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SUMMARY

Melanoma is one of the deadliest cancers, yet the cells of origin and mechanisms of tumor
initiation remain unclear. The majority of melanomas emerge from clear skin without a precursor
lesion, but it is unknown whether these melanomas can arise from melanocyte stem cells
(MCSCs). Here, we employ mouse models to define the role of MCSCs as melanoma cells

of origin, demonstrate that MCSC quiescence acts as a tumor suppressor, and identify the
extrinsic environmental and molecular factors required for the critical early steps of melanoma
initiation. Specifically, melanomas originate from melanoma-competent MCSCs upon stimulation
by ultraviolet-B (UVB) which induces MCSC activation and translocation via an inflammation-
dependent process. Moreover, the chromatin remodeling factor HmgaZ2in the skin plays a critical
role in UVB-mediated melanomagenesis. These findings delineate melanoma formation from
melanoma-competent MCSCs following extrinsic stimuli, and suggest that abrogation of HmgaZ2
function in the microenvironment can suppress MCSC-originating cutaneous melanomas.

INTRODUCTION

Adult stem cells are compelling candidates of cancer cells of origin as they are long

lived, uni/multi-potent and have significant self-renewal potential (White and Lowry, 2015).
Recent mathematical models have been used to suggest that the number of stem cell
divisions is significantly correlated with cancer risk (Tomasetti and Vogelstein, 2015),
however, cell extrinsic factors may also significantly contribute to the initiation of tumor
formation from its cellular origin (Wu et al., 2016). Furthermore, recent studies have shown
that oncogenic combinations sufficient to induce cutaneous squamous cell carcinomas
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(SCCs) from their cancer cells of origin (Lapouge et al., 2011; White et al., 2011) were
unable to induce tumor formation while in a stem cell quiescent period (White et al.,

2014). Therefore, along with the identification of cancer cells of origin in each tissue type,
elucidating how a tumor initiates from its cellular origin is indispensable to develop effective
preventative strategies for each type of cancer.

This is particularly crucial in cutaneous melanoma, one of the deadliest forms of cancer
that continues to have a gradually increasing annual incidence and mortality rate (Siegel

et al., 2015). While many studies have identified the genetic etiologies of this cancer
(Dankort et al., 2009; Miller and Mihm, 2006), little is known regarding the environmental
causes and cellular conditions responsible for melanoma initiation from adult stem cells.
The data presented here, using lineage-tracing of melanocyte stem cells (MCSCs) in
melanoma mouse models, identifies adult MCSCs as melanoma cells of origin and shows
that ultraviolet-B (UVB) can act as an extrinsic factor which promotes melanoma initiation
through MCSC activation and translocation, in a dose- and inflammation-dependent manner.
We further demonstrate the mechanistic requirement for the chromatin remodeling factor
HmgaZ in the cutaneous microenvironment for UVB-mediated MCSC activation and
translocation, as well as melanomagenesis from tumor-competent adult stem cells.

RESULTS

The Tyr-CreER transgene can efficiently label quiescent melanocyte stem cells

To determine the role of adult melanocyte stem cells (MCSCs) in cutaneous melanoma
initiation, our experimental scheme required mouse models capable of reliable spatial and
temporal control of inducible oncogenic expression with lineage tracing markers in adult
MCSCs. Hence, we first determined whether expression of the 7)r-CreER transgenic allele
could efficiently target quiescent MCSCs in the adult mouse skin.

As murine MCSCs are located in the hair follicles of the dorsal and ventral skin, both
MCSCs and hair follicle stem cells undergo cyclical periods of rest (telogen) and activation
(anagen) that define the hair cycle (Lang et al., 2013). Murine follicular MCSCs during
telogen are found within the hair germ of quiescent hair follicles of the dorsal skin (Figure
1A). L-dopachrome tautomerase (Dct, or Tyrosinase Related Protein 2, Trp2) is expressed

in both MCSCs and differentiated melanocytes of the anagen hair bulb, whereas Tyrosinase
Related Protein 1 (Tyrpl, Trpl) is found only in differentiated melanocytes (Figures S1A-B)
(Osawa et al., 2005). Skin characterized by quiescent hair follicles in telogen demonstrated
Dct but no apparent Tyrp1 at the hair germ (Figures SIA-B).

Tyrosinase (Tyr) expression is not commonly associated with MCSCs (Nishimura et al.,
2002). However, the Tyr-CreER transgene has been shown to label MCSCs located in the
hair follicle stem cell compartment (the bulge) during anagen (Bosenberg et al., 2006). To
assess the utility of 7yr-CreER in targeting quiescent MCSCs, we compared the relative
labeling overlap between 7yr-CreER, LSL -tdTomato (inducible by tamoxifen) and Dct-rita;
Tre-H2B-Gfp (inducible by doxycycline) (Zaidi et al., 2011) in MCSCs during telogen and
anagen. Based on co-labeling of tdTomato with GFP, we confirmed that the 7yr-CreER
effectively targets quiescent MCSCs during telogen (93 * 4 % of GFP cells, Figure 1A)
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and anagen (Figure S1B) utilizing the quadruple combination of 7yr-CreER, LSL-tdTomato
and Dct-rtta; Tre-HZB-Gfp in a single mouse. Furthermore, consistent with a previous report
(Bosenberg et al., 2006), tdTomato cells maintain residence in the melanocyte stem cell
niche during subsequent hair cycles and continue to produce differentiated melanocytes
(Figure S1C). These results suggested that the 7yr-CreER allele can efficiently induce the
expression of oncogenic mutant alleles together with lineage tracing markers in quiescent
MCSCs through inducible Cre-recombination.

Melanocytic tumor initiation requires MCSC activation upon oncogenic expression

Genetic alterations in Braf (BrafV®9%F and other mutations, ~60%) and Pten (deletion,
~25%) are frequently observed in cutaneous melanomas (Hodis et al., 2012; Vultur and
Herlyn, 2013), and the 7yr-CreER; L SL-Braf’60% - ptenflox/flox (TBP) mouse model has
been used in pre-clinical studies (Damsky et al., 2011; Dankort et al., 2009). To determine
whether MCSCs can act as melanoma cells of origin and if malignant melanocytic tumor
initiation relies on adult stem cell activation state, we utilized the 7yr-CreER allele to
express Braf"090E combined with Pten loss of function in young adult mice (Dankort et al.,
2007; Groszer et al., 2001).

To determine the necessity of MCSC activation for tumor initiation, we designed an
experimental scheme to assess this dependency in individual mice (Figure 1B). By
depilating only one half of the dorsal skin in TBP mice at 7 weeks of age, when adult
MCSCs are quiescent, we were able to activate a specific subset of the MCSCs, leaving

the untreated skin in a quiescent state. Skin regions with activated MCSCs demonstrated
macroscopically evident melanocytic tumors within 30 days of tamoxifen treatment and
depilation, and microscopic tumors were found within 15-20 days (Figure 1C). Similar

to previous studies (Damsky et al., 2011; Dankort et al., 2009), these melanocytic

tumors, if left untreated, can rapidly develop large and pigmented asymmetric tumors with
irregular borders which also ulcerate requiring euthanasia (Figure S1D). Histologically, early
tumors (Figure 1C) display melanocytic hyperplasia characterized by collections of heavily
pigmented and unpigmented spindled and epithelioid melanocytes splaying through dermal
collagen bundles and wrapping around adnexal structures in the dermis, loosely resembling
cellular blue nevi. However, as previously reported (Damsky et al., 2011; Dankort et al.,
2009), later lesions display extension of pleomorphic, highly atypical melanocytes into all
layers of the skin (Figure S1D). The atypical features include effacement of the dermal-
epidermal junction by atypical lentiginous melanocytes at the junction with overlying
pagetoid spread of melanocytes, numerous erosions and ulcerations of the epidermis, and
sheets of atypical epithelioid and spindled melanocytes infiltrating the dermis and subcutis.
The constituent dermal component displays numerous apoptotic cells, mitoses, and atypical
mitoses, and tumors also display a nuclear proliferation rate of 15-20%. These clinical

and histological features are compatible with the histologic diagnosis of melanoma, and
resemble animal-type melanoma as well as human blue nevus-like melanoma.

In remarkable contrast, MCSCs maintained in a quiescent state did not demonstrate
significant evidence of tumor initiation, despite Cre mediated recombination of the Brafand
Prenalleles (Figures 1C and S1E-F). This finding was further confirmed by visualization
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and quantification of the total area labeled by melanoma markers and the lineage tracing
allele LSL-tdTomato in depilated versus non-depilated skin areas in TBP mice (Figures
1D-G and S1G-H).

In addition, we similarly assessed whether MCSC activation is required for benign
melanocytic tumor initiation. 7yr-CreER; LSL-BrafV®%0F animals generate benign
hyperpigmentation lesions (Damsky et al., 2015), and 7yr-CreER; LSL-Braf/600¢;
Pten"/flox animals form a reduced number of malignant melanocytic tumors (Xie et al.,
2015). Both demonstrated a dependence on MCSC activation. During the same period,
quiescent MCSCs were not responsive to oncogenic Braf6%’E_driven benign nevogenesis
and remained at the hair germs without apparent ectopic differentiation (Figures S2A-B).
However, activated MCSCs produced prematurely differentiated and pre-growth arrested
melanocytes at ectopic locations directly adjacent to the hair follicular bulb (Figures S2A-B)
similar to previous observations (Damsky et al., 2015). In contrast, wild type MCSCs show
no pigmentation and mature differentiated melanocytes generate pigmentation for the hair
shaft within hair bulb. As shown previously (Damsky et al., 2015; Dankort et al., 2009),
these hair follicle associated benign melanocytes ultimately remained in the dermis during
the next catagen and telogen period.

Kras mutations are found in around 2% of human melanoma cases (Milagre et al., 2010).

To confirm the melanoma initiation dependency on MCSC activation, we used an alternative
oncogene by substituting the BrafV69% with the Kras©2P driver mutation previously
reported for melanoma models (Milagre et al., 2010). Although melanomas were evident
upon MCSC activation in 7yr-CreER; LSL-KrasC12D; ptenflox/flox (TKP) mice, KrasG12P-
driven melanoma development was significantly suppressed by MCSC quiescence (Figures
S2C-D), similar to Braf/69%_driven melanocytic tumor initiation.

Taken together, these results demonstrate that while MCSCs can act as melanocytic tumor
cells of origin, adult stem cell quiescence enables melanocytic tumor suppression in MCSCs
expressing a mutational load known to be sufficient for benign or malignant melanocytic
tumor formation. Tumor-competent but quiescent MCSCs still require additional activation
steps for tumor initiation, which could include extrinsic stimuli that induces stem cell
activation.

Ultraviolet-B radiation is an extrinsic stimulus regulating melanoma initiation from
quiescent MCSCs

Ultraviolet-B (UVB) exposure is one of the major risk factors for cutaneous melanomas (Lo
and Fisher, 2014). UVB can accelerate epidermal hyperplasia and cutaneous inflammation,
and is also known to induce the migration of follicular MCSCs to the interfollicular
epidermis (IFE) in both mice and humans (Chou et al., 2013). We hypothesized that UVB-
mediated recruitment of follicular MCSCs to the IFE may act as an activation stimulus
sufficient to initiate melanoma formation from quiescent MCSCs harboring a pre-existing
intrinsic oncogenic load.

To determine whether UVB could elicit melanomagenesis from tumor-prone quiescent
MCSCs in telogen, we first optimized the acute UVB dose which efficiently induces

Cell Stem Cell. Author manuscript; available in PMC 2022 April 12.
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MCSC migration but does not initiate anagen induction (Figures 2A-B). While this

acute UVB exposure (180 mJ cm~2) temporarily induced detectable epidermal and dermal
hyper-proliferation, UVB-exposed skin returned to homeostasis within a few days without
activation of the hair cycle (Figure 2A). This UVB dose, however, was sufficient to

induce follicular MCSC migration into the IFE, and MCSC translocation was confirmed
by inducible lineage tracing markers throughout the UVB-exposed skin using both Dct-rtta
and Tyr-CreER (Figures 2A-B).

We then tested whether regional UVB exposure could initiate melanomagenesis by MCSC
activation and translocation evenly throughout the skin, by exposing 40-50% of the shaved
dorsal skin to UVB and covering the all other skin regions (Figure 2C). Strikingly,
UVB-exposed skin in TBP mice exhibited macroscopic melanocytic tumor formation
within 12-16 days of UVB exposure, whereas covered skin containing quiescent MCSCs
remained relatively clear of melanocytic tumors (Figures 2D-E). UVB-induced melanomas
histologically looked similar to induced tumors during anagen, but the involvement of the
epidermis by melanocytes typically happened earlier. This tumorigenic event was further
quantified using total area of epidermal pigmentation (Figure 2D), and confirmed by
labeling by the lineage tracing tdTomato marker and immunostaining for melanoma markers
(Figures S3A-C).

To better define the initial transformation process in this UVB-induced melanoma model, we
identified when MCSCs transition to a proliferative state. In wild type MCSCs, proliferation
occurs within the hair germ two days post-UVB exposure (Figures S3D-E). Translocation
to the IFE follows proliferation resulting in Trp2* cells in the epidermis, but these relocated
cells do not proliferate further, instead differentiating into Tyrp1* cells (Figure S3F). In
contrast, migrating/migrated tumor-prone MCSCs continue to expand, ultimately resulting
in melanoma cells throughout the IFE (Figure S3G) without anagen induction (Figures
S4A-B). Similarly, UVB-mediated melanomagenesis from MCSCs was also demonstrated
in TKP mice (Figures SAC-E). These data indicate that MCSCs expressing a mutational
load sufficient for melanoma development may remain in quiescence until exposure to the
extrinsic stimulus UVB, through which MCSC activation and translocation to the epidermis
can initiate malignant melanocytic tumorigenesis.

It is possible that UVB induced melanomas could be due to DNA damage which in turn
generates tumor promoting mutations. However, unlike in the hyper-proliferative epidermal
cells, a sustained DNA damage response was not observed in MCSCs in the UVB

exposed skin (Figure S4F). Furthermore, the presence of widespread, generalized MCSC
translocation and melanoma tumor induction rather than focal to multifocal aggregates of
transmigrated MCSCs or localized tumors were found throughout UVB exposed skin. These
data strongly suggest that melanoma tumor initiation from MCSCs is due to stem cell
activation and translocation instead of random mutation events.

Remarkably, UVB-mediated early melanomas originating from follicular MCSCs in TBP
and TKP mice (Figures 2E and S4E) histologically resembled human cutaneous melanomas
arising from the epidermis (Vultur and Herlyn, 2013). This phenotype contrasts with

many previously described cutaneous melanoma mouse models in which melanomas
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initiate from the dermis (Walker et al., 2011). Upon ultraviolet radiation, tumor-prone
MCSC:s first migrate to the epidermis, then exhibit expansion and hyperpigmentation
within the epidermis (Figures 3A, S3G and S4E), and finally invade the underlying
dermis (Figures 3B—C), as shown in human cutaneous melanoma progression (Vultur and
Herlyn, 2013). In contrast, depilation-induced melanoma initiation in our experimental
model demonstrated malignant melanocytic tumor cells arising directly from the follicular
stem cell compartment and invading the dermis during MCSC activation (Figures 3D-E).
While normal melanocytes were strictly located in the hair bulb (Figure 3D), premature
differentiation of active state MCSCs produced malignant melanocytes showing aggressive
invasiveness and growth in the dermis (Figure 3E). Thus, these observations indicate these
UVB induced melanomas originating from MCSCs may serve as a new mouse model
recapitulating many of the important stages of human melanoma development.

Given that melanoma-competent MCSCs are unable to induce melanoma while arrested in
a quiescent state (Figures 1C and S2D), non-proliferating Tyrp1™* translocated melanocytes
may similarly resist oncogenic stimuli. To test this, tamoxifen was administered to TBPT
mice following UVB mediated translocation, rather than prior to UVB, resulting in
BrafV690F expression and Pren loss in migrated melanocytes instead of actively migrating
MCSCs (Figure 3F). Consistent with this hypothesis, migrated melanocytes were relatively
unable to induce melanocytic tumors (Figures 3G-I).

MCSC quiescence is a melanoma suppressor during anagen and catagen

Like hair follicle stem cells, MCSCs are only briefly active in early anagen, then become
quiescent and remain so during the remainder of the hair cycle (Figure 4A) (Rabbani et al.,
2011). To test whether quiescent MCSCs in anagen also resist melanoma initiation, depilated
skin was treated with tamoxifen to induce an oncogenic load in quiescent MCSCs during
anagen (Figure 4A). Intriguingly, quiescent MCSCs were refractory to melanomagenesis
during anagen and subsequently catagen (the hair follicle regression stage spanning the time
period between anagen and telogen), demonstrating no evidence of cutaneous melanocytic
tumor formation (Figure 4B) in the similar experimental period of melanoma formation
from active MCSCs (Figure 1B). These results support the conclusion that MCSCs initiate
melanocytic tumors only upon proliferative activation, whereas quiescent MCSCs and post-
mitotic, terminally differentiated melanocytes present within the hair bulb during anagen
resist melanocytic tumor development.

UVB can initiate melanomagenesis from quiescent MCSCs regardless of hair cycle stage

Although MCSCs are quiescent after the initial transition to anagen (Figure 4A), UVB

is sufficient to induce MCSC activation and migration at any stage of the hair cycle.

Given this independence, we hypothesized that UVB could induce melanomagenesis in this
mouse model during anagen (Figure 4C). When TBP mice were exposed to UVB during

late anagen, tumor-prone quiescent MCSCs were significantly able to produce melanocytic
hyperplasia (Figures 4D—F). Similar to the melanoma progression upon UVB exposure
during telogen detailed above, tumor-competent MCSCs were able to translocate and initiate
melanomagenesis throughout the IFE (Figure 4E). Like human melanomas, UVB-initiated
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malignant melanocytic tumors induced during anagen were histologically associated with
the epidermis (Figures 4F).

In summary, MCSCs cycle coincident with hair follicle cycling, and MCSCs only in an
active state at the telogen to anagen transition can produce malignant melanocytes upon
oncogenic expression (Figure 4G). While adult stem cell quiescence can work as a tumor
suppressor in tumor-competent MCSCs (late anagen, catagen and telogen), UVB radiation is
sufficient to initiate melanomagenesis from tumor-prone quiescent MCSCs regardless of hair
cycle stage via MCSC activation and translocation (Figure 4G).

MCSC-originating melanoma initiation can be suppressed by attenuation of acute
inflammation

To define the gene expression changes in depilation- and UVB-induced melanomas arising
from MCSCs, we isolated unperturbed tumor-prone quiescent MCSCs, depilation-mediated
and UVB-mediated early melanocytic tumor cells based on tdTomato expression for
RNAseq analysis (Figure 5A). Though many cellular mechanisms were suggested by the
differential expression profile during early melanomagenesis, including changes in cell cycle
genes, the enriched classification suggested a significant potential role of inflammation-
mediated processes in UVB-mediated melanomagenesis (Figures 5B-E). Altered gene
expression was found in numerous genes related to leukocyte migration, such as chemokines
and matrix metalloproteinases (Figures 5E). This suggests that acute inflammation may
perturb the cellular activation status of MCSCs thus leading to melanoma tumor initiation.

In support of this, it has been reported that inflammatory conditions can enhance cancer
initiation, such as pancreatitis in pancreatic cancers (Westphalen et al., 2016) and prostatitis
in prostate adenocarcinomas (Kwon et al., 2014). Therefore, we hypothesized that acute
localized inflammation may induce melanoma initiation from tumor-competent quiescent
MCSCs.

Topical treatment of 12-O-tetradecanoylphorbol-13-acetate (TPA) is known to cause
cutaneous inflammation and epidermal hyperplasia without mutagenesis, and has been
widely used in combination with the carcinogen 7,12-Dimethylbenz[a]anthracene (DMBA)
to induce SCCs (Nassar et al., 2015). To test whether acute regional inflammation

via TPA could induce melanomagenesis from tumor-prone quiescent MCSCs, we first
examined if TPA could alter MCSC status. TPA treatment could induce epidermal
hyperplasia and immune cell recruitment (Figure S5A). Furthermore, we observed

MCSC translocation during the MCSC quiescence period by topical TPA treatment
(Figure 6A). As hypothesized, topical TPA significantly triggered melanoma initiation in
TBP and TKP mice, whereas un-treated skin regions did not exhibit any melanocytic
tumorigenesis (Figures 6B-D and S5B-C). Similar to UVB exposure, TPA-induced
melanoma development was closely related to the epidermis as it induces MCSC migration
into the IFE (Figures 6D and S5C), while depilation-initiated melanomas arose directly
from the follicular stem cell compartment without a notable association with the epidermis
(Figures 3E and S5C).

To test the converse hypothesis, that suppression of UVB-mediated inflammation can
decrease melanoma initiation from tumor-prone MCSCs, the anti-inflammatory steroid
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dexamethasone was administered during the course of UVB exposure and low-dose UVB
exposure was tested (Figures 6E—H). Attenuation of acute inflammation by dexamethosone
treatment notably suppressed MCSC migration to the IFE in wild type animals (Figures

6F and S6A), and importantly, decreased the incidence of MCSC-originating cutaneous
melanoma formation upon UVB exposure (Figures 6H and S6B). Taken together, these
results identify UVB-induced inflammation as one of the major factors which can mediate
MCSC activation and translocation, and also suggest a potential method through which
melanomas could develop from tumor-prone quiescent MCSCs in skin regions that are not
regularly exposed to sunlight.

Sunscreen is believed to prevent skin cancer by suppressing many of the harmful effects
mediated by UV radiation, such as DNA damage and inflammation. In addition to attenuated
melanoma formation by anti-inflammation, we also found that melanoma initiation is
UVB-dose dependent (Figures 6H and S6B). Therefore, we hypothesized that sunscreen
may also prevent melanoma initiation from quiescent melanoma-competent MCSCs by
inhibiting activation and/or migration of MCSCs to the IFE. To test this hypothesis,

3 commercially available sunscreens (SPF 50+) were screened for melanoma initiation
prevention using our UVB inducible model system. To allow sunscreen to penetrate or coat
the skin layers, sunscreen was applied 15 minutes prior to UVB irradiation. Interestingly,
sunscreen application significantly inhibited UVB-mediated MCSC translocation (Figure
S6C), potentially through the indirect effect of suppressing UVB-mediated cutaneous
hyperplasia and/or immune cell recruitment. To explore the benefit of commercially
available sunscreen in melanoma prevention, we applied sunscreen to 60—70% of the
dorsal skin before UVB irradiation in mice harboring tumor-prone MCSCs. Notably, the
inhibition of UVB-mediated MCSC activation and translocation by sunscreen application
(Figure S6C) could also prevent macroscopic malignant melanocytic tumor initiation from
melanoma-competent quiescent MCSCs (Figure S6D).

Hmga2 expression in the microenvironment significantly promotes efficient MCSC
translocation and melanoma initiation

The presented data demonstrate that upon expression of a melanoma sufficient oncogenic
combination, MCSC activation is required for melanoma initiation. The activation step can
be synchronized with hair follicle cycle, but UVB exposure or topical TPA treatment can
activate MCSCs without the requirement of a perturbed hair cycle. We hypothesized that
although UVB might have a direct effect in MCSC activation, UVB could also indirectly
regulate MCSC activation and/or translocation through the perturbation of cutaneous
microenvironment.

It has been reported that ultraviolet radiation alters the expression profiles of various
transcriptional regulators, such as transcription factors involved in the nuclear factor-kappaB
and transforming growth factor-f signaling (Kaufman and Fuchs, 2000; Sesto et al.,

2002). Among many transcriptional regulators, the expression of HmgaZ2 has been shown

to be altered in human keratinocytes by UVB irradiation (Sesto et al., 2002), and we

found significant overexpression of HmgaZ2in UVB-exposed skin tissues (Figure 7A).

It is known that HmgaZis expressed in embryonic tissues, and undifferentiated and
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proliferating mesenchymal cells (D’ Armiento et al., 2016). However, while HmgaZ2 is
highly overexpressed in cutaneous epithelial tumors, its expression level is low in normal
keratinocytes (White et al., 2016). Interestingly, we found a significant overexpression

of HmgaZ2in both temporarily hyper-proliferative epidermis and dermis following acute
UVB exposure (Figure 7A). However, unlike cutaneous SCCs (Boumahdi et al., 2014;
White et al., 2016), depilation- or UVB-induced hyper-proliferating melanocytes showed
no significant increase in expression (Figure 7B). Therefore, we hypothesized that HmgaZ2
overexpression in the cutaneous microenvironment plays a significant role in contributing to
UVB-mediated MCSC activation and migration into the IFE.

First, to determine whether HmgaZ is necessary for MCSC migration, HmgaZ global
knockout animals (Zhou et al., 1995) were subjected to UVB irradiation and MCSC
translocation efficiency was determined through the lineage tracing tdTomato marker
(Figure 7C). UVB-mediated MCSC translocation was significantly suppressed by Hmga2
loss of function in 7yr-CreER; L SL-td Tomato, Hmga2™'~ mice, whereas Tyr-CreER; L.SL -
tdTomato,; HmgaZ2™* mice showed efficient MCSC translocation after UVB exposure
(Figures 7C-D). Therefore, to test whether HmgaZ2 loss of function in the skin can also
inhibit UVB-mediated melanoma initiation, we bred HmgaZ2~~ animals to TBP mice and
exposed these animals to UVB (Figure 7E). Strikingly, UVB irradiated TBPT; HmgaZ™~
skin demonstrated a decreased incidence of melanomas (Figures 7F—H). While control
TBPT; Hmga2*/* mice showed macroscopic and aggressive melanoma formation throughout
UVB-exposed skin, TBPT; HmgaZ2~~ skin showed a significantly lower incidence of
macroscopic melanoma-related pigmentation (Figures 7F). TBPT; HmgaZ2*’* skin showed
malignant melanocytes evident throughout the entire UVB-exposed skin (Figures 7G-H),
with almost every hair follicle associated with the presence of abnormal melanocytes during
early melanomagenesis (Figures S3G and S4E). On the other hand, although some areas
showed melanoma development in TBPT; Hmga2~~ skin, many MCSCs still remained at
the hair germs without ectopic pigmentation or induction of melanoma markers following
UVB exposure (Figures 7G and S7A).

To determine whether this loss of melanoma initiation was due to HmgaZ2 deletion in
MCSCs or due to extrinsic environmental mechanisms as hypothesized, tamoxifen induced
TBPT; Hmga2*’* and TBPT; HmgaZ~~ MCSCs were sorted by FACS and transplanted
into recipient mice (Figure S7B). Consistent with a cell extrinsic mechanism for HmgaZin
regulating melanoma initiation, both TBPT; Hmga2*/* and TBPT; HmgaZ”~ MCSCs were
sufficient to generate melanomas with equivalent incidence (Figure S7B-C).

Though these data support a cell extrinsic role for HmgaZ2in melanoma initiation from
UVB exposed tumor-prone MCSCs, HmgaZ2 could be important for melanoma growth after
initiation. To test this, a melanoma cell line (C.MM) from UVB exposed TBPT mice was
established through transplantation (Figure S7D), similar to a previous report (Jenkins et
al., 2014). CRISPR/Cas9-mediated gene editing was utilized in C.MM cells to generate
targeted loss of HmgaZz, and CRISPR/Cas9 efficiency was confirmed at the protein level

by immunoblotting (Figure S7E). Then, control and HmgaZ2-edited cells were transplanted,
and tumor growth was monitored (Figure S7F). Both groups showed similar tumor sizes
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and proliferation rate, as assessed by Ki67 labeled cells, indicating no significant effect of
HmgaZin in vivo melanoma growth (Figures S7TF-G).

Finally, to better understand the potential mechanism regulating decreased MCSC
translocation and melanoma initiation in HmgaZ2~~ mice, a cytokine/chemokine screen was
performed using an antibody array. Among various candidates, six factors were identified
as differentially expressed at the protein level with statistical significance (Figure 71). These
included SDF1, TNFRSF1B, LIX, L-Selectin, TPO, and VCAM1 (Figure 71). Although not
significant, IL-10, TIMP1 and TNFRSF1A also showed a decreased trend. Interestingly,
SDF1, also known as CXCL12, has been previously implicated in melanoblast migration
(Belmadani et al., 2009), and its receptor Cxcr4 was also found significantly upregulated in
UVB activated melanocytes through transcriptomics (Figure 5E and S7H). SDF1, LIX (also
known as CXCL5) and TNF-a. signaling pathways can promote cell migration (Xiang et
al., 2017), and their potential in melanoma development and/or progression has also been
implicated (Katerinaki et al., 2003; Kim et al., 2006; Singh et al., 2009). Therefore, these
factors represent a potential link between HmgaZ2 and inflammatory pathways in melanoma
initiation, and suggest a direction for future studies in MCSC-originating melanomagenesis.

Taken together, these results indicate that loss of HmgaZ2 function in the cutaneous
microenvironment inhibits melanoma initiation by indirectly suppressing UVB-mediated
tumor-competent MCSC activation and translocation, and this may be mediated fully or in
part by a change in the UVB-induced inflammatory profile (Figure S71).

DISCUSSION

It is known that the oncogenic Braf60% driver mutation induces cellular senescence-like
state, but additional mechanisms such as PI3K/AKT/mTOR pathways can help benign
nevus cells overcome this growth-arrest (Damsky et al., 2015). Around 20-25% cutaneous
melanomas are known to arise from pre-existing benign nevi, and many studies have
focused on defining the molecular mechanisms underlying the transition from a benign
cell to a malignant cell. However, the majority (= 75%) of melanomas arise from

normal looking clear skin without this precursor lesion (Bevona et al., 2003; Marks

et al., 1990). Furthermore, although Braf6%%F s the most common driver mutation in
melanocytic tumors, the mutation frequency is much lower in melanocytic neoplasms (40—
45%) compared to benign nevi (80%) (Kato et al., 2016). These inconsistent statistical
observations suggest the possibility that melanomas can arise not only from precursor
benign melanocytes, but also from melanocytes or melanocyte stem cells with oncogenic
combinations in normal looking, clear skin. Furthermore, we observed that BrafV¢0%F
expression is not always sufficient to induce benign melanocytic tumors, especially when
adult MCSCs are in the quiescent state. This indicates that for melanoma development,
driver and passenger mutations could be accumulated in quiescent adult stem cells over time
without the requirement or presence of preceding benign tumors.

Recent studies have demonstrated adult stem cells as cancer cells of origin, but extrinsic
factors regulating tumor initiation steps from the cellular origin remain unclear (White and
Lowry, 2015). Here we demonstrate that ultraviolet radiation serves as an extrinsic stimulus
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which can accelerate tumor formation from tumor-competent MCSCs. While numerous
molecular mechanisms may be involved in UVB-mediated melanomagenesis, we show the
potential role of UVB-induced regional acute inflammation. In addition, we found that
internal (untreated) control skin in both UVB and TPA treatment mice showed higher
uncontrolled melanoma incidence compared to independent control melanoma mouse skin
(Figures 2D and 6C). These results suggest that secreted factors from UVB-exposed skin
and/or induced melanocytic tumor cells can potentially affect other skin regions, which in
turn activate quiescent tumor-competent MCSCs for melanoma formation. Secreted factors,
such as the chemokines/cytokines identified here, may affect MCSCs directly or indirectly
in the surrounding microenvironment. Further studies will define these factors for effective
MCSC-originating melanoma prevention.

HmgaZis a chromatin remodeling transcriptional regulator that has long been suggested

as an oncogene in many cancers including melanomas (Raskin et al., 2013) and widely
implicated in cancer progression including tumor metastasis (Morishita et al., 2013).

While its role in melanoma metastasis has been examined (Zhang et al., 2015), the
functional necessity of HmgaZ2in MCSC activation or early melanoma formation has

never been examined. Importantly, we found the increased expression of HmgaZin

the skin, potentially due of its interplay with DNA damage response genes (Singh et

al., 2015). A recent study reported that HmgaZ is dispensable during cutaneous SCC
formation (White et al., 2016), although its role is generally known to be oncogenic

and associated with the stemness of cutaneous SCCs (Boumahdi et al., 2014). However,
our study demonstrated that HmgaZloss of function in the skin significantly suppressed
melanoma formation through inhibiting UVB-mediated activation and translocation of
tumor-competent MCSCs. Importantly, although our acute UVB-mediated MCSC activation
was prevented by sunscreen application, it is also known that potentially chronic long-term
UVB exposure can eventually induce additional mutations in melanocytes which may
cause cutaneous melanoma development (Viros et al., 2014). Therefore, HmgaZ2 and related
molecular pathways need to be considered for combinational preventative therapy together
with sunscreen application for skin cancer prevention, especially for melanomas.

In summary, this report defines the role of MCSCs as melanoma cells of origin and
identifies UVB as an extrinsic stimulus capable of initiating melanomagenesis v/aan

acute inflammation-dependent process. Moreover, HmgaZ loss of function in the cutaneous
microenvironment can greatly reduce MCSC activation and translocation, and UVB-initiated
melanomas, thus providing new strategies for MCSC-originating melanoma prevention.

STARXx METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to, and will be fulfilled by,
the Lead Contact, Andrew White (acw93@cornell.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal experiments and related procedures were performed in accordance

with protocols approved by the Institutional Animal Care and Use Committee at Cornell
University. In conducting research using animals, the investigator adhered to the laws of

the United States and regulations of the Department of Agriculture. Mice acquired from
Jackson Labs, the National Cancer Institute Mouse Models of Human Cancers Consortium
repository and the Chada lab (Zhou et al., 1995) were maintained by Cornell Center for
Animal Resources and Education. All genotyping was done as previously published (Anand
and Chada, 2000; Lesche et al., 2002) or recommended by Jackson Labs and NCI (Table
S1). For co-expression of tdTomato and H2B-GFP in 7yr-CreER, LSL-tdTomato,; Dct-rtta;
Tre-H2B-Gfo mice, drinking water containing doxycycline (200 pug mi~1 dissolved in
sterilized water) was continuously provided from 5 days before intraperitoneal (IP) injection
of 2 mg of tamoxifen per day (200 ul of 10 mg miI~1 dissolved in filtered sunflower seed

oil 3 days). In pilot studies, we confirmed that MCSCs expressing H2B-GFP in the hair
germ during telogen and in the bulge during anagen are Trp2 positive, and dMCs at hair
bulbs during anagen are Trp2 and Tyrp1 positive. For melanocytic tumorigenesis, mice were
treated by IP injection of 2 mg of tamoxifen per day (200 pl of 10 mg ml~1 dissolved in
filtered sunflower seed oil) at the designated time periods for each experiment. Since HmgaZ2
knockout induces a pygmy mouse phenotype (Zhou et al., 1995), 100 pg of tamoxifen

per 1 g body weight per day (10 pl of 10 mg miI~1 dissolved in filtered sunflower seed

oil per 1 g body weight) was administered intraperitoneally prior to each experiment for

the study of HmgaZloss of function in MCSC translocation and melanomagenesis. Seven
weeks postnatal young adult mice were included for each experiment, but any mice showing
pre-existing macroscopic pigmentation at the shaved dorsal skin of interest, due to leaky
Cre activation, were excluded from the studies. All animals shown were maintained on a
mixed C57BL6/FVB background. All experimental phenotypes described in the study are
representative of a minimum of 7= 6 animals (mixed genders of at least 3 males and 3
females) as denoted in each experimental legend.

Primary murine melanoma cells—Isolated murine primary melanoma cells from TBPT
mice (mixed genders) were cultured in DMEM/F12 containing 10% FBS and antibiotics
(Pen/Strep). C.MM cell line obtained through transplantation of murine melanoma cells

in NOD-scid 1L2Rg"!! mice was cultured in DMEM containing 10% FBS and Pen/Strep.
Lentivirial transduced C.MM cell lines were cultured in DMEM containing 10% FBS, Pen/
Strep and puromycin. All primary cells were cultured in 5% CO2 cell culture incubator at
37°C.

METHOD DETAILS

Chemical depilation—After shaving mouse dorsal skin using a small animal clipper,
chemical depilation was done using hair remover lotion. During depilation, mice were
shortly anesthetized using isoflurane for careful application of Nair cream onto the dorsal
skin region of interest. The level of oxygen and isoflurane was maintained by Matrx VIP
3000® vaporizer. To prevent any cutaneous irritation by Nair, the skin was gently wiped
with wet tissues immediately after hair removal, and then dried.
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UVB, dexamethasone and sunscreen application—UVB irradiation was performed
using UVB bench lamps, and the amount of UVB delivered was measured using a calibrated
UV light meter. During the telogen period, tamoxifen was intraperitoneally administered

for 3 days prior to UVB irradiation in mice containing the 7yr-CreER allele. In Dct-rita;
Tre-H2B-Gfp mice, drinking water including doxycycline was provided at least two days
before UVB exposure. To perform UVB irradiation on the skin region of interest, mice were
anesthetized using isoflurane, and then 180 mJ cm™2 UVB was irradiated onto the shaved
dorsal skin. Internal control skin was also shaved at the time of irradiation, but was protected
by a covering of UV resistant material. For UVB irradiation during late anagen, chemical
depilation was performed 14 days before intraperitoneal tamoxifen injection. Then, 180 mJ
cm~2 UVB irradiation was performed under the anesthesia. For dose-dependent experiments,
low-dose irradiation exposures included 40 mJ cm™2 and 80 mJ cm™2 UVB. To attenuate
UVB-induced acute inflammation, 10 ug g~ dexamethasone was subcutaneously injected

1 day prior to and post UVB-irradiation. In this study, 3 different commercially available
broad spectrum SPF50 (lotion) sunscreens recommended by the Skin Cancer Foundation
were used. The details of each sunscreen are as follows: type A, Banana Boat® SPF50
(active ingredients containing titanium dioxide and zinc oxide); type B, Aveeno® (active
ingredients including avobenzone, homosalate, octisalate, octocrylene, oxybenzone); type C,
Aveeno® (active ingredients containing titanium dioxide and zinc oxide).

TPA treatment—After tamoxifen IP injection, mice were treated with 4 ug of TPA
dissolved in 200 pl ethanol topically on the shaved skin region of interest at the designated
time periods for each experiment.

Tissue immunostaining—Formalin-fixed paraffin-embedded (FFPE) tissue sections
were cut at 5 pm and frozen tissues were cut at 6-8 pum for haematoxylin and eosin staining,
and immunostaining. For tdTomato imaging, tissues were fixed in 10% neutral buffered
formalin (Thermo Fisher Scientific) at 4°C overnight before embedding in OCT (Tissue-Tek,
Sakura). Immunofluorescence staining on fresh frozen sections and immunohistochemistry
(IHC) on FFPE tissue sections were performed as previously described (White et al., 2011).
IHC was performed with antigen retrieval using antigen unmasking solution (citric acid
based, Vector) for 30 min at 90°C. Antibodies were used as anti-S100 (1:200), anti-y-H2A.X
(1:500), anti-Tenascin C (1:400), anti-SOX10 (1:200), anti-GFP (1:600), anti-Tyrp1 (1:200),
anti-Trp2 (1:200), anti-F4/80 (1:400), anti-K5 (1:600), anti-CD45 (1:400), anti-Gr-1 (1:400),
anti-Ki67 (1:200, #900-C01-B38 and 1:400, #14-5698), together with suitable Alexa-fluor
or biotinylated secondary antibodies for IF and IHC. The IHC signal was amplified

and detected using VECTASTAIN Elite ABC HRP Kit and AEC Peroxidase Substrate

Kit followed by mounting using ImmunoHistoMount™ (Sigma). Prolong Gold antifade
mountant with DAPI were used for IF staining.

FACS, RNAseq and bioinformatics—To compare gene expression profiles from tumor-
prone quiescent MCSCs with chemical depilation and UVB-induced early active malignant
melanocytes, total RNA was isolated from sorted cells. Through FACS, tdTomato positive
cells were sorted from 7yr-CreER; LSL BrafV60% - pten'™. LSL tg Tomato mice, around 15

days after each treatment such as chemical depilation or UVB irradiation. FACS was
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performed as previously explained (White et al., 2014). Briefly, dorsal skin from Tyr-CreER;
LSL BrafV600E - ptenf™. LSL tof Tomato mice was digested with collagenase type I and 1V (20mg
ml~1 dissolved in serum free DMEM/F12) for 2 hr at 37°C. Digested skin tissues were
mechanically dissociated using a serological pipette and filtered with a 200 um cell strainer.
Cells were washed and collected in cold PBS after centrifugation at 220 g for 7 min at

4°C, and then filtered twice through a 40 pm cell strainer for FACS. tdTomato positive

cells sorted through BD FACS Aria (BD Biosciences) were directly collected in Trizol LS
reagent and homogenized by vortexing. Total RNA isolation was subsequently performed
following the manufacturer’s instruction including steps with chloroform, isopropanol and
ethanol wash. During the isolation, linear acrylamide (Thermo Fisher Scientific) was used as
a co-precipitant. Isolated RNA was stored at —80°C for future experiments, and the quality
of RNA was measured on a fragment analyzer at Cornell Biotechnology Resource Center.
Then, RNAseq was conducted through Cornell RNA Sequencing Core facility. To prepare
Illumina library preparation, TruSeg-barcoded RNAseq libraries were generated using the
NEBNext Ultra Directional RNA Library Prep Kit with 500 ng total RNA input. Prior

to pooling, each library was quantified using a Qubit 2.0 dsDNA HS kit, and the size
distribution was also determined on a Fragment Analyzer. Libraries were sequenced on a
NextSeq500 instrument (Illumina). At least 25M single-end 75bp reads were generated per
library. For the RNAseq data, reads were trimmed for low quality and adaptor sequences
with cutadapt v1.8 (Martin, 2011) and mapped to the reference transcriptome/genome
(UCSC mm10) using tophat v2.1 (Kim et al., 2013). For gene expression analysis, cufflinks
v2.2 was used to generate FPKM values and analyse differential gene expression (Trapnell
et al., 2013). Heatmaps for gene expression were generated using Heatmapper (Babicki et
al., 2016). Canonical pathways were enriched through the use of QIAGEN’s Ingenuity®
Pathway Analysis (IPA®, QIAGEN Redwood City, www.giagen.com/ingenuity).

PCR and real time quantitative RT-PCR—Mouse tail snips were collected according to
IACUC approved procedures and digested in 0.05N NaOH (Sigma) at 95°C for 1.5 hours,
then briefly vortexed and neutralized with 1M Tris-HCI, pH 8 (Sigma). Genotyping was
performed by PCR using G-Bioscience Taq Polymerase and supplied 10x PCR buffer in

a solution with dNTPs, Redi_oad™ loading buffer (Invitrogen) with appropriate forward
and reverse primers as described by the Jackson Labs or NCI. PCR product was run on

2% Agarose gel and imaged using BioRad ChemiDoc™ XRS* for subsequent analysis.

To confirm genomic recombination in the cells of interest, regional melanoma to use as

a positive control was induced by the topical application of 4-hydroxytamoxifen (5mM
dissolved in 100% ethanol) followed by chemical depilation. Skin and induced melanoma
tissues were harvested and DNA collected using Invitrogen Pure Link® Genomic DNA
mini Kit. tdTomato positive or negative cells were directly sorted into Trizol-LS and

DNA isolated by the manufacturer’s instructions. PCR was then performed as previously
described (Dankort et al., 2007; Groszer et al., 2001; Lesche et al., 2002). PCR primers

to determine genetic recombination include Braf-F, Braf-R, Pten-1, Pten-2 and Pten-3
(Table S1). Epidermal keratinocytes and dermis tissues were separated using Trypsin-EDTA
(Thermo Fisher Scientific) as previously published (Soteriou et al., 2016).
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gPCR was carried out using SYBR green after Trizol-based RNA extraction followed by
cDNA synthesis using SuperScript 11 First-Strand Synthesis System. Hmga2 expression was
assessed using Hmga2-F and -R primers as previously published (Boumahdi et al., 2014),
and its relative expression was normalized to S-actin using primers Actb-F and -R (Table
S1).

In vitro genome engineering—To perform clustered regularly interspaced short
palindrome repeats (CRISPR)-associated nuclease Cas9 (CRISPR/Cas9)-mediated /n vitro
genome editing in murine melanoma cells, we first isolated murine melanoma cells from
TBPT mice. For more efficient /n vitro cell culture of murine melanoma cells, we further
generated a Cornell Murine Melanoma (C.MM) cell line viatransplantation in NOD-scid
IL2Rg™!! mice, similar to a previous report (Jenkins et al., 2014). Then, /n vitro genome
editing via lentiviral transduction was performed as previously reported (Sanjana et al.,
2014). Briefly, sgRNAs for genome-wide, targeted loss of Hmga2 function were cloned

into lentiCRISPRv2 vectors. The lentiCRISPRv2 plasmid was linearized using Esp3l and
guide sequences ligated in using the Rapid DNA Ligation Kit. The modified plasmid was
then transformed into One Shot™ StbI3™ Chemically Competent £. coli, and grown in LB
media with 100pg/mL Ampicillin. The plasmid was harvested using the E.Z.N.A® Plasmid
Midi Kit. In the current study, SJRNAS targeting three different sequences for murine
HmgaZ2were used: CACCTTCTGGGCTGCTTTAG, CCCCTCTAAAGCAGCCCAGA and
ATCCTCGCAAGAGTCCGCAG. Lentiviral packaging was done in HEK293T cells (kindly
provided by Dr. Scott Coonrod) by co-transfection with packaging plasmids psPAX2 and
pMD?2.G using Lipofectamine 3000 and OptiMEM (Invitrogen) in DMEM, GlutaMAX™,
Lentiviral supernatant was filtered (0.45 pm membrane). Before the transduction, Polybrene
(Millipore) was also added to enhance the infection rate. Since embryonic tissues highly
express HmgaZ, the high efficiency of gene editing was initially tested in MEF cells
(generously provided by Dr. Sergiy Libert). Then, C.MM cells were cultured in DMEM
with 10% fetal bovine serum (FBS, Hyclone) and Pen/Strep. At 48 hours post-lentiviral
transduction in C.MM cells, puromycin was added into the growth media. After 12 days
selection period, control (control lentiviral vector) and experimental (targeted loss of Hmga2
function) cell pellets were harvested by centrifugation at 300 g, 4°C to further verify the
protein expression level of HmgaZ2through immunoblotting. Both control and experimental
transduced cell lines were maintained in the selection media, DMEM including 10%

FBS, Pen/Strep and puromycin, until /n vivo transplantation experiments. In the conduct

of research utilizing recombinant DNA, the investigator adhered to NIH Guidelines for
research involving recombinant DNA molecules.

Western blotting—Melanoma cell pellets were prepared by centrifugation at 300 g, and
then total cells were lysed in 1x cell lysis buffer (Cell Signaling technology) on ice. 1 mM
PMSF was added into the lysis buffer immediately before use. After removing insoluble
material by centrifugation at 10,000 g at 4°C for 5 min, total protein concentration was
determined using BCA assay as manufacturer’s instruction with a microplate reader. Cell
lysate (20 ug) was diluted in SDS-PAGE gel electrophoresis sample buffer (Bio-Rad) and
boiled at 95°C for 5 min. Denatured proteins were resolved on SDS-PAGE gels (TGX™
FastCast™ Acrylamide Solutions, Bio-Rad) and transferred onto P\VVDF membranes (Bio-
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Rad). Blocking was done with 5% milk, and then membranes were incubated with primary
antibodies; anti-Cas9 (1:1,000), anti-HMGA2 (1:1,000) and anti-tubulin (1:5,000) overnight
at 4°C. After washing, membranes were incubated with secondary antibodies (peroxidase-
conjugated, suitable for each primary antibody) for 1 hr at room temperature. The signal

was detected using Bio-Rad ChemiDoc™ XRS+ System after adding SuperSignal West Pico
chemiluminescence.

MCSC and melanoma allo-transplantation—Every allo-transplantation experiment
was done in NOD-scid IL2Rg"! mice. To determine the relative melanomagenic
capabilities of melanoma-prone MCSCs from either TBPT; Hmga2*/* or TBPT; Hmga2™~
mouse dorsal skin, cell sorting via FACS was performed during telogen 3 days after
tamoxifen intraperitoneal injection. tdTomato positive or negative cells (5 x 104 cells) mixed
with Matrigel (1:1 mixture, total volume 100 uL) were subcutaneously injected into the
recipient mice. /n vivo melanoma formation was determined 45 days post-transplantation.
Similarly, /n vitro cultured control or HmgaZ2 gene edited experimental C.MM cell lines
were harvested and mixed with Matrigel (5 x 10° cells, 50% Matrigel in total 100 L) before
in vivo transplantation. /n7 vivo melanoma growth was monitored for 21 days. C.MM tumor
volume was determined using a modified ellipsoid formula, 0.5 x (length x width?).

Cytokine/chemokine screening—Mouse dorsal skin was irradiated by UVB and total
protein lysates were then collected from the skin using cell lysis buffer with tissue
homogenizer 24 hours post-UVB irradiation. All steps were performed on ice. Then, using
BCA assay, protein concentration was determined for skin lysates. The same amount of
protein lysate (500 ng) was used to quantitatively detect 62 mouse chemokine/cytokine
protein candidates between groups using RayBio® C-Series Mouse Cytokine Antibody
Aurray following the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microscopy images were taken using a Leica DM2500 upright microscope with a
DFC7000T camera for fluorescence and bright field microscopy operated by Leica
Application Suite X. Image analysis was carried out using Image J. % area of melanoma
markers or lineage tracing (green or red channel) was quantified compared to the total area
of DAPI positive regions. The relative number of Ki67 positive cells were determined
compared to the total number of DAPI positive cells. Pair-wise comparisons between

two groups were performed by two-tailed statistical analysis using Student’s t-test. The
statistical significance in the contingency table regarding MCSC-originating melanoma
development between two groups was determined by two-tailed, Fisher’s exact test.
Statistical significances were considered if p< 0.01 (*); p< 0.001 (**); p< 0.0001 (***).
Experimental data are demonstrated as the mean + standard error of the mean (SEM).
Statistical analysis was done using GraphPad Prism. Sample size and statistical details can
be found in the figure legends.
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DATA AND SOFTWARE AVAILABILITY

The RNAseq data in this paper have been deposited at the Gene Expression Omnibus
(NCBI) with GEO series accession number GSE102597.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Meanocyte stem cells (M CSCs) can act as melanoma cells of origin and adult MCSC
activation isrequired for melanoma initiation.

(A) Location of adult MCSCs, shown by co-expression of H2B-GFP and tdTomato

in MCSCs at the hair germ (HG). BL, bulge; DP, dermal papillae. (B) Experimental
scheme. Tmx, tamoxifen; Tel, telogen; Ana, anagen. (C-G) Histological phenotypes, and
immunostaining for melanoma marker S100 and tdTomato lineage tracing in control, 7yr-
CreER, LSL-tdTomato (TT) and TBP or TBP; LSL-tdTomato (TBPT) mice. Sequential
photomicrographs were reconstructed for the panoramic images of histology (C). S100, n
> 60 fields, 8 mice; tdTomato, 7= 160 fields, 6 mice per group. IF counterstaining, DAPI.
Scale bars, 100 pm. Data are represented as mean + SEM. Also see Figures S1 and S2.
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Figure 2. Ultraviolet radiation stimulates melanoma initiation by inducing the activation and
transocation of quiescent melanoma-competent MCSCs.

(A-B) The lineage tracing alleles, H2B-GFP and tdTomato, show MCSC translocation
during telogen upon ultraviolet-B (UVB) exposure. (C) Experimental scheme. Tmx,

tamoxifen. (D) Macroscopic epidermal pigmentation in control and TBP mice with/without
UVB exposure. Mean + SEM. n= 10 UVB-irradiated control, 7= 7 non-UVB TBP and

n=10 UVB-irradiated TBP mice. INT., non-UVB internal control; UVR., UVB-irradiated;
IND., independent control skin.
(E) Histological progression of melanoma in TBP mice with/without UVB irradiation. IF
counterstaining, DAPI. Scale bars, 100 um. Also see Figures S3 and S4.
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Figure 3. Ultraviolet radiation efficiently induces M CSC-originating melanomas which arisein

the epidermisand progressto the dermis.
(A-C) Lineage tracing allele tdTomato shows the progression of UVB-initiated melanoma

from tumor-prone MCSCs during telogen. (D-E) Lineage tracing allele tdTomato shows
normal melanocytogenesis and malignant melanocytic tumorigenesis in control (TT) and
TBPT mice by MCSC activation through anagen induction. (F) Experimental scheme. T,

Tmx, tamoxifen; U, UVB during telogen. (G) Macroscopic phenotypes with quantification

of epidermal pigmentation from TBPT mice. Mean £ SEM. n= 6/ group. (H-1) Lineage
tracing of tdTomato and the summary of microscopic phenotypes. Scale bars, 100 um. IF
counterstaining, DAPI.
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Figure 4. Ultraviolet-B exposure initiates melanomagenesis through activation of quiescent
melanoma-prone MCSCs.

(A) Experimental scheme and hypothesis showing a lack of efficient melanomagenesis
during MCSC quiescence (Q) periods. Tmx, tamoxifen; Tel, telogen; Ana, anagen;

Cat, catagen; A, active status of MCSCs. (B) Histological phenotypes with tdTomato
lineage tracing. (C) Experimental scheme and hypothesis for the role of UVB exposure

in melanomagenesis through MCSC activation during the quiescent period of telogen
(circled A, UVB-mediated activation). (D) Melanomagenesis via UVB irradiation during
late anagen, and demonstration of melanoma initiation by tdTomato lineage tracing. (E)
Early UVB-induced melanocytic hyperplasia throughout the interfollicular epidermis (IFE)
demonstrated by lineage tracing. (F) Histology and tdTomato lineage tracing demonstrating
UVB-induced melanomagenesis from quiescent tumor-prone MCSCs during late anagen.
(G) Summary of UVB effects in melanomagenesis originating from quiescent melanoma-
competent MCSCs. Activation of MCSCs is required for melanomagenesis (1, 2 and 4),
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UVB can significantly activate quiescent melanoma-competent MCSCs in telogen (3) and
anagen (5) to induce melanomagenesis in a manner similar to human tumor initiation and
progression. IF counterstaining, DAPI. Scale bars, 100 um.
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Figure5. Transcriptomic analysis demonstrates differentially expressed genes during early

melanomagenesis.

(A) Cells were isolated for quiescent tumor-prone MCSCs (Quiescent TBPT), depilation-
induced active melanocytes (Active TBPT), and UVB-induced active melanocytes (UVB
TBPT) from TBPT mice. (B) Top canonical pathways were enriched for quiescent TBPT
versus Active TBPT, and quiescent TBPT versus UVB-TBPT. (C) mRNA expression
associated with cell cycle control of chromosomal replication measured by RNAseq. (D)
Top canonical pathways were enriched for UVB-mediated versus depilation-induced active
melanocytes from TBPT mice. (E) Heatmap of 98 genes differentially expressed related to
leukocyte migration (adhesion and extravasation) between tumor-prone quiescent MCSCs
(Q1-Q3), depilation-induced active (A1-A3) and UVB-mediated active early malignant

melanocytes (UV1-UV3) from TBPT mice.
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Figure 6. Meanoma formation from quiescent melanoma-competent MCSCs can be attenuated
by suppression of inflammation and sunscreen application.

(A) MCSC translocation by topical TPA treatment shown by tdTomato lineage tracing.

(B) Experimental scheme. (C) Macroscopic phenotypes in TBP mice with/without topical
TPA treatment, and quantification of epidermal pigmentation. 7= 10 TPA-treated control,
n=7non-TPA TBP and n=7 TPA-treated TBP mice. (D) Histological phenotypes of
TPA-induced melanoma during quiescent MCSC, telogen period, and co-immunostaining
for Sox10, a melanocyte stem cell/melanoma marker, with Ki67, a marker of proliferation.
(E) Experimental scheme. Dex., dexamethasone. (F) Relative number of MCSC migration
was quantified viatdTomato lineage tracing in TT mice, compared to the total number of
hair follicles (= 500 hair follicles / each). Mean + SEM, n= 10/ group. (G) Experimental
scheme. (H) Macroscopic phenotypes with the quantification of epidermal pigmentation. 7=
6 low-dose (80 mJ cm~2) UVB, 1= 10 per each group (UVB only or UVB + Dex.). Data are
represented as Mean + SEM. Also see Figures S5 and S6.
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Figure 7. L oss of Hmga2 function in the microenvironment significantly suppresses MCSC
activation/translocation and melanomagenesisin quiescent melanoma-competent M CSCs.

(A) Relative Hmga2 mRNA expression between control and UVB-exposed epidermis or
dermis was measured using ACt method. /7= 5. (B) Relative mRNA expression of HmgaZ2
was measured by RNAseq using sorted quiescent tumor-prone MCSCs (Quiescent TBPT),
and depilation-induced (Dep-ind. TBPT) or UVB-induced early melanoma cells (UV-ind.
TBPT). n= 3. ns=not significant. (C) tdTomato lineage tracing demonstrates no significant
MCSC migration (white arrows) by UVB irradiation in HmgaZ~~ mice. (D) Relative MCSC
migration between TT HmgaZ2*’* and TT HmgaZ™"~. n= 6. (E) Experimental scheme. Tmx,
tamoxifen. (F) Suppressed UVB-induced melanomagenesis in HmgaZ~~ mice. Macroscopic
phenotypes and quantification of epidermal pigmentation show significantly suppressed
UVB-induced melanomagenesis in HmgaZ~~ mice. n= 10 TBP Hmga2**, n= 11 TBP
Hmga2*/~and n= 11 TBP Hmga2™". (G-H) tdTomato lineage tracing and histological
phenotypes in TBP Hmga2*/* and TBP Hmga2™~. Sequential photomicrographs were
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reconstructed for the panoramic images for tdTomato lineage tracing. Counter staining,
DAPI. Scale bars, 100 um and 500 um (yellow bars). (1) Relative protein expression level
for differentially expressed chemokines/cytokines in the skin post-UVB irradiation between
Hmgaz*’* and HmgaZ2™~. n= 4. Data are represented as Mean = SEM. Also see Figure S7.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit monoclonal anti-phospho-Histone H2A. X (Ser139)

Cell Signaling Technology

Cat#9718S; RRID: AB_2118009

Rat monoclonal anti-Tenascin C

R & D systems

Cat#MAB2138; RRDI: AB_2203818

Rabbit monoclonal anti-SOX10

Abcam

Cat#ab155279; RRID: AB_2650603

Rabbit polyclonal anti-S100 A6 Ab-9

Thermo Fisher Scientific

Cat#RB-1805-A; RRID: AB_149337

Chicken polyclonal anti-GFP

Abcam

Cat#ab13970; RRID:AB_300798

Rabbit polyclonal anti-TRP1

Santa Cruz Biotechnology

Cat#sc-25543; RRID:AB_2211150

Goat polyclonal anti-TRP2

Santa Cruz Biotechnology

Cat#sc-10451; RRID:AB_793582

Rat monoclonal anti-F4/80 Novus Cat#NB600-404;
RRID:AB_10003219

Chicken polyclonal anti-Keratins BioLegend Cat#SIG-3475; RRID:AB_10720202

Rat monoclonal anti-CD45 BioLegend Cat#103101; RRID:AB_312966

Rat monoclonal anti-Ly-6G/Ly-6C (Gr-1) BioLegend Cat#108403; RRID:AB_313368

Rabbit monoclonal anti-Ki-67 Rockland Cat#900-C01-B38;

RRID:AB_2142230

Rat monoclonal anti-Ki-67

Thermo Fisher Scientific

Cat#14-5698-82;
RRID:AB_10854564

Mouse monoclonal anti-Cas9

Thermo Fisher Scientific

Cat#MA1-201; RRID:AB_2610640

Rabbit polyclonal anti-HMGI-C

Santa Cruz Biotechnology

Cat#sc-30223; RRID:AB_2248305

Rabbit monoclonal anti-HMGA2

Cell Signaling Technology

Cat#8179S; RRID:AB_11178942

Rat monoclonal anti-Tubulin

Novus

Cat#NB 600-506; RRID:AB_343284

Chicken anti-goat 19gG (H+L) cross-adsorbed secondary antibody,
Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-21467; RRID:AB_2535870

Chicken anti-goat 1gG (H+L) cross-adsorbed secondary antibody,
Alexa Fluor 594

Thermo Fisher Scientific

Cat# A-21468; RRID:AB_2535871

Donkey anti-goat IgG (H+L) cross-adsorbed secondary antibody,
Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-11055; RRID:AB_2534102

Donkey anti-goat IgG (H+L) cross-adsorbed secondary antibody,
Alexa Fluor 594

Thermo Fisher Scientific

Cat#A-11058; RRID:AB_2534105

Donkey anti-rabbit IgG (H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-21206; RRID:AB_2535792

Donkey anti-rabbit IgG (H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor 594

Thermo Fisher Scientific

Cat#A21207; RRID:AB_141637

Goat anti-rabbit 1IgG (H+L) cross-adsorbed secondary antibody, Alexa
Fluor 488

Thermo Fisher Scientific

Cat#A-11008; RRID:AB_143165

Goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, Alexa
Fluor 594

Thermo Fisher Scientific

Cat#A-11012; RRID:AB_2534079

Donkey anti-rat IgG (H+L) highly cross-adsorbed secondary antibodly,
Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-21208; RRID:AB_2535794

Donkey anti-rat IgG (H+L) highly cross-adsorbed secondary antibody,
Alexa Fluor 594

Thermo Fisher Scientific

Cat#A-21209; RRID:AB_2535795

Goat anti-rat IgG (H+L) cross-adsorbed secondary antibody, Alexa
Fluor 488

Thermo Fisher Scientific

Cat#A-11006; RRID:AB_2534074

Goat anti-rat IgG (H+L) cross-adsorbed secondary antibody, Alexa
Fluor 594

Thermo Fisher Scientific

Cat#A-11007; RRID:AB_2534075
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Goat anti-chicken IgY (H+L) secondary antibody, Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-11039; RRID:AB_2534096
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Goat anti-chicken IgY (H+L) secondary antibody, Alexa Fluor 594

Thermo Fisher Scientific

Cat#A-11042; RRID:AB_2534099

Biotinylated goat anti-rabbit IgG antibody

Vector Laboratories

BA-1000; RRID:AB_2313606

Donkey anti-rabbit IgG (H&L) antibody peroxidase conjugated Rockland Cat#611-703-127; RRID:AB_218614
Donkey anti-rat 1I9G (H&L) antibody peroxidase conjugated Rockland Cat#612-703-002; RRID:AB_219797
Donkey anti-mouse 1gG (H&L) antibody peroxidase conjugated Rockland Cat#710-703-124; RRID:AB_217688
Bacterial and Virus Strains

One Shot™ StbI3™ Chemically Competent £. Coli Invitrogen Cat#C737303

Chemicals, Peptides, and Recombinant Proteins

Doxycycline hyclate Alfa Aesar Cat#J60579

Tamoxifen Sigma-Aldrich Cat#T5648

4-Hydroxytamoxifen Sigma-Aldrich Cat#T176

Phorbol 12-myristate 13-acetate AdipoGen Cat#A00083/B

Dexamethasone TCI America Cat#D1961

Esp3lI ThermoFisher Scientific Cat#ER0451

DTT Amresco Cat#0281-25G

Deoxynucleotide Mix

G-Biosciences

Cat#786-442

Tag DNA Polymerase

G-Biosciences

Cat#786-447

Ethidium Bromide Amresco Cat#X328-10mL
Matrigel® Matrix Basement Membrane Corning Cat#354234
Puromycin dihydrocholoride, 99% Alfa Aesar Cat#J61278
Penicillin-Streptomycin Thermo Fisher Scientific Cat#15140122

Collagenase type | Gibco Cat#17100-017
Collagenase type IV Gibco Cat#17104-019
TR zol™ LS Invitrogen Cat#10296028

Lipofectamine™ 3000 Invitrogen Cat#L.3000-001

Isoflurane

Piramal Healthcare

Cat#NDC66794-013

Nair™

Church & Dwight

Critical Commercial Assays

Rapid DNA Ligation Kit

Thermo Fisher Scientific

Cat#K1422

EZNA Plasmid Midi Kit

Omega Bio-Tek

Cat#D6904

PureLink™ Genomic ONA Mini Kit

Invitrogen

Cat#K1820-01

SuperScript® I First-Strand Synthesis SuperMix

Invitrogen

Cat#18080-400

PerfeCTa® SYBR® Green SuperMix

Quanta BioSciences

Cat#95054-100

VECTASTAIN Elite ABC HRP Kit

Vector Laboratories

Cat#PK-6100

ImmPACT AEC Peroxidase (HRP) Substrate

Vector Laboratories

Cat#SK-4205

BCA assay Thermo Fisher Scientific Cat#23227
SuperSignal West Pico chemiluminescence Thermo Fisher Scientific Cat#34087
NEBNext® Ultra™ Directional RNA Library Prep Kit New England BioLabs Cat#E7420
Qubit™ dsONA HS Assay Kit Thermo Fisher Scientific Cat#Q32851
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Mouse Cytokine Antibody Array C3 | RayBiotech | Cat#AAM-CYT-3-8
Deposited Data

RNAseq data | This paper | GEO: GSE102597
Experimental Models: Cell Lines

HEK293T ATCC ATCC® CRL-3216™
Murine melanoma cell This paper N/A

Experimental Models: Organisms/Strains

NOD-scid IL2Rg!

Jackson Laboratories

Stock#: 005557

B6.Cg-Tg(Tyr-cre/ERT2)13Bos/J

Jackson Laboratories

Stock#: 012328

B6.129P2(Cg)- BrafmMmem;)

Jackson Laboratories

Stock#: 017837

C;129S4- PterfmiHw

Jackson Laboratories

Stock#: 004597

B6;129S6- GI(ROSA)26Sorm4(CAG-tdTomato)tze| )

Jackson Laboratories

Stock#: 007908

LSL K-ras G12D NCI Stock#: 01XJ6
iDCT-GFP NCI Stock#: 01XT4
Hmga2~/* Zhou et al., 1995

Oligonucleotides

See Table S1 for oligonucleotide sequences

Recombinant DNA

lentiCRISPRv.2 Addgene Cat#52961
psPAX2 Addgene Cat#12260
pMD2.G Addgene Cat#12259

Software and Algorithms

Heatmapper Babicki et al., 2016 http://www.heatmapper.ca

Ingenuity® Pathway Analysis QIAGEN Wwww.giagen.com/ingenuity

Cutadapt Martin, 2011 https://cutadapt.readthedocs.io/en/
stable/

TopHat Kim et al., 2013 http://ccb.jhu.edu/software/tophat/
index.shtml

Cufflinks Trapnell et al., 2013 http://cole-trapnell-lab.github.io/

cufflinks/

CRISPR Design

Zhang Lab, MIT 2015

http://crispr.mit.edu

Leica Application Suite X

Leica Biosystems

GraphPad Prism

GraphPad Software

http://www.graphpad.com/scientific-
software/prism/

Photoshop Adobe http://www.adobe.com/#
Ilustrator Adobe http://www.adobe.com/#
ImageJ NIH https://imagej.nih.gov/ij/
Other

Prolong™ Gold Antifade Mountant with OAP Invitrogen Cat#P36935

Sunflower Seed Oil Sigma-Aldrich Cat#S5-007

UV Light Meter SPER Scientific Cat#850009

UVB bench lamps

UVvP
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DME/F12 Hyclone Cat#SH30023.02
Opti-MEM Gibco Cat#51985-034
DMEM Corning Cat#10-013-CV
DMEM, GlutaMAX™ Gibco Cat#10566-016
Small animal clipper Wahl Chro Mini
Matrx VIP 3000® vaporizer Midmark

Cell Stem Cell. Author manuscript; available in PMC 2022 April 12.



	SUMMARY
	INTRODUCTION
	RESULTS
	The Tyr-CreER transgene can efficiently label quiescent melanocyte stem cells
	Melanocytic tumor initiation requires MCSC activation upon oncogenic expression
	Ultraviolet-B radiation is an extrinsic stimulus regulating melanoma initiation from quiescent MCSCs
	MCSC quiescence is a melanoma suppressor during anagen and catagen
	UVB can initiate melanomagenesis from quiescent MCSCs regardless of hair cycle stage
	MCSC-originating melanoma initiation can be suppressed by attenuation of acute inflammation
	Hmga2 expression in the microenvironment significantly promotes efficient MCSC translocation and melanoma initiation

	DISCUSSION
	STAR★ METHODS
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Mice
	Primary murine melanoma cells

	METHOD DETAILS
	Chemical depilation
	UVB, dexamethasone and sunscreen application
	TPA treatment
	Tissue immunostaining
	FACS, RNAseq and bioinformatics
	PCR and real time quantitative RT-PCR
	In vitro genome engineering
	Western blotting
	MCSC and melanoma allo-transplantation
	Cytokine/chemokine screening

	QUANTIFICATION AND STATISTICAL ANALYSIS

	DATA AND SOFTWARE AVAILABILITY
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	KEY RESOURCES TABLE



