling (Alpha Thalassemia/
Mental Retardation Syndrome X-Linked (Atrx) [34]), DNA Repair (X-ray repair cross-
complementing protein 4 (Xrcc4) [35]), lipid synthesis/metabolism (Lipoprotein lipase (Lpl)
[36]), growth factor signaling (Pgf [29]) and immune response (Chemokine (C-C Motif)
Ligand 2 (Ccl2) [37], Fas ligand (Fasl) [33]), as well as ubiquitous transcription factors
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Goosecoid (Gsc) [38] and T-Box 2 (Thx2) [39] (Figure 4B, C). Overall the above results
suggest that epidermal ablation of Rxra expression results in melanomas with altered gene
signatures related to promoting proliferation and angiogenesis, and specific cooperation of
epidermal Rxra loss with activated CDK4 dysregulates a broad additional set of genes with
diverse functions with regard to enhancing melanomagenesis.

Dysregulated melanoma signaling in Tumor Adjacent Normal (TAN) skin from chronic
UVB-irradiated mice lacking keratinocytic Rxra expression

Thus far our data suggests that loss of keratinocytic RXRa has a role in enhancing
progression of melanocytic tumors to malignant, metastatic lesions. As bigenic Rxra®P~/~
mice formed a higher number of chronic UVB-induced melanocytic lesions relative to
Rxra?/'L2 controls, we next aimed to determine if keratinocytic Rxra loss also leads to
phenotypic changes in the skin that enhance susceptibility to UVB-induced melanomas. To
that end, we performed IHC and immunoblotting analyses on whole skin biopsies to analyze
expression of known biomarkers of melanoma susceptibility in tumor adjacent normal
(TAN) skin from chronic UVB-irradiated bigenic Rxra®P~/~ mice and compared them to
their controls. Morphologically, TAN skin from all groups was similar to non-UVB treated
skin, except with dramatic thickening of the epidermal layer (Supplementary Figure S2
A,B,C) and increased pigmentation, particularly in the dermal layer (Supplementary Figure
S2 A,B). Skin from non-UVB and UVB-treated Cdk4R24C mice was also prone to sebaceous
gland hyperproliferation (Supplementary Figure S2 A,B).

We found that ablation of epidermal Rxra expression resulted in reduced protein expression
of tumor suppressor PTEN observed by both chromogenic IHC (Figure 5A-D) and
immunoblotting (Figure 5E, F). As expected, we also observed a concomitant increase in
Ser473 phosphorylation of its downstream effector AKT without change in total AKT levels
(Figure 5G-L). In both bigenic RxrafP~/~ mouse lines we also observed reduced p53
expression in TAN skin, both by IHC (Figure 6A-D) and immunoblotting (Figure 6E-F).
By Immunoblotting we observed upregulation of Cyclin D1 in TAN skin (Figure 6G,H); this
protein has been found to be upregulated due to p53 inactivation [40]. Skin samples
collected from non-UVB treated skin showed reduced staining intensity of PTEN, p-AKT,
and p53; no discernable difference in expression pattern between Rxra-2/-2 and bigenic
RxrafP~/~ mice was observed (Supplementary Figure S3).

IHC revealed that expression of total CDK4 protein in TAN skin was modestly upregulated
in both bigenic Rxraf~~ mouse lines (Supplementary Figure S8 A-D). Expression of
transcription factor E2F1, which has been associated with increased melanoma invasiveness
[41], was upregulated only in RxrafP~/~| Cdk4R24C TAN skin but not in that of RxrafP =/~ |
Tyr-NRASQS1K mice (Supplementary Figure S8 G, H). Phosphorylated-ERK (p-ERK
p44/42) was decreased in bigenic RxraP~/~ TAN skin as determined by immunoblotting
(Supplementary Figure S8 E, F). Increased p-ERK has been correlated with malignant
melanoma progression [42], though reduced ERK activation has been reported in an
epithelial subtype of melanomas [43]. Altogether, these results suggest that loss of
keratinocytic Rxra expression and chronic UVB exposure results in alteration of several key
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signaling pathways in the melanoma microenvironment that enhance melanoma
susceptibility.

Discussion

We have previously established a role of keratinocytic RXRa in acute UV-induced
melanocyte proliferation and in melanomagenesis induced by chemical carcinogenesis
[5,6,9]. As exposure to UV is a major risk factor [1], we wanted to investigate mechanism(s)
underlying loss of epidermal RXRa during UVB-induced melanomagenesis. Here we used
RxrafP~'~ mice combined with oncogenic mutant NRAS (Q61K) or activated Cdk4 (R24C)
to elucidate the role of keratinocytic RXRa protein in promoting chronic UVB-induced
melanoma formation and determine cooperativity with signaling pathways linked to
melanoma driver mutations.

As hypothesized, RxrafP~/~ mice developed more and larger UVB-induced melanocytic
tumors in combination with either Tyr-NRASQ®1K or Cdk4R24C mutations compared to their
corresponding Rxra-?/12 controls. Interestingly, we observed increased penetration of
pigmented cells into the epidermal basal layer, possibly due to increased secretion of several
mitogenic paracrine factors from the keratinocytes as we have reported previously [5,6].
Mice with epidermal Rxra knockout alone did not develop UVB-induced melanomas, nor
did age-matched bigenic mice that were not treated with UVB. Altogether, these results
suggest that keratinocytic Rxra loss is an etiologic factor for enhanced UVB-induced
melanomagenesis in the context of a melanoma-susceptible background in the form of
NRASQEIK or Cdk4R24C mutations.

Our LCM gene expression studies corroborate what we observed via immunohistochemistry.
mRNA transcripts for several coordinators of cell cycle/proliferation were found to be
upregulated in melanocytic tumors from both Rxra®P~/~ bigenic mouse lines. We also found
enhanced angiogenic properties in tumors from the bigenic Rxra®P~/~ mice. Angiogenesis
regulator Angpt1 was upregulated in tumors from both Rxra®P~/~ bigenic mouse lines. Three
additional genes (Serpinfl, Fgf, Pgf) with reported roles in angiogenesis were also altered
specifically in Rxra®P~'~ | Cdk4R24C tumors. We observed a higher degree of malignancy in
melanocytic tumors from both bigenic Rxra®~/~ mouse lines, as well as increased invasion
of TYRP1-expressing melanoma cells to draining lymph nodes in Rxra®~/= | Tyr-
NRASQ6IK mice. Similar observations of enhanced proliferative, angiogenic, and malignant/
metastatic properties were previously made in lesions from DMBA-TPA treated RxrafP =/~ |
Cdk4R24C mice [6]. All of these results underscore an important role for RXRa in mediating
melanocyte proliferation, homeostasis, and angiogenesis and suggest that loss of
keratinocytic RXRa contributes to progression of UVB-induced melanocytic lesions to
malignant and invasive tumors. That is further supported by our earlier observations in
human melanomas, which demonstrated progressive loss of RXRa protein levels in adjacent
epidermis as lesions progressed from benign nevi to metastatic melanomas [6].

Besides several overlapping observations in Rxraf?~/~ | Tyr-NRASQ61K and RxratP =/~ |
Cdk4R24C melanocytic tumors, we observed changes specific to one group or the other,
suggesting that in addition to a general role of keratinocytic RXRa in mediating
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melanomagenesis, specific cooperative effects result from combined loss of epidermal
RXRa with activated CDK4 or oncogenic NRAS. A single gene, Tnks2, was upregulated
specifically in in Rxra®*~/~ | Tyr-NRASQ®1K melanomas. Tnks2 is upregulated by
microRNA miR20a [25], and TNKS2 suppression has been associated with reduced colony
formation, migration, and invasion of cervical cancer cells [25]. It’s possible that
upregulation specifically in the RxraP~/~ | Tyr-NRASQEIK tumors contributes to the
enhanced infiltration of melanocytic cells to LNs observed in this model. The role of Tnks2,
and potentially miR20a, need to be investigated further going forward. Additionally, we
found a diverse set of genes implicated in cancer formation dysregulated only in Rxra®P~/~ |
Cdk4R24C melanocytic lesions and not in the Tyr-NRASQSIK group. Those genes are
involved in regulating a multitude of key cellular processes, including ubiquitous
transcription factor function, which themselves may control a wide array of downstream
processes affecting melanoma formation/progression. CDK4 initiates events leading to
accumulation of transcription factor E2F1 and promotes entry into S-phase of the cell cycle
[44]. E2F1 has been associated with increased melanoma invasion [41] and used as a
biomarker toward sensitivity to MDMZ2 inhibitors [45]. We observed modest upregulations
of total CDK4 protein in Rxra®”~/~ TAN skin from both of our bigenic mouse models
compared to Rxra%/12 controls, suggesting that loss of keratinocytic RXRa contributes to
enhanced CDK4 expression. As the Rxra2P~/~| Cdk4R24C mice are homozygous for the
mutant Cdk4R24C allele, any upregulated CDK4 expression in these animals is exclusively
the mutant, activated CDK4R24C protein, resulting in increased expression levels of
activated CDK4 (Cdk4R24C) above that of Rxra-2/L2| Cdk4R24C control mice, thereby further
enhancing alterations of other downstream targets. Selective enhancement of E2F1
expression in Rxra®?~/~ | Cdk4R24C TAN skin, and not in mice expressing oncogenic NRAS,
corroborates that notion. Our observation of increased MAC1+ macrophage infiltration
exclusively in Rxra®P~/~ | Cdk4R24C |esions is also supported by the LCM gene expression
studies, where expression of the macrophage attractant Ccl2 was upregulated in RxraP~/~ |
Cdk4R24C Jesjons relative to Rxra%/-2 control, and this was not observed in melanomas
from Rxra®P~/~ | Tyr-NRASQ81K mice. CCL2 is a ligand of receptor CCR2, and melanocytes
have been reported to secrete CCR2 ligands to attract CCR2+ macrophages into the skin
following UVB irradiation [37]. These macrophages secrete interferon-y which promotes
post-UV survival of melanocytes [37]. Therefore, specific cooperative effects may result
from combined loss of epidermal RXRa and activated CDK4, contributing to enhanced
melanoma progression. The increased immune responses and enhanced macrophage
infiltration in the Rxraf”~/~ | Cdk4R24C mice may also prevent and/or eliminate the highly
proliferative and aggressive melanoma cells from invading and infiltrating to the adjacent
lymph nodes. Additional studies are necessary to elucidate the specific cooperative effects of
combined epidermal RXRa loss and activated CDK4 in melanomagenesis.

Thus far our results suggest that loss of keratinocytic RXRa can enhance progression of
UVB-induced melanocytic lesions to malignant, metastatic tumors in the context of
activating Cdk4R24C or oncogenic Tyr-NRASQ81K muytations. We observed reduced
expression of tumor suppressor p53 and an upregulation of Cyclin D1 in bigenic Rxra®P~/~
TAN skin. p53 has been reported to cooperate with both NRAS [40,46] or CDK4 [47,48]
mutations to promote melanoma formation. Enhanced expression of Cyclin D1 has been

Mol Cancer Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Coleman et al. Page 11

correlated with progression of primary melanoma [42,49] and is upregulated due to p53
inactivation [40].

Similarly, functional loss of PTEN expression occurs in 30-60% of melanomas [50]. PTEN
expression inactivation can occur through deletion/mutation [50], or alternatively via
aberrant epigenetic silencing [50]. This makes it difficult to accurately estimate the impact
of PTEN inactivation as no detectable mutation in the gene itself may be present [50]. PTEN
functions as a tumor suppressor by degrading second messenger lipids produced by
Phosphoinositide 3-kinase (PI13K). Without functional PTEN these signals result in
excessive AKT activation, suppress apoptosis, and promote tumorigenesis [50]. PTEN
normally functions in homeostatic balance with AKT, and when functionally suppressed
results in excessive AKT phosphorylation [50]. Our observed loss of PTEN and concomitant
increase in levels of activated, phosphorylated AKT protein in Rxra®P~/~ TAN skin, further
corroborates those previous reports. Since the above results are obtained from non-
tumorigenic skin, they strongly suggest that loss of epidermal RXRa in combination with
chronic UVB exposure creates a microenvironment in the skin that is susceptible to
melanoma formation in the context of multiple signaling pathways mediated by driver
mutations such as oncogenic NRAS or activating CDK4 mutations.

Overall, our results suggest that loss of RXRa in the epidermis alters the skin
microenvironment in a manner that both promotes formation and enhances progression of
malignant and metastatic UVB-induced melanomas when combined with upregulated
oncogenic NRAS or activated CDK4 signaling pathways. Further studies will be necessary
to establish RXRa as a clinical diagnostic marker and a therapeutic target for preventing
melanoma progression and metastasis in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Macroscopic and histological characterization of melanocytic tumors from bigenic
RxrafP~/~ mice combined with Tyr-NRASQEIK or CdkaR24C mutations

(A) Scheme for chronic UVB treatment of mice. (B, F) Tyr-NRASQ6IK or (C, G) Cdk4R24C
mice with epidermal-specific Rxra ablation have more growths than mice with functional
Rxra; RxrafP~/~ | Cdk4R24C mice also have an increase in large melanocytic (>2 mm)
lesions. Lesions indicated by arrows. (D, E) H&E staining of melanocytic lesions. (D) Tyr-
NRASQEIK or (E) Cdk4R24C mice with epidermal-specific Rxra ablation have more densely
pigmented lesions with enhanced penetration into epidermal basal layer (inset). Scale bar =
50 um. *** = p <0.001
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Figure 2. Melanocytic tumors from bigenic Rxra®?™/~ mice combined with Tyr-NRASQELK o
Cdk4R?4C mutations have enhanced proliferative, angiogenic, and malignant properties

(A, B) Fluorescent IHC for proliferation marker PCNA (red) and melanocyte marker
TYRP1 (green). A trend of increased overall TYRP1+ cells and significant increases in
PCNA+/TYRP1+ cells was observed in lesions from Rxra®P~/~ mice compared to Rxra-2/L2
controls in combination with either Tyr-NRASQELK (A) or Cdk4R24C (B) mutations. (C, D)
IHC using antibody cocktail against malignant melanoma (red). Overall, more positive
staining was observed in lesions from bigenic Rxraf”~~ mice compared to Rxra-2/-2
controls. (E, F) IHC for tumor angiogenesis marker CD31 (red). Overall, more prominent
staining was observed in lesions from bigenic Rxraf”~~ mice compared to controls.
Particularly in mice carrying the Tyr-NRASQ6IK mutation, loss of epidermal Rxra results in
lesions with large multicellular CD31+ blood vessels (E, right panel). E=Epidermis, D=
Dermis. Scale bars = 50 pm.
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Figure 3. Enhanced invasion of TYRP1+ pigment-producing cellsis observed in draining lymph
nodes of Tyr-NRASQs1K mice compared to Cdk4R?4C mice, which isfurther increased by
absence of keratinocytic RXRa

(A) General stain for melanin pigment (black staining) as determined by Fontana Masson
assay. Nuclear Fast Red (pink) was used as a nuclear counterstain. More pigmentation is
observed in LNs from the Tyr-NRASQ62K background as opposed to those expressing
Cdk4R24C hut no difference in either background is observed between Rxra®P~/~ and
Rxrat2/'L2 controls. (B, C) Chromogenic IHC for melanocyte-specific marker TYRP1
(brown). More positive staining overall is observed in Tyr-NRASQS1K | Ns as opposed to the
Cdk4R24C |_Ns, and a significant increase in melanocytic cells is observed in Tyr-NRASQE1K|
RxrafP~~ mice relative to its Rxra-?2 control. Black arrows indicate positive cells in
Cdk4R24C group (B, right column). Hematoxylin (purple) was used as a nuclear counterstain.
** = p < 0.01, # = no statistical significance. Scale bars = 100 um.
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Figure 4. Melanocytic tumor s from bigenic Rxra®P~/~ mice show both overlapping and distinct
dysregulated expression of several genesimplicated in melanoma progression

(A) Laser Capture Microdissection (LCM) was performed to isolate RNA from melanoma
tissue and analyze gene expression. (B) mRNA expression of several genes implicated in
cancer were found to be dysregulated (>1.7 fold) in melanocytic lesions from Rxra®P~/~
mice compared to Rxra-?L2 controls, as determined by an RT-gqPCR array (SA Biosciences
PAMM-033Z). A subset of these genes were dysregulated in Rxra€P~/~ mice from both the
Tyr-NRASQ®1K and Cdk4R24C groups, Tnks2 was dysregulated only in RxrafP =/~ | Tyr-
NRASQEIK while several others were changed only in the Rxraf?~/~ | Cdk4R24C group. RNA
from five mice was pooled and three replicate RT-gPCR arrays were run per group. * =p <
0.05, ** =p <0.01, *** = p < 0.001, **** = p <0.0001 (C) Categories of gene functions
represented by significantly dysregulated genes determined by RT-gPCR arrays shown in

(B).
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Figure 5, Chronically UVB-irradiated tumor-adjacent normal (TAN) skin from bigenic
RxrafP~/~ mice exhibit loss of PTEN and increase in phosphorylated AK T
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(A-F) Loss of PTEN expression in TAN skin of bigenic RxrafP~/~ compared to Rxra-2/L2

controls, as determined by IHC (A-D) and (E, F) immunoblotting. (G-L) Increase in

phosphorylated AKT (Ser 473) in epidermis and dermis of bigenic Rxraf*~/~ mice as

determined by (G-J) IHC and (K, L) immunoblotting. Two biological replicates for each
group are shown for all immunoblots. E=Epidermis, D= Dermis. Scale bars = 100 pm. # =

no statistical significance, * = p < 0.05, *** = p < 0.001, **** = p < 0.0001.
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Figure 6. Chronically UVB-irradiated tumor-adjacent normal (TAN) skin from bigenic
RxrafP~/~ mice exhibit loss of p53 and upregulation of Cyclin D1

(A-F) Loss of p53 expression in TAN skin of bigenic Rxraf?~/~ mice as compared to
Rxral?/L2 controls, as determined by IHC (A-D) and (E,F) immunoblotting. (G,H)
Upregulation in Cyclin D1 in TAN skin of bigenic RxraP~/~ mice, as shown by
immunoblotting. Three biological replicates for each group are shown for all immunoblots.
E=Epidermis, D= Dermis. Scale bars = 100 pm. # = no statistical significance, *** =p <
0.001, **** = p < 0.0001.
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Figure 7. Cooper ativity between loss of epidermal RXRa expression and activated CDK 4 or
oncogenic NRAS during UVB induced melanoma progression in bigenic mice

Schematic representation of the results of epidermal RXRa ablation in combination with
Cdk4R24C or Tyr-NRASQ6IK oncogenic mutations and chronic UVB exposure. TAN =
“Tumor Adjacent Normal.” Similarities/differences between the two bigenic Rxra®P~/~
mouse lines are represented by a VVenn diagram. Relative to control Cdk4R24C or Tyr-
NRASQEIK mice with functional Rxra expression, melanomas from bigenic Rxra®P~/~ mice
have increased proliferation, malignant conversion, and tumor angiogenesis. The TAN skin
from the bigenic RxraP~/~ mice show altered expression of several known melanoma
biomarkers relative to Rxra-2/L2 controls, including reduced expression of PTEN/
concomitant increase in phosphorylated AKT, reduced p53 expression, and upregulation of
Cyclin D1. On their own, Rxraf?~/~ | Tyr-NRASQEIK mice had heavily pigmented skin
overall and higher numbers of melanocytic cells invading draining LNs compared to the
Cdk4R24C group, which is enhanced further by keratinocytic Rxra loss. Increased
macrophage infiltration and a distinct, increased E2F1 expression, and a diverse subset of
dysregulated genes were observed specifically in Rxra®P~/~ | Cdk4R24C Jesions.
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