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Abstract

Whether Merkel cells regenerate in adult skin and from which progenitor cells is a subject of
debate. Understanding Merkel cell regeneration is of interest to the study of Merkel cell carcinoma
(MCC), a rare neuroendocrine skin cancer hypothesized to originate in a Merkel cell progenitor
transformed by Merkel cell polyomavirus (MCV) small (sT-Ag) and large (LT-Ag) T-antigens.
We sought to understand what the adult Merkel cell progenitors are and whether they can give
rise to MCC. We utilized lineage tracing to identify SOX9-expressing (SOX9+) cells as Merkel
cell progenitors in postnatal murine skin. Merkel cell regeneration from SOX9+ progenitors
occurs rarely in mature skin unless in response to minor mechanical injury. MCV sT-Ag and
functional imitation of LT-Ag in SOX9+ cells enforced neuroendocrine and Merkel cell lineage
reprogramming in a subset of cells. These results identify SOX9+ cells as postnatal Merkel cell
progenitors that can be reprogrammed by MCV T-antigens to express neuroendocrine markers.

INTRODUCTION

Skin is a complex organ with a diverse array of functions which include providing a
barrier against environmental insults, regulating body temperature, and detecting sensory
information (Abdo et al., 2020). These activities are enabled by sub-structures within the
skin, such as the epidermis and hair follicles, and specialized cells like Merkel cells.
Merkel cells are neuroendocrine cells that provide tactile sensory information through
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their innervation by afferent sensory neurons (Haeberle and Lumpkin, 2008; Owens
and Lumpkin, 2014; Woo et al., 2015). Merkel cells are also the namesake of a rare
neuroendocrine skin cancer, Merkel cell carcinoma (MCC) (Tang and Toker, 1979).
Although it is rare, a MCC diagnosis is often lethal, and its incidence is increasing
worldwide (Paulson et al., 2018).

Almost all MCC tumaors contain DNA from Merkel cell polyomavirus (MCV), which is
integrated clonally in every cell of a MCC tumor (Feng et al., 2008; Stakaityte et al.,

2014; Tolstov et al., 2009). From this observation, it is inferred that MCC arises from a
single MCV+ origin cell which clonally expands to generate the tumor. This expansion is
driven by viral small T-antigen (sT-Ag) and Large T-antigen (LT-Ag) (Feng et al., 2008;
Kervarrec et al., 2019a; Stakaityte et al., 2014), which MCC cell lines are dependent on

for continued growth (Hesbacher et al., 2016; Houben et al., 2012). MCV sT-Ag enacts
transcriptional change to incite histone remodeling, repress differentiation, inhibit tumor
suppressor activity, and promote neuroendocrine transcription factor activation (Cheng et
al., 2017; Leiendecker et al., 2020; Park et al., 2020; Sheng et al., 2018; Sihto et al.,

2011). MCV LT-Ag deregulates the cell cycle by sequestering retinoblastoma (Rb1) protein
(Hesbacher et al., 2016). Virus-positive MCC tumors demonstrate few mutations apart from
MCYV integration (Knepper et al., 2019), implicating sT-Ag and LT-Ag as the primary drivers
of MCC tumorigenesis. However, much of the process by which the T-antigens initiate a
MCC tumor is unclear, including and, in part, because we lack knowledge of the MCC cell
of origin.

It was previously thought that MCC arose from Merkel cells because MCC expresses
several markers which are otherwise unique in skin to Merkel cells (Tilling and Moll,
2012). However, attempts to generate MCC in mice by expressing T-antigens in Merkel
cells demonstrated that Merkel cells are not responsive to oncogenic stimulation, leaving

it unclear where MCC emerges from (Shuda et al., 2015). There is mounting evidence

that MCC may originate within the epidermis or its appendages: the hair follicles. MCC
expresses epidermal stem cell markers LGR5, LRIG1, and SOX9 (Sundqyvist et al., 2021),
and case studies have identified MCC tumors sharing ancestry with nearby tumors known
to derive from the epidermis (lacocca et al., 1998; Kervarrec et al., 2020a; Kervarrec,
2021). Furthermore, human scalp hair follicles develop Merkel cell-like clusters in response
to MCV T-antigen expression (Kervarrec et al., 2020b), which may imply the ability of

this population to give rise to MCC. However, expressing T-antigens in cytokeratin 5
(KRT5)-expressing (KRT5+) epidermis or KRT14+ keratinocytes in mice causes phenotypes
resembling squamous or basal cell carcinomas, not MCC (Spurgeon et al., 2015; Verhaegen
etal., 2017; Verhaegen et al., 2015).

Transcription factor Atonal homolog 1 (ATOHL1) is the master regulator of Merkel cell
fate (Perdigoto et al., 2014). Overexpressing ATOHL in epidermis reprograms epidermal
cells to the Merkel cell lineage, resulting in the formation of ectopic Merkel cells
(Ostrowski et al., 2015). Based on the idea that MCC could be related to Merkel cells,
Verhaegen et al. reported transgenic mouse models wherein epidermal cells were induced
to overexpress ATOH1 in conjunction with MCV T-antigens. Targeting these epidermal
cells, now reprogrammed to a Merkel cell fate, with T-antigens resulted in MCC-like
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cell phenotypes (Verhaegen et al., 2022; Verhaegen et al., 2017). These results imply that
commitment to the Merkel cell lineage is a key feature of the MCC cell of origin and that

a Merkel cell progenitor would be an interesting candidate. However, whether a Merkel cell
progenitor population exists in adult skin is not determined.

Most insights into Merkel cell biology come from studies using murine back skin. During
development, Merkel cells derive from the KRT14-expressing basal keratinocyte layer (Van
Keymeulen et al., 2009; Morrison et al., 2009; Woo et al., 2010) and are further specified
from a series of progenitor populations localized to the developing hair follicle marked

by KRT17 and SOX9 (Jenkins et al., 2019; Nguyen et al., 2018). Whether Merkel cells
regenerate in adult skin and if any of these populations still act as Merkel cell progenitors
postnatally is a subject of debate. One batch of evidence argues that the Merkel cell
population established /n uterois long-lived and does not undergo turnover postnatally
(Wright et al., 2017; Wright et al., 2015). Other studies report that Merkel cells regenerate
from epidermal populations on an ongoing basis (Doucet et al., 2013; Van Keymeulen et al.,
2009; Xiao et al., 2015). Even between studies reporting Merkel cell regeneration in adult
skin, there is not consensus about the timing (Marshall et al., 2016). Thus, the available data
are not an adequate picture of Merkel cell regeneration at homeostasis.

Our laboratory previously discovered that SOX9-expressing (SOX9+) epidermal cells are
embryonic Merkel cell progenitors (Nguyen et al., 2018). This led us to ask whether
SOX9+ cells also give rise to Merkel cells in postnatal skin and if this population

can be reprogrammed toward the neuroendocrine lineage by MCV T-antigens as is
observed in MCC. To address both questions, we generated transgenic mouse models

which selectively target SOX9+ cells for lineage tracing or for reprogramming by MCV
T-antigens. We show that SOX9+ cells not only give rise to Merkel cells postnatally but

can also be reprogrammed by MCV T-antigens to express neuroendocrine markers and form
hyperproliferative lesions. Our results offer insights into Merkel cell biology and implicate
SOX9+ Merkel cell progenitors as a potential origin of MCC.

SOX9+ cells are Merkel cell progenitors in postnatal skin.

To evaluate whether SOX9+ cells regenerate Merkel cells in postnatal skin,

we performed lineage tracing experiments using Sox9¢"eER: ROSAMT/MG mice
generated by crossing C57BL/6-Sox9eML(Cre/ERTZ)Tehn/] ( SoxgCTeER) mice with
Gf(RO S, A) 26S0riMA(ACTB-td Tomato,-EGFFP)Luo/J ( ROSAM T/mG) mice.

Sox9CTeER: ROSAMT/MG mice were treated daily with tamoxifen injections from postnatal
day (P) 22 until P24, and back skins were collected for immunofluorescence analysis at
intervals thereafter (Figure 1a). The SOX9+ population in adult murine skin is mostly
localized to the hair follicle (Nguyen et al., 2018). At P25, hair follicle cells were robustly
labeled with GFP, indicating successful and specific Cre-mediated recombination (Figure
1b). Merkel cells do not express SOX9 (Figure Sla—c); accordingly, Merkel cells were
largely not GFP+ at P25 (Figure 1b). 5 days after labeling, at P29, approximately 14.5%
of KRT8+ Merkel cells were GFP+ (Figure 1c, f), indicating that new Merkel cells were
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specified from the GFP-labeled SOX9+ population between P25 and P29. At P52, 16% of
Merkel cells were GFP+ (Figure 1d, ).

To rule out the possibility that Merkel cells are self-renewing between P25 and P29, we
performed EdU analysis at P21, P25, and P28. Although hair follicle cells showed EdU
incorporation at P25 and P28, Merkel cells had not undergone division (Figure S2a—c). We
also performed whole-mount staining for KRT8 (Figure S2d—-g) to evaluate the relationship
between regeneration and hair cycle. In mice, the first hair cycle is synchronized throughout
the back skin with growth phase (anagen) from P28-P42, regression (catagen) from P42-
P49, and resting phase (telogen) beginning at P49 (Schneider et al., 2009). We did not
observe significant fluctuation in the number of Merkel cells corresponding to the stages of
the hair cycle (Figure S2h), which implies that new Merkel cells arise to replace older ones
rather than to expand the total Merkel cell population.

Taken together, these results demonstrate postnatal regeneration of Merkel cells from
SOX9+ progenitor cells. This turnover does not occur rapidly or at a high frequency; rather,
Merkel cells in adult skin are mostly long-lived.

SOX9+ progenitors retain Merkel cell regeneration potential in adulthood.

The increase in GFP+ Merkel cells between P52 and P150 was surprisingly small and

not significant (Figure 1f). To clarify this observation, we induced GFP labeling in
Sox9CTeER: ROSAMT/MG mice at P50-P52 (Figure 2a). At P150, no Merkel cells were GFP+
(Figure 2b), while GFP+ cells were present in hair follicles. This observation indicates that
Merkel cells regenerate only rarely in adult skin.

Wright et al. observed that new Merkel cells were produced in adult skin subjected

to superficial injury (Wright et al., 2017). To examine whether SOX9+ cells could

be stimulated to regenerate Merkel cells in adult skin, we induced GFP labeling in
Sox9CTeER: ROSAMT/MG mice at P50-P52 and subjected the back skins to waxing or repeated
shaving. Back skins were collected after the fifth shave (Figure 2c) or one complete hair
cycle after waxing (Figure 2g). Unperturbed skin sections from the same animals were
collected as controls.

Consistent with previous observations, un-shaved control skin did not regenerate Merkel
cells (<2%, Figure 2d, ). In contrast, approximately 10% of Merkel cells were GFP+ in
shaved skin (Figure 2d, f). Similar observations were made in waxed animals, where <4.5%
of Merkel cells regenerated in un-waxed skin (Figure 2h, i), but 14.5% of Merkel cells were
GFP+ after waxing (Figure 2h, j). That is, SOX9+ cells resumed Merkel cell regeneration
specifically in skin subjected to shaving or waxing, but not in adjacent unbothered skin.
These observations show that SOX9+ cells remain a reservoir of Merkel cell progenitors

in adult skin. Even though they do not regenerate Merkel cells frequently at homeostasis,
these cells retain the potential to undergo Merkel cell differentiation and can be reactivated
as Merkel cell progenitors.
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MCV sT-Ag generates cutaneous lesions from SOX9+ cells.

Considering that MCC expresses SOX9 (Sundqvist et al., 2021) and our observation that
SOX9+ cells can undergo Merkel cell differentiation, we wondered if SOX9+ Merkel

cell progenitors could be reprogrammed by MCV T-antigens to express neuroendocrine
and MCC markers. To probe this question, we first crossed Rosa26-flox-stop-flox-sT-Ag
(ROSASTAT) mice to Sox9°"ER mice to generate Sox9C™eER: ROSAST/* (sT) mice. Six
months after topical 4-hydroxytamoxifen (4OHT) treatment (Figure 3a), the dorsal skin

of sT mice developed small cutaneous lesions apparent in hematoxylin and eosin (H&E)
staining as dermally located, spherical cell clusters with follicular histology (Figure 3b).
Western blot confirmed the expression of sT-Ag in the lesions (Figure 3c). About half of
all tumors appearing in the skin contained cells that expressed KRT8 (Figure 3d). The other
half of the lesions in sT skin were morphologically similar but did not have widespread
KRT8 expression; these tumors were not considered for further analysis. KRT8 is a marker
typically expressed most robustly in skin by Merkel cells (Moll et al., 1995); however,
unlike Merkel cells, which are terminally differentiated and mitotically inactive (Shuda et
al., 2015), a number of KRT8+ tumor cells were proliferative (Figure 3d).

sT tumors did not express Merkel cell markers other than KRT8, including insulin gene-
enhancer protein 1 (ISL1; Figure 3e) or special AT-rich sequence-binding protein 2 (SATB2;
Figure 3f) (Fukuhara et al., 2016; Kervarrec et al., 2019b; Perdigoto et al., 2014). Tumors

in sT mice also did not express neuroendocrine markers often expressed in MCC (Fujino

et al., 2015; Gu et al., 1983; Leblebici et al., 2019; Rush et al., 2018) such as insulinoma-
associated 1 (INSM1; Figure 3g) or neuron-specific enolase (NSE; Figure 3h), which is also
expressed in some Merkel cells (Nguyen et al., 2019). Therefore, although sT-Ag expression
can produce tumors from SOX9+ cells, it is not sufficient to instigate neuroendocrine
differentiation or induce expression of MCC markers other than KRT8.

Rb1 loss is not tumorigenic in SOX9+ cells.

Rb1 inhibition is the principal contribution of MCV LT antigen to MCC tumorigenesis
(Hesbacher et al., 2016; Houben et al., 2012). By sequestering Rb1, LT-Ag deregulates
the cell cycle (Richards et al., 2015) and promotes reprogramming (Kareta et al., 2015).
Functionally separating sT-Ag and LT-Ag is challenging because they are co-expressed as
splice variants (Feng et al., 2008); therefore, to test the ability of LT-Ag alone to reprogram
SOX9+ cells, we generated and treated Sox9CeER: ppflox/flox (RhKO) mice (Figure S3a). 6
months after treatment, effective knockdown of Rb1 in hair follicle (Figure S3c) resulted
in no appreciable changes to the phenotype of the skin (Figure S3b). RbO mice did not
develop hyperproliferation in hair follicles (Figure S3d), nor aberrantly express Merkel
cell lineage or neuroendocrine markers (Figure S3e-h). Therefore, we concluded that Rb1
inhibition alone is not tumorigenic in and does not reprogram SOX9+ cells.

sT-Ag and Rb1 loss promote neuroendocrine reprogramming of SOX9-derived tumors.

To test whether inhibiting Rb1 in tandem with sT-Ag expression could

instigate neuroendocrine reprogramming in SOX9+ cells, we generated

SOXYCTeER. ROSAST/, Rif1ox/flox (sT+RbKO) mice. Six months following topical 4OHT
treatment, sT+RbXO mice developed lesions in the back skin (Figure 4a) with similar
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histology to the sT tumors (Figure 4b). The size of sT+RbKO tumors varied considerably,

as did the number of tumors in each animal, but there was no obvious trend with sex or
between littermates. Western blot and IF confirmed expression of sT-Ag in sT+RbXO tumors
(Figure 4c) and loss of Rb1 in tumors and hair follicles of sT+RbKC mice (Figure 4d).

Roughly two-thirds of all the tumors appearing in sT+RbXC mice expressed KRT8. Like in
sT animals, some smaller growths were negative for KRT8; these were not considered for
further analysis. Many KRT8+ tumor cells were proliferative (Figure 4e). IF and Western
blot revealed that many KRT8+ sT+RbKC tumor cells also expressed Merkel cell markers
ISL1, SATB2, and KRT20 (Figure 4f, g, j) as well as neuroendocrine markers INSM1, NSE,
and chromogranin A (CHGA) (Figure 4h, i, j). The expression of these markers was not
uniform: not all KRT8+ tumors expressed other Merkel cell or neuroendocrine markers, and
not all KRT8+ cells within a tumor also expressed another neuroendocrine marker. Table

1 presents the average proportion of DAPI cells expressing each marker, as well as the
proportion of cells which were co-positive for KRT8 and another marker.

The expression of neuroendocrine differentiation markers in SOX9-derived tumors
illustrates that the SOX9+ population is permissive to reprogramming mediated by sT-Ag
expression and Rb1 ablation to mimic LT-Ag.

KRT8+ tumors do not express hallmarks of basal or squamous cell carcinoma.

Consistent with their origin within the hair follicle, sT and sT+RbX0 tumors expressed
epidermal cytokeratins KRT5, KRT14, KRT17, and KRT15 (Figure S4a—d), indicating that
sT-Ag expression and Rb1 ablation did not cause a complete departure from the hair follicle
identity of SOX9+ cells. Since the epidermis and hair follicle are established origins for
basal cell and squamous cell carcinomas (BCC and SCC) (Peterson et al., 2015), we
investigated the expression of archetypal BCC and SCC markers in sT and sT+RbXO tumors.
None of the SOX9-derived lesions expressed BCC/hair follicle stem cell marker CD34
(Figure Sba) (Diaz-Flores et al., 2021; Sur et al., 2007), epidermal keratinocyte marker
KRT10 (Figure S5b), which can be associated either BCC or SCC (Uhlig et al., 2022), or
SCC-specific marker PITX1 (Figure S5¢) (LiboRio et al., 2011). Therefore, we conclude
that tumors expressing markers of neuroendocrine differentiation are not variants of BCC or
SCC, which is consistent with patient data reporting that MCV T-antigens are not detected in
cutaneous tumors other than MCC (Dworkin et al., 2009).

SOX9-derived tumors acquire neuroendocrine markers over time.

To examine how SOX9+ cell reprogramming occurs, we collected the back skins of
sT+RbKO mice at earlier time points 2- and 4-months after treatment (at P110 and P170)
(Figure 5a). As SOX9+ cells are mostly located in the hair follicles (Figure 1 and Figure
S1), we focused on the changes induced in these skin appendages. 2 months post-treatment
at P110, the hair follicles of sT+RbKO mice had appreciably expanded and penetrated deeply
into the dermis (H&E, Figure 5b). Several of the hair follicles undergoing expansion,
indicated by proliferation marker Ki67, also expressed KRT8 at P110, 2 months post-
treatment (Figure 5c¢). Ultimately, the upper portion of the hair follicles collapsed, resulting
in KRT8+ lesions with no epidermal attachments forming between 4- and 6-months post-
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treatment (P170-P230). The disappearance of the upper hair follicle may have occurred
through cell death: cleaved caspase 3 IF and TUNEL assay indicated high numbers of
apoptotic/dying cells in hair follicles 2 months post-treatment at P110, but cell death was
comparably low in the skins of sST+RBKO mice at P170 and P230 (Figure 5d, Figure S6a).

Neither KRT8+ nor KRT8- cells expressed neuroendocrine markers at P110, 2 months

after treatment (Figure 6a—d). Only P170 tumors 4 months post-treatment expressed
neuroendocrine markers ISL1 (Figure 6a), SATB2 (Figure 6b), INSM1 (Figure 6c), or NSE
(Figure 6d). These observations illustrate that neuroendocrine reprogramming progresses
throughout the development of sT+RbXO tumors; meanwhile, cells that are only partially
reprogrammed by sT-Ag expression and Rb1 ablation are eliminated. Critically, although the
interfollicular epidermis was also hyperproliferative 2 months post-treatment at P110, the
appearance of KRT8+ cells was restricted to the hair follicles.

Altogether, the results showed expression of Merkel cell and neuroendocrine markers

in sST+RbKO lesions, but not differential diagnostic markers of other skin cancers,
demonstrating that SOX9+ Merkel cell progenitor cells are susceptible to neuroendocrine
reprogramming by MCV T- antigens.

DISCUSSION

Our research consolidates experimental approaches from across the literature to present

a unified examination of postnatal Merkel cell regeneration. Merkel cells originate from
SOX9+ progenitors during development (Nguyen et al., 2018); our findings show that this
population retains the ability to regenerate Merkel cells after birth. At homeostasis, Merkel
cell specification from SOX9+ progenitors occurs prior to P29, but Merkel cell turnover
becomes rare when the skin reaches maturity. This is consistent with observations that more
Merkel cells form within the four weeks after birth than afterward (Doucet et al., 2013; Woo
et al., 2010) and prompts interesting questions about why and how such a switch occurs.

It could be tied to postnatal development: mice undergo substantial growth in the weeks
after birth, which includes growing their first coat of hair. The SOX9-derived Merkel cell
specification before P29 may therefore be morphogenic rather than regenerative. However,
SOX9+ cells remain capable of acting as Merkel cell progenitors and can be stimulated to
regenerate Merkel cells by insult to the epidermis.

Merkel cell numbers decrease with advanced age in both mice and humans (Feng et al.,
2018; Garcia-Piqueras et al., 2019) along with the ability to sense fine texture (Skedung
et al., 2018), perhaps because more Merkel cells die than are replaced in aged skin. Loss
of Merkel cells may also have a causal relationship with chronic itch (Feng et al., 2018).
Our experiments demonstrating Merkel cell regeneration in waxed and shaved skin hint at
a potential link between Merkel cell regeneration to the pathogenesis of psoriasis as well:
psoriatic skin has increased Merkel cells compared to healthy skin (Wollina and Mabhrle,
1992), and new lesions often form at the site of minor injuries like shaving and waxing
(Martin et al., 2021). Understanding the mechanisms of Merkel cell maintenance could be
leveraged to treat these and other conditions by bolstering or ablating normal regeneration
processes.
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The SOX9+ hair follicle population is conserved in humans (Shi et al., 2013). We propose a
model of MCC initiation wherein viral T-antigens expressed upon MCYV integration promote
Merkel cell-like differentiation and clonal expansion from Merkel cell progenitors. This
model would be consistent with our previous report showing that MCV T-antigens promote
the expression of Merkel cell markers in MCV+ MCC cells in vitro (Harold et al., 2019).

Human scalp hair follicles transduced with MCV T-antigens develop neuroendocrine cell
clusters, which illustrates this population’s ability to be reprogrammed by MCV in humans
in a manner similar to what we observed in sT+RbXC mice (Kervarrec et al., 2020b).
Moreover, a recent study in mice found that even when MCV T-antigens are expressed in
nearly all cells in the epidermis, nascent neuroendocrine tumor cells arise specifically within
the hair follicle (Verhaegen et al., 2022). Consistent with these observations, we observe that
MCV sT-Ag expression combined with Rb1 ablation reprograms SOX9+ hair follicle cells to
expand and form lesions that express neuroendocrine and Merkel cell markers. Our results
highlight the SOX9+ population as an interesting candidate for further study in pursuit of the
MCC cell of origin.

By substituting Rb1 knockout for LT-Ag expression, we were able to functionally isolate
LT-Ag and sT-Ag. This is otherwise challenging because they are co-expressed as splice
variants of the same region (Feng et al., 2008). We found that sT-Ag is required for
tumorigenesis, since sT-Ag independently drove hyperproliferation, whereas Rb1 loss alone
did not cause tumorigenesis. Meanwhile, expression of neuroendocrine and Merkel cell
markers in SOX9-derived, sT-Ag driven tumors was contingent upon ablation of Rb1. In
addition to repressing Rb1’s cell cycle regulatory functions, LT-Ag-mediated interaction
with Rb family proteins is responsible for the upregulation of certain Merkel cell lineage
genes in MCC (Harold et al., 2019). Functional Rb1 represses pluripotency networks

to maintain differentiation states (Giacinti and Giordano, 2006; Kareta et al., 2015), so
Rb1 suppression may create a permissive cell state for sT-Ag to enact neuroendocrine
reprogramming. Conversely, functional Rb1 protein restricts the genes sT-Ag can engage
with and therefore limits the scope of sT-Ag-driven reprogramming. Thus, the result that
both sT-Ag expression and Rb1 knockout were required to generate lesions expressing
Merkel cell and neuroendocrine markers.

Our results highlight the SOX9+ population as having potential links to the MCC cell of
origin. Many of the markers we observed in sT+RbK© lesions are characteristic of MCC
but not present in the epidermis nor in other cutaneous tumors known to derive from

the epidermis. Importantly, this includes INSM1, KRT20, and CHGA, which are closely
associated with MCC and are used as differential diagnostic markers of the disease in cases
that resemble other cutaneous tumors (Coggshall et al., 2018; Paulson et al., 2018). At

the same time, the reprogramming in sT+RbKO tumors did not terminate the hair follicle
lineage, which is inconsistent with human MCCs. We have several ideas why that might
have occurred and how future work might overcome this hurdle.

First, it is possible that Rb1 knockout did not completely mimic LT-Ag. MCV LT-Ag is a
viral replicase that binds viral DNA and initiates replication (Shuda et al., 2008). In MCC,
LT-Ag undergoes a truncation event upon integration which eliminates its C-terminal DNA
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binding and helicase domains(Feng et al., 2008; Shuda et al., 2008). The remaining form

of MCV LT-Ag contains a DnaJ domain, which interacts with heat shock proteins (Shuda

et al., 2008), and a pocket protein-binding (LXCXE) motif that interacts with Rb1 and other
Rb family members Rb2/p130 and Rb3/p107 (Feng et al., 2008). Outside of these domains,
truncated LT-Ag also interacts with Vam6p (Liu et al., 2011) and BRD4 (Arora et al., 2019;
Wang et al., 2012). Rb1 suppression is the essential function of LT-Ag through which it
enacts most of its effects in MCC tumors (Harold et al., 2019; Houben et al., 2012; Liu et al.,
2011; Richards et al., 2015), hence our substitution of LT-Ag with Rb1 knockout. However,
it is possible that any of these other LT-Ag interactions play roles in MCC which are not
recapitulated by Rb1 knockdown.

We observed a substantial lack of uniformity between reprogrammed cells in sT+RbKO
mice, including a subset of lesions in ST+RbKO mice that lacked appreciable expression

for any of the neuroendocrine markers. This is potentially due to the heterogeneity of

the SOX9+ population. We speculate that the cells that underwent expansion but never
expressed neuroendocrine markers originated in SOX9+ subpopulations which are resistant
to reprogramming. This hypothesis implies that only specific subpopulations within the
SOX9+ cells can be reprogrammed by the T-antigens, which is consistent with our
observation that only some cells expressed KRT8 at the early stages of reprogramming in
sT+RbKO skin. Further experimentation in this avenue should seek to identify likely Merkel
cell progenitor subpopulations and test the re-programmability of them.

Finally, our observation that neuroendocrine markers are expressed only 6 months after
induction sT expression and Rb1 ablation in SOX9+ cells raises the question of whether

the reprogramming process can be accelerated. It is unclear what factor limits the expansion
and reprogramming of SOX9+ cells, but our observation of apoptosis in sT+RbXO skin at
earlier stages of reprogramming leads us to think that p53 activity may be involved. p53
suppression has received attention as a factor in MCC tumorigenesis which contributes
substantially to both tumor initiation and sustained growth (Park et al., 2019; Shuda et

al., 2015; Verhaegen et al., 2022). Our model does not manipulate p53 directly, and to
explore p53 transcription status or activity in the reprogrammed SOX9+ cells was outside
the scope of our current study. However, future explorations into murine models should
consider including p53 ablation alongside and instead of MCV T-antigens to elaborate on its
contribution to MCC tumorigenesis and potentially promote more advanced reprogramming.

MATERIALS AND METHODS

Mice

Mice were housed at the Icahn School of Medicine at Mount Sinai Center for Comparative
Medicine and Surgery (CCMS). Animal protocols used for this study were approved

by the Association for Assessment and Accreditation of Laboratory Care International
(AAALACI)-accredited Icahn School of Medicine at Mount Sinai Institutional Animal Care
and Use Committee (IACUC) (IPROTO202100000011). C57BL/6-Sox9emi(cre/ERTZ)Tchn/J
(Sox9CER) was described (Xu et al., 2015). STOCK Rb1im2Brn ( ppflox/flox) (Stock number:
026563) and B6.129(Cq)-Gt(ROSA)26SorMHACTB-tdTomato,-EGFP)Luo (ROSAMT/MG) (Stock
number: 007676) mice were obtained from The Jackson Laboratory. ROSAS™ST mice were

J Invest Dermatol. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weber et al.

Treatments

Page 10

provided by Patrick Moore (University of Pittsburgh; Pittsburgh, PA). Mice were genotyped
by PCR using DNA extracted from toes. Genotyping primers are below.

Sox9-CreER, R26-mT/mG mice were injected interperitoneally daily for 3 consecutive days
with 100 pg/g body weight Tamoxifen (Sigma-Aldrich; St. Louis, MO) dissolved in corn
oil. Waxing or the first shaving of mice was performed 3 days after the final injection.
Sox9-CreER:sT-Ag, Sox9-CreER,;Rb10X/I0X and Sox9-CreER,sT-Ag+Rb10X/flox mice were
treated topically daily for 4 consecutive days beginning at P50 with 4-hydroxy-tamoxifen
(Sigma-Aldrich; St. Louis, MO) dissolved in 100% ethanol. Mouse back fur was clipped
short with an animal hair trimmer so that 100 pL of 2mg/mL (20 pg) 40HT ethanol solution
could be pipetted directly on skin. For all animals, euthanasia was performed using carbon
dioxide and tissues were collected immediately. At least 3 animals from separate litters were
used for each analysis.

EdU injection

Wild-type C57BL/6 mice were injected with 10 ug/g body weight EdU solution (Salic and
Mitchison, 2008). Skin was collected 24h after injection and embedded fresh in OCT. Slides
were cut into sections using a Leica Cryostat and stored at —80°C until use. Slides were
fixed in 4% paraformaldehyde and permeabilized in 0.5% Triton, followed by washes with
3% BSA and 30 minutes incubation in Click-iT reaction cocktail (ThermoFisher, C10337).
Slides were washed twice more before proceeding to immunofluorescence blocking and
staining.

Immunofluorescence

Tissue was collected from mice and embedded fresh into OCT without fixation. Slides were
cut into 10 um sections using a Leica Cryostat and stored at —80°C until use. Slides were
fixed for 10 minutes in 4% PFA, then blocked for 1 hour at room temperature in a blocking
solution containing 0.1% Triton X-100, 1% bovine serum albumin, and 0.5% normal donkey
serum. Primary antibodies were diluted in blocking solution and incubated overnight at 4°C,
followed by incubation in Alexa Fluor secondary antibodies (1:500 in blocking solution) for
1-2 hours at room temperature. Slides were counterstained with DAPI and mounted using
propyl-gallate anti-fade mounting media. For Rb1 immunofluorescence, primary antibody
was incubated for 1 hour at room temperature and subjected to additional washes after
primary and secondary antibody. For SATB2 immunofluorescence, skin sections were
permeabilized for 10 minutes in 0.5% Triton X-100 prior to blocking. For slides stained
with mouse antibodies, Mouse-On-Mouse Immunodetection Kit (VECTOR labs) reagents
were added to blocking solution according to manufacturer’s recommendations.

For whole-mount immunofluorescence, back skins were collected and fixed in 4% PFA for
3 hours. Skins were blocked overnight in blocking solution. Primary antibodies diluted in
blocking solution were incubated for 48 hours at room temperature, followed by incubation
in secondary antibodies for 24 hours at room temperature. Skins were counterstained with
DAPI and mounted using anti-fade mounting media.
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Western Blotting

Control skin and tumors excised from OCT blocks were lysed directly in 60 mM Tris-HCI
(pH 6.8), 10% glycerol, 2% SDS buffer with 0.1% 2-mercaptoethanol. Lysate was denatured
by boiling for 10 minutes at =95°C immediately prior to loading in a 10% SDS-PAGE

gel. After transfer, membranes were blocked 30 minutes in 5% bovine serum albumin
blocking solution prepared in PBST (1x PBS supplemented with 0.2% Tween-20). Primary
antibody was diluted in blocking solution and incubated overnight at 4°C; secondary HRP
conjugate antibodies (VECTOR labs) diluted in PBST were incubated 1 hour at room
temperature. Antigen detection was performed with Lumi-Light Western Blotting Substrate
(Roche, 12015200001) according to manufacturer’s instructions.

Microscopy and Quantification

Antibodies

TUNEL

Slides were imaged using a Leica DM5500 upright microscope or Confocal Zeiss LSM880
Airyscan microscope. Quantification of Merkel cells per touch dome was performed by
manually counting all positively stained and co-stained cells from each section examined.
The mean proportion of co-stained cells for each animal was calculated and used in
statistical analysis. Quantification of cells in sT+RbKO lesions was performed by manually
counting cells from each section examined. Counts from all lesions were averaged to
calculate the mean proportion of stained and co-stained cells.

Antibodies and dilutions were used as follows: Caspase 3 1:250 (R&D; 84390); CD34 1:100
(ThermoFisher; 14-0341-82); CHGA 1:500 IF, 1:100 WB (Abcam; ab15160); ECAD 1:500
(ThermoFisher; 13-1900); GFP 1:500 (Abcam; ab13970); H3 1:10,000 (Cell Signaling;
9733S); INSM1 1:500 IF, 1:1000 WB (SantaCruz; sc-271408); ISL1 1:250 (Abcam;
ab86472); KRT5 1:500 (Biolegend; 905901); KRT8 1:250 IF and whole mount (DSHB;
TROMA-1); KRT10 1:500 (Biolegend; 905401); KRT14 1:500 (Biolegend; 906001);
KRT15 1:500 (Biolegend; 833901); KRT17 1:500 (Abcam; ab109725); KRT20 1:500 WB
(Aligent; M701901-2); Ki67 1:500 (Abcam; ab15580); MCV sT-Ag 1:20 WB (CM5E1
(Shuda et al., 2011), provided by Dr. Patrick Moore, University of Pittsburgh); NSE 1:250
IF, 1:10,000 WB (Novus; NPB100-1606); PITX1 1:500 (Novus, NBP1-88644); RB1 1:500
(Novus; NBP2-20127); SATB2 1:100 or 1:250 (Abcam; ab92446); SOX9 1:500 (Abcam;
ab185966).

Secondary antibodies used at 1:500 for IF were 488 donkey anti-chicken (Jackson Immuno;
703-545-155), 488 donkey anti-rabbit (Jackson Immuno; 711-545-152), 594 donkey anti-rat
(Jackson Immuno; 712-585-150), 647 donkey anti-rat (Jackson Immuno; 712-605-150), 647
donkey anti-rabbit (Jackson Immuno; 711-605-152). Secondary antibodies used for WB
were 1:10,000 ImPRESS HRP IgG anti-rabbit (VECTOR labs; MP-7401-15), 1:10,000
IMPRESS HRP IgG anti-mouse (VECTOR labs; MP-7402-15), and 1:5,000 Peroxidase
AffiniPure Donkey Anti-Chicken 1gG (Jackson Immuno; 703-035-155).

TUNEL assay was performed using Roche /n Situ Cell Death Detection Kit, Fluorescein
(Sigma-Aldrich; 11684795910) according to manufacturer’s instructions. Cryopreserved
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tissue slides were fixed for 20 minutes in 4% PFA and washed 30 minutes in PBS,
followed by permeabilization for 2 minutes on ice in a solution of 0.1% Triton X-100,
0.1% sodium citrate. Slides were incubated in TUNEL reaction mixture for 2 hours at room
temperature, counter stained with DAPI, and imaged immediately. Negative and positive
control slides were included in each staining. Negative control sections were incubated in
label solution without terminal transferase. Positive control staining was performed using
sections incubated 15 minutes with DNase enzyme from the Qiagen RNase-Free DNase
Set (Cat. No. 79254) (50 pL or 135 Kunitz units of enzyme in 50mM Tris-HCL, pH 7.5,
1mg/mL BSA) prior to TUNEL reaction mixture incubation.

Statistical calculations were performed using GraphPad Prism software. To determine the
significance between two groups, the Mann-Whitney test was used. Tests were one-tailed for
GFP+/KRT8+ cell counts (Figures 1 and 2) and two-tailed for Merkel cell per touch dome
counts (Figure S2h). The number of biological replicates for each sample group is indicated
in figure legends and as follows: postnatal lineage tracing (Fig. 1f) P25 n=4, P29 n=6, P52
n=4, P150 n=4, Merkel cells per touch dome (Fig. S2h) P27 n=4, P35 n=4, PA1 n=4, P41
n=4, shaved and waxed mice (Fig. 2d, h) n=3shaved, n=3waxed. For all statistical tests, a p
< 0.05 was accepted for significance. Significant p-values are provided in the figure legends.

Primers used to genotype mice were as follows:

SOX9-CreER | SOX9-CreER_WT F — (CTT CCATCCCGCAGACCCA)
SOX9-CreER_Common R —
(ACAAAGTCCAAACAGGCAGGGA)

SOX9-CreER_Mut F - (CGGGCTCTACTTCATCGCATTC)

mT/mG mTmG 1 - (CTCTGCTGCCTCCTGGCTTCT)
mTmG 2 - (CGAGGCGGATCACAAGCAATA)
mTmG 3 - (TCAATGGGCGGGGGTCGTT)

MCV sT Ag | 4719(11053-11071(F)) - (TGGTTCACGCCTGTAATC)
4723(sTco_C-term.F.2) — (CCGACTATTGCTTGCTTCAC)

Rb flox 26379 (F) - (CTCATGGACTAGGTTAAGTTGTGG)
26380 (R) — (GCATTTAATTGTCCCCTAATCC)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: SOX9+ cells are Merkel cell progenitors in postnatal skin.

(a) Experimental design for Sox9°"eER: ROSA™T/MG |ineage tracing. (b-e)

Sox9CTeER: ROSAMT/MG ineage tracing. Merkel cells marked by KRT8 (red), SOX9+ cells
and progeny are labeled by GFP (green). Arrows point to GFP+ Merkel cells at P29 (c),

P52 (d), and P150 (e). Note absence of GFP+ KRT8+ cells at P25 and GFP expression

in hair follicle. Scale bars=50 pm. (f) Quantification of KRT8+ GFP+ Merkel cells in
Sox9CTeER: ROSAMT/MG hack skin. Data are presented as mean percentage of KRT8+ cells
co-labeled with GFP. Error bar indicates greatest percentage recorded per time point. Sample
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sizes: P25 n=4, P29 n=6, P52 n=4, P150 n=4; animals from at least two independent litters.
* p=0.0079, n.s. not significant (Mann-Whitney test).
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Figure 2: SOX9+ cells retain Merkel cell regeneration potential in adulthood.
(a) Design for P50 lineage tracing of SOX9+ progeny in Sox9c™eER: ROSAMT/MG mice. (b)

Lineage tracing at P150. Merkel cells are KRT8+ (red), SOX9+ progeny are GFP+ (green).
(c) Design for lineage tracing of SOX9+ progeny in shaved skin of Sox9¢"eER: ROSAM /MG
mice. (d) Quantification of GFP+ KRT8+ cells after shaving. 7=3mice from separate
litters. * p=0.05 (Mann-Whitney). (e, f) Lineage tracing in un-shaved (e) or shaved (f)
skin. Merkel cells are KRT8+ (red), SOX9+ progeny is GFP+ (green). Arrows indicate
GFP+ Merkel cells. (g) Design for lineage tracing of SOX9+ progeny in waxed skin of
Sox9CreER. ROSAMT/MG mice. (h) Quantification of GFP+ KRT8+ cells after waxing. 7=3
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mice from separate litters. * p= 0.05 (Mann-Whitney). (i, j) Lineage tracing in un-waxed
(i) or waxed (j) skin. Merkel cells are KRT8+ (red), SOX9+ cells and progeny are GFP+
(green). Arrows indicate GFP+ Merkel cells.
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Figure 3: MCV sT-Ag generates cutaneous lesions from SOX9+ cells.
(a) Design for Sox9"eER. ROSAST/* (sT) mice. Photograph of P230 back skin from sT and

control (Ctrl) mice. (b) Representative H&E staining of sT lesions and Ctrl skin at 5X
(right) and 20X (left) magnification. Scale bars=100 um (5X), 50 um (20X). (c) Western
blot for MCV sT-Ag and Histone 3 (H3) loading control in Ctrl skin and sT lesions. (d)

IF for proliferation marker Ki67 (green) and KRT8 (red) in sT lesions and control. (e-h)
Representative images of sT lesions and Ctrl skin co-stained with KRT8 (red) and ISL1 (e,
green), SATB2 (f, green), INSML1 (g, green), or NSE (h, green). Arrowheads indicate Merkel
cells. Borders of lesions in white. Asterisks indicate autofluorescence. Scale bars=50 pm.
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Figure 4: sT-Ag and Rb1 loss promote neuroendocrine reprogramming of SOX9-derived tumors.
(a) Design for Sox9CeER: ROSAST/*; ppflox/flox (sT+RbKO) mice. P230 skin of control (Ctrl)

and sT+RbXO mice; white circles indicate tumors. (b) H&E of sT+RbXO and Ctrl skin

at 5X (right) and 20X (left) magnification. Scale bars=100 pm (5X), 50 pm (20X). (c)
Western blot for MCV sT-Ag and Histone 3 (H3) loading control. (d) IF of RB1 (green)

and E-cadherin (ECAD, red) in control (right); RB1 (green) and E-cadherin (E-CAD, red) in
sT+RbXO hair follicles (center); RB1 (green) and KRT8 (red) in sST+RbKO lesion (left). Hair
follicle borders in yellow, lesion borders in white. (e) IF of Ki67 (green) and KRT8 (red).
Arrowheads indicate Merkel cells. Asterisks mark auto-fluorescence. (f-h) sT+RbKO and
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Ctrl co-stained for KRT8 (red) with ISL1 (f, green), SATB2 (g, green), INSM1 (h, green),
or NSE (i, green). Scale bars=50 um. (i) Western blot for MCC markers CHGA, INSM1,
KRT20, and NSE in Ctrl skin and sT+RbKO [esions. H3 loading control.
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Figure 5: SOX9-derived tumors arise in hair follicles.
(a) Collection scheme for sT+RbXC mice. (b) H&E of control (Ctrl) and sT+RbKO back

skin 2- and 4-months post-treatment. (c)

IF for Ki67 (green) and KRT8 (red) in Ctrl Merkel

cells, Ctrl hair follicles, and sT+RbK® back skin 2-, 4-, and 6-months post-treatment. 5X

magnification (left) and 20X (right). (d)

IF for activated caspase 3 (CASP3, green) and

KRTS8 (red) in Ctrl Merkel cells, Ctrl hair follicle, and sT+RbXO back skin 2-, 4-, and

6-months post-treatment. 5X magnificati
yellow, tumor borders outlined in white.

on (left) and 20X (right). Hair follicles outlined in
Arrowheads indicate Merkel cells, asterisks mark

auto-fluorescence. Scale bars= 200 pm (5X), 50 pm (20X).
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Figure 6: SOX9-derived tumors acquire neuroendocrine marker expression over time.
(a-d) IF in control (Ctrl) Merkel cells, Ctrl hair follicles, and sT+RbX© lesions 2 months

and 4 months post-treatment for KRT8 (red) co-stained with ISL1 (a, green), SATB2 (b,
green), INSM1 (c, green), or NSE (d, green). Hair follicle borders are outlined in yellow;
lesion borders are outlined in white. Arrowheads indicate Merkel cells, asterisks mark
auto-fluorescence. Scale bars=50 um.
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Table 1:

Proportion of cells in ST+RbKO tumors expressing neuroendocrine markers.

CELLS EXPRESSING MARKER!  CELLS CO-POSITIVE WITH KRT8!

KRT8 63.19% 100%
K167 38.52% 41.16%
ISL1 61.71% 45.16%

SATB2 44.88% 34.08%

INSM1 49.76% 33.98%
NSE 58.36% 51.02%

lRepresented as an averaged proportion of total DAPI-stained nuclei in 10 pm tissue sections from at least 8 unique tumors collected from several
different sT+RbKO mice. KRT8 r=50; Ki67 n=9; ISL1 n=12; SATB2 n=8; INSM1 7=13; NSE n=8.
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