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Abstract

Mechanosensitive Merkel cells are thought to have finite lifespans, but controversy surrounds the
frequency of their replacement and which precursor cells maintain the population. We found by
embryonic EdU administration that Merkel cells undergo terminal cell division in late
embryogenesis and survive long into adulthood. We also found that new Merkel cells are produced
infrequently during normal skin homeostasis and that their numbers do not change during natural
or induced hair cycles. In contrast, live imaging and EdU experiments showed that mild
mechanical injury produced by skin shaving dramatically increases Merkel cell production. We
confirmed with genetic cell ablation and fate-mapping experiments that new touch dome Merkel
cells in adult mice arise from touch dome keratinocytes. Together, these independent lines of
evidence show that Merkel cells in adult mice are long-lived, are replaced rarely during normal
adult skin homeostasis, and that their production can be induced by repeated shaving. These
results have profound implications for understanding sensory neurobiology and human diseases
such as Merkel cell carcinoma.
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INTRODUCTION

A primary function of mammalian skin is to provide a protective barrier against
environmental insults. Trauma to skin cells necessitates their frequent replacement by
resident skin progenitors to maintain skin integrity (Levy et al., 2005; Page et al., 2013).
These progenitor cells maintain the barrier function of the skin and insure that skin
appendages such as hair follicles, sebaceous and sweat glands continue to function (Jensen
etal., 2009; Lu et al., 2012). Skin cell turnover occurs on a regular schedule (for instance, as
part of the hair cycle) and as needed following injury (Hsu et al., 2011; Jaks et al., 2008).
Different progenitor cell populations located in different regions of the skin participate in
these processes (Horsley et al., 2006; Ito et al., 2005; Levy et al., 2005; 2007).

Merkel cells are mechanosensitive cells found in mammalian hairy skin, whisker follicles
and glabrous (non-hairy) skin of the hands and feet (Halata et al., 2003). Merkel cells are
innervated by slowly-adapting type 1 (SA1) afferent neurons, and these Merkel cell-neurite
complexes detect certain light touch stimuli (Iggo and Muir, 1969; Johnson and Hsiao, 1992;
Johnson and Lamb, 1981; Maricich et al., 2012; 2009). Reported variations in Merkel cell
numbers during the hair cycle (Moll et al., 1996; Nakafusa et al., 2006) and genetic lineage
tracing studies (Doucet et al., 2013; Van Keymeulen et al., 2009; Wright et al., 2015; Xiao et
al., 2015) suggest that, like other skin cells, adult Merkel cells are regularly replaced.
However, the frequency of Merkel cell replacement and identities of Merkel cell progenitors
remain unclear.

We analyzed Merkel cell lifespan by EdU birthdating studies beginning in embryogenesis,
leading to the unexpected discovery that they persisted into late adulthood. This prompted us
to perform a multifaceted analysis to investigate the kinetics of Merkel cell production,
survival and replacement. Surprisingly, we found that touch dome Merkel cell numbers are
constant throughout the hair cycle and that new Merkel cells are infrequently generated
during adult skin homeostasis. We repeatedly visualized the same touch domes over many
months using confocal microscopy in living adult transgenic mice. Consistent with our EdU
birthdating studies, we observed that a significant number of Merkel cells lived for longer
than 5 months. Furthermore, we illustrate that large numbers of new Merkel cells were
generated only in the setting of Merkel cell loss induced by repeated shaving and confirm
that these new Merkel cells arise from touch dome keratinocytes. These data reveal
important insights into Merkel cell biology that have potential relevance for understanding
peripheral somatosensation and the development of Merkel cell carcinoma.
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RESULTS

Embryonic Merkel cells persist into late adulthood and new Merkel cells are rarely made
during adult skin homeostasis

Keratin (K)14-expressing epidermal progenitors generate the first set of murine Merkel cells
in late embryogenesis, beginning at embryonic day (E)14.5 and continuing until birth
(Wright et al., 2015). However, it is unclear for how long this initial cohort of Merkel cells
survives into postnatal life. To quantify the lifespan of these embryonic-born Merkel cells,
we employed a birthdating approach using the modified nucleoside 5-ethynyl-2'-
deoxyuridine (EdU). Incorporation of modified nucleosides like EdU into DNA occurs
during S-phase; cells that become post-mitotic after incorporation retain EAU throughout
their lives, while the signal is diluted until it becomes undetectable (~2-5 cell divisions) in
cells that continue to divide (Ganusov and De Boer, 2012; Kiel et al., 2007). To determine
the lifespan of Merkel cells created during embryogenesis, we administered EdU (10mg/kg)
by once daily intraperitoneal injection to pregnant C57BI/6J female mice at E14.5, E15.5,
and E16.5, the ages of peak Merkel cell generation (Wright et al., 2015). We harvested and
sectioned skin from progeny mice of the same litters at postnatal day (P)0, P21 and 9 months
of age (n=4 mice/age), immunostained for the Merkel cell marker Keratin 8 (K8), visualized
EdU, then calculated the percentage of K8+ cells that were also EAU+ (Figure 1).
Qualitatively, the robustness of the EdU signal in K8+ cells was similar at all three ages,
suggesting that the majority of cells labeled during embryogenesis that survived into
adulthood did not continue to divide over time. Percentages of K8+EdU+/K8+ cells did not
change between PO and 9 months of age in back and belly skin or in whisker follicles
(p=0.37 and 0.95, t-test; Figure 1A-D’"’, H), nor between P21 and 9 months of age in the
glabrous skin of the forepaw (Figure 1F-G’*’, H). A decrease in the forepaw between PO
and P21 was noted, likely secondary to continued production of Merkel cells within the
glabrous skin at this age (p=0.003, one-way ANOVA, PO vs. P21 p<0.05, PO vs. 9 mo.
p<0.01, P21 vs. 9 mo. p>0.05; Figure 1E-F’"", H). These data indicate that Merkel cells
born during embryogenesis survive for at least 9 months after becoming post-mitotic.

We were surprised to see persistence of embryonic-born Merkel cells out to 9 months of age,
as previous lines of evidence suggested that this cell population should have undergone
multiple rounds of complete turnover and replacement during this time (Doucet et al., 2013;
Nakafusa et al., 2006; Xiao et al., 2015). We re-examined the frequency of Merkel cell
production during the first hair cycle (P21-P56), a five week period of time during which
approximately 50% of the Merkel cell population would be predicted to have been generated
and incorporated into touch domes (Doucet et al., 2013). EdU was administered in the
drinking water (0.2mg/mL) to P21 C57BI/6J female mice for 5 weeks, after which time back
and belly skin, whisker follicles, and glabrous skin of the forepaw was retrieved and
processed for K8 and EdU (Figure 2A—C’’’; n=3 mice). We verified that EAU exposure did
not cause Merkel cell loss, as mice that received EdU and age-matched untreated mice had
comparable numbers of K8+ cells/touch dome (20.3+2.5 vs 16.7£0.7, respectively, p=0.41,
t-test; n=3 mice/condition; images not shown). No K8+ cells in the whisker follicles or
glabrous paw skin were found to have incorporated EdU (whiskers: >250 K8+ cells/mouse;
paws: >70 K8+ cells/mouse; Figure 2A-B’’’). In back and belly skin, a very small
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proportion (1.8+0.5%) of K8+ cells were EdU+ after 5 weeks of EAU exposure (>300 K8+
cells/mouse; Figure 2C—C’"’). Presented images are from back skin, though no difference
was seen in the proportion of K8+EdU+/K8+ cells between back and belly skin. Taken
together, these data indicate that new Merkel cells are generated and maintained as part of
normal skin homeostasis during the first hair cycle, but only very infrequently and only in
touch domes.

Merkel cell numbers decrease over early postnatal life, remain relatively constant
throughout adulthood and do not oscillate with the adult hair cycle

Our data demonstrating the persistence of embryonic-born Merkel cells and infrequent
generation of adult-born Merkel cells was seemingly inconsistent with previous data
demonstrating oscillations of Merkel cell number with the hair cycle. To examine whether
touch dome Merkel cell numbers on a C57BI/6J background were linked to hair cycle stage,
we immunostained wholemount back skin from female mice for the Merkel cell marker K8
during hair follicle morphogenesis (E17-P21), during the first hair cycle (P21-P52) and at
times after the second and third hair cycles (12 and 20 weeks of age) (>20 touch domes/
mouse, n=3-5 mice/age; Figure 3A). Portions of the skin were sectioned and stained with
hematoxylin and eosin (Figure S1A-L) to validate hair cycle stage using published
guidelines (Muller-Rover et al., 2001). Average numbers of K8+ cells/touch dome peaked at
E18.5, decreased precipitously until P21, and then decreased slightly (~20%) up to 20 weeks
of age (one-way ANOVA, F=2.80, p=0.02; Figure 3A). There were no differences in K8+
cell numbers during any stage of the first hair cycle (P21-P51) (one-way ANOVA, F=1.33,
p=0.29; Figure S2). These data show that average Merkel cell numbers do not change during
natural hair cycles in the back skin of C57BI/6J mice.

We also tested the influence of hair cycle induction on touch dome Merkel cell numbers.
Back skin of P22 female C57BI/6J mice was shaved and depilated with Surgicream (right
side) or left untreated (left side), then harvested 0, 3, 5, 12 or 18 days later. These timepoints
were chosen to correlate with noted Merkel cell number changes after hair cycle induction as
previously published (Moll et al., 1996). We verified that depilation induced the hair cycle
on hematoxylin and eosin-stained skin sections, which showed that shaved/depilated skin
entered anagen and transitioned to catagen sooner than untreated skin from the same mice
(Figure S1IM-V). Wholemount immunostaining revealed no differences in K8+ cell numbers
between induced and naturally cycling skin at any time (two-way ANOVA F(4, 20)=0.5848,
p=0.7; Figure 3B). These data demonstrate that Merkel cell numbers do not vary with
induced hair cycle stage.

In vivo visualization of touch domes demonstrates long Merkel cell lifespan

As a final approach to investigate Merkel cell persistence in adulthood, we devised a strategy
to repeatedly image the same touch domes in living adult mice over an extended period of
time. Young (~P28) Afoh1” mice, in which all Merkel cells are GFP+ (Lumpkin et al.,
2003), were anesthetized and had the same regions of belly skin shaved once per week with
a straight razor to allow repeated visualization of the same touch domes (Figure S3A). A
square imaging area was marked with India Ink on the belly skin, permitting mapping and
tracing of individual touch dome locations from week to week (Figure S3A). Individual
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touch domes were identified and mapped from week to week based on their location within
the square and proximity to other touch domes. Individual touch domes (7-12/mouse from 4
mice (37 total); n=2,530 total GFP+ cells) were imaged on a spinning disc confocal
microscope each week for 13-21 weeks (Figure 4A-F’). GFP+ cells were confined to touch
domes and were never seen in the follicular or interfollicular epidermis. Cells were
considered “original” Merkel cells if they were observed at the first imaging session (week
0) or “new” if they were observed in subsequent weeks, but not at week 0. While this system
did not permit unique labeling of individual cells as they were traced from week to week,
their location on the skin, relative proximity to other GFP+ cells and relationship to the
central hair follicle allowed us to reproducibly identify and track them over time. We found
that during the first 8 weeks (one estimate of Merkel cell lifespan) (Doucet et al., 2013)
64.3+3.6% of original GFP+ cells remained at week 8 (Figure 4G). Furthermore, 52+3.6%
and 28+6.54% of original GFP+ cells (n=579 cells from n=4 mice) survived for 13 and 21
weeks, respectively (Figure 4). Touch domes retained much of their original organization
over this time, illustrating relative stability of this sensory structure and allowing us to
repeatedly identify the same Merkel cells (Figure 4A—F). The persistence of adult Merkel
cells is consistent with our EdU pulse-chase experiments (Figure 1) and illustrates the
unanticipated longevity of this epidermal cell population.

Interestingly, we noted the appearance of new and loss of original GFP+ cells in this model
over time that was unaccounted for in our adult chronic EdU administration experiment
(Figure 2C-C’""). We hypothesized that this Merkel cell turnover was somehow linked to the
repeated shaving necessary for imaging, being present only in this induced regenerative skin
condition. To test this, we repeated the above adult EQU administration experiment
(0.2mg/mL in drinking water for 5 weeks) while shaving a section of back and belly skin
with a straight razor once weekly for four weeks, as had been done to prepare the skin for
live imaging, then harvested skin and stained for K8 and EdU one week after the last shave
(P56). K8+EdU+ cells made up 7.8+2.7% of the K8+ population at this time, a 430%
increase in Merkel cell production over that seen without shaving (Figure 5; p=0.03, one-
tailed t-test; n=2 mice; >150 K8+ cells/mouse). These data suggest that shaving of hairy skin
induces cell division that leads to the production of large numbers of new Merkel cells, a
process that occurs only rarely during normal skin homeostasis.

We wondered whether the production of new Merkel cells in this skin shaving paradigm led
to increased numbers of these cells in touch domes over time. Our live imaging experiments
showed that 3.14+0.6 new GFP+ cells per touch dome appeared each week throughout the
imaging period, with no clear correlation with mouse age or hair cycle stage as judged by
gross skin appearance (Figure S3A). However, average Merkel cell numbers/touch dome
remained constant over time (Figure 4H), suggesting that Merkel cell production was offset
by Merkel cell loss. New GFP+ cells had a lower median survival (21 days) relative to
original GFP+ cells (84 days), and half of all new GFP+ cells disappeared within two weeks
of creation (Figure 41, Figure S4). The slope of the survival curve for new GFP+ cells within
their first two weeks was significantly steeper than that of original GFP+ cells during that
time (slope original = -0.83+0.1; slope new = —3.35+0.4; p=0.0005, t-test). However,
continued survival of new GFP+ cells remaining 3 weeks after their creation was similar to
that of original GFP+ cells (slope original = —0.53+0.1; slope new = -0.45+0.1; p=0.4, t-
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test; Figure 41, Figure S4). After 21 weeks of imaging, 93% of new GFP+ cells co-expressed
the Merkel cell marker K8 (182/195 GFP+K8+/K8+, n=1 mouse) confirming that they were
Merkel cells. This quantification was performed on only a single mouse due to resource
restrictions and the longevity of this experiment. These data show that new Merkel cells are
at increased risk of death following their creation compared to original Merkel cells.

Survival of new Merkel cells is correlated with innervation

Merkel cell survival depends on innervation (English et al., 1983; Nurse et al., 1984; Xiao et
al., 2015), so we hypothesized that survival of new GFP+ cells may be related to innervation
by SAL1 afferents. To test this, we immunostained skin harvested at 13 weeks for NF200 and
quantified the number of GFP+ cells innervated by NF200+ endings. For this analysis, we
divided GFP+ cells into three groups: 1) original cells, 2) cells >2 weeks old at the time of
tissue retrieval and 3) cells arising <2 weeks prior to tissue retrieval. We found that fewer
GFP+ cells arising <2 weeks prior to tissue retrieval (71.1+7.5%) than those >2 weeks old
(84.9£5.2%) or original (91.8+2.5%) GFP+ cells were innervated (one-way ANOVA
p=0.023; Tukeys post-hoc p=0.026 <2 weeks prior to tissue retrieval vs. original; p=0.5 >2
weeks old vs. original; n=255 original and n=323 new cells from n=2 mice; Figure 4J-K"").
These data suggest that prolonged survival of newly-generated Merkel cells is related to
innervation status.

New Merkel cells arise from touch dome keratinocyte proliferation

We previously reported that Merkel cells in adult mice derive from an Afoh1+ lineage
(Wright et al., 2015). To determine whether new Merkel cell production after repeated
shaving required existing Afoh1+ cells, we ablated these cells by administering tamoxifen
(250mg/kg for 3 consecutive days) to Afoh1CeER-T2/* ROSAPTA mice, a paradigm in
which Merkel cell numbers do not recover even six months post-tamoxifen administration
(Wright et al., 2015). Consistent with our previous experiments, 28 days after tamoxifen
administration Atoh1CeER-T2*, ROSAPTA mice had 98% fewer K8+ cells per touch dome
than Atoh1CreER-T2/* ROSAPTA mice that did not receive tamoxifen (0.42+0.1 vs. 16.5+1.5
K8+ cells/TD; p=0.002, ttest; n=2—4 mice/genotype). However, Atoh1CreER-T2/+ pOSADPTA
mice (n=3) treated with tamoxifen that had their back and belly skin shaved once per week
for four weeks had nearly 8x more Merkel cells than those that were not shaved (3.29+0.5
vs. 0.42+0.1 K8+ cells/TD; p=0.015, t-test; Figure 6A—C). Furthermore, the density of touch
domes containing at least one K8+ cell was 4x higher in shaved vs. unshaved
Atoh1CreER-T2/% pOSADTA mice (50.047.1 vs. 13+5 per cm?; p=0.02, t-test; Figure 6D). In
fact, touch dome density in shaved Afoh1CTeER-T2/* ROSAPTA mice was equivalent to that
in C57BI/6J control mice (583 per cm?2, p=0.38, t-test), indicating that essentially all touch
domes in tamoxifen-treated, shaved Atoh1CER-T2/*: ROSAPTA mice can make new Merkel
cells, while touch domes in treated, unshaved mice do not. These data demonstrate that
neither the Afoh1 lineage nor signals from existing Merkel cells are necessary for the
production of new Merkel cells induced by shaving.

We next asked whether K14+ epidermal cells found in interfollicular skin (Vasioukhin et al.,
1999) gave rise to new Merkel cells following shaving. To label K14+ cells, we gave
tamoxifen (250mg/kg for 3 consecutive days) to P28 K14CER, ROSAMTomal mice, then
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either shaved them or left them untouched for 5 consecutive weeks (n=3 mice/treatment).
With this tamoxifen administration paradigm close to 100% of interfollicular epidermal cells
demonstrate recombination, while hair follicles and touch dome keratinocytes recombine
sparsely or not at all (Ostrowski et al., 2015; Wright et al., 2015). No K8+tdTomato+ cells
were seen in either shaved or unshaved skin (>400 K8+ cells from 10 back and 10 belly
touch domes per mouse; Figure 6E-E’’), demonstrating that K14+ progenitors do not give
rise to new Merkel cells.

To test the contribution of hair follicle progenitors to Merkel cell generation, we
administered EdU in the drinking water to Hairless (Hr/Hr") mice, which lack cycling hair
follicles secondary to dysregulated differentiation of hair follicle progenitors (Benavides et
al., 2009; Zarach et al., 2004). After shaving their belly skin once weekly for 4 weeks, we
found that 1.7+0.9% of K8+ touch dome cells were also EdU+ in Hr/Hr" mice, indicating
that hair follicle progenitors are not needed for new Merkel cell generation (n>35 K8+ cells/
mouse; n=3 mice; Figure 6F-F""").

Finally, to determine whether touch dome keratinocytes were the source of new Merkel
cells, we administered tamoxifen (250mg/kg for 3 consecutive days) to G/iZCTeER-T2;
ROSAYFP mice and shaved their belly skin once weekly for 4 weeks or left them unshaved
(n=3 mice/treatment). Tissue was analyzed one week after the last shave (P66) and K8+ cells
analyzed for presence of YFP (Figure 6G—H’"""). With this dosage paradigm, a portion of
touch dome keratinocytes remained YFP-, indicating incomplete recombination of the
population (Fig. 6G’’). Consistent with data from others (Xiao et al., 2015), we found that
only a small proportion of K8+ cells were YFP+ in unshaved skin (6.5+£1.3%; Fig. 61).
However, this percentage was much higher in shaved skin (23.3+1.6%, p=0.001, t-test; Fig.
61), consistent with the observed increase in Merkel cell production after shaving. Notably,
the percentage of K8+YFP+/K8+ cells is very close to the average number of new GFP+
cells persisting at 5 weeks of imaging (19.2+2.4%, p=0.24, t-test). Many K8+YFP+ cells
were also EdU+, indicating that they arose through proliferation of recombined touch dome
keratinocytes (Fig. 6H-H’"""). These data demonstrate that touch dome keratinocytes give
rise to new Merkel cells following skin shaving.

DISCUSSION

Our data provide several lines of evidence demonstrating that Merkel cells are long-lived,
with Merkel cells born during embryogenesis surviving until at least 9 months of age in back
and belly skin, whisker follicles and glabrous skin (Figure 1). This demonstrates that Merkel
cells are by far the longest-lived post-mitotic epidermal cell population in mouse hairy and
glabrous skin. We propose that long Merkel cell lifespans are critical for maintaining
signaling fidelity between Merkel cells and innervating SA1 afferent fibers. Merkel cell
turnover rates similar to those of other skin cells would necessitate repeated reestablishment
of Merkel cell-neurite contacts. This would represent an unusual arrangement, as neurons
typically form relatively stable contacts with cell populations that do not turn over (for
example, other neurons or hair cells of the inner ear), and over time this could degrade the
mechanosensory apparatus. Secondly, our data illustrate that while very few Merkel cells are
generated during normal homeostasis in the first hair cycle, many more are formed after
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repeated shaving of the skin. This is a novel response that we hypothesize is secondary to
mild superficial wound healing. We confirmed that these new Merkel cells arise from touch
dome keratinocytes, as has been previously reported (Doucet et al., 2013; Xiao et al., 2014).

Our data show that touch dome Merkel cell numbers decrease by ~45% between E18.5 and
P21 (Figure 3), demonstrating that initial production occurs in excess and is followed by a
culling period. We hypothesize that this culling occurs secondary to limiting amounts of
trophic factors, likely derived from SA1 afferents. In support of this hypothesis, large scale
Merkel cell innervation occurs between E16.5 and birth (Pasche et al., 1990; Vielkind et al.,
1995), timing that correlates well with the onset of the decline in Merkel cell numbers.
Moreover, skin-derived overexpression of BDNF and NT3 leads to increased numbers of
mature and innervated Merkel cells in glabrous and hairy skin, respectively (Albers et al.,
1996; Botchkarev et al., 1999; LeMaster et al., 1999). Merkel cells develop normally in
NT3-knockout mice but are lost by P14 along with their innervating afferents, suggesting
that NT3 is required for the maintenance of Merkel cell neurite-complexes in hairy skin after
birth (Airaksinen et al., 1996). Our data also demonstrate that Merkel cell numbers decrease
slightly as mice age (Figure 3). This aging-related decline could result from waning trophic
support from the nerve, decreased Merkel cell replacement following injury, or a
combination of the two. Further experiments are necessary to test the involvement of BDNF
and/or NT3 in adult Merkel cell maintenance during skin homeostasis and injury. Either
way, declines in Merkel cell numbers could play an important role in the pathophysiology of
aging-related somatosensory deficits. Further studies are needed to directly address this
possibility.

Unlike previous studies (Moll et al., 1996; Nakafusa et al., 2006), we did not observe
changes in touch dome Merkel cell numbers during either natural or induced hair cycles
(Figure 3). This conclusion is supported by our live imaging data (Figure 4H) and lack of a
significant change in percentage of K8+EdU+ cells in touch domes between PO and 9
months of age (Figure 1A-B’’’, H). These data provide strong evidence that Merkel cell
numbers do not fluctuate during the course of the hair cycle. We believe that the discrepancy
between our observations and previously published work is most likely secondary to
methodological differences. Our Merkel cell counts at various stages of the natural and
induced hair cycles were done in wholemount preparations of skin, thereby insuring that no
cells were lost during tissue processing. Analysis of epidermal sheets (Nakafusa et al., 2006)
may have led to inaccurate estimates of Merkel cell numbers, as it is our experience that
>50% of Merkel cells can adhere to the dermal surface in these preps (unpublished
observations). Numbers of Merkel cells that stick to the dermal surface could change during
different stages of the hair cycle, leading to the erroneous conclusion that Merkel cell
numbers were changing. Likewise, counts done on small amounts of serially-sectioned
mouse skin (Moll et al., 1996) could also bias whole Merkel cell quantifications.

Our chronic EAU administration experiments in adult mice showed that 1.8% of touch dome
Merkel cells became EdU+ over 5 weeks, but that no new cells were produced in whisker
follicles or glabrous skin (Figure 2). Assuming a constant rate of production and survival,
approximately 0.36% of touch dome Merkel cells are newly generated each week (1.8%/5
weeks = 0.36%). If this is projected out to 9 months of age (the oldest age that we
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examined), we would expect that 14% of Merkel cells should be new (0.36%*39 weeks =
14%). Following E14.5-E16.5 EdU administration, we found that 45.1+2.5% and
41.942.1% of K8+ cells were EAU+ at PO and 9 months of age, respectively. Therefore, we
would predict that 38.8% of 9 month old K8+ cells would retain EdU+ in the embryonic
EdU administration experiment (45.1%%*(1-0.14) = 38.8%). This number is close to the
observed 41.9%, suggesting that our calculations are likely accurate. However, the difference
between the percentages of touch dome K8+ cells that were also EdU+ at PO and 9 months
was not statistically significant, likely because the study was underpowered at n=4 mice/age.
Regardless, our data support the conclusion that, in touch domes, there is a very low rate of
Merkel cell turnover associated with normal skin homeostasis.

Interestingly, we found that Merkel cell homeostasis differs between touch dome Merkel
cells and those that reside in whisker follicles and glabrous skin of the forepaw. Greater than
750 and 220 K8+ cells, respectively, were counted in each of these two locations and no
Merkel cell was found to have incorporated EdU during 3-8 weeks of age. We predict that
this difference in Merkel cell production is due to the proximity of Merkel cells to the
epidermal border, and therefore higher potential exposure to environmental insults. Glabrous
skin is much thicker than hairy skin, and Merkel cells of the whisker follicle are very deep to
the epidermis, likely providing a protective barrier permitting Merkel cell persistence. The
proportion of EdU+ Merkel cells that surround whisker follicles did not decrease between
PO and 9 months of age, consistent with a lack of turnover and replacement. However,
Merkel cells of the glabrous skin did decrease between PO and P21. We have noted that
Merkel cells of the paw are generated later in development than Merkel cells of the back and
belly skin (Reed-Geaghan et al., 2016), likely explaining this decrease in percentage of cells
in early postnatal life. Consistent with a lack of new Merkel cell production in glabrous skin
that we noted from chronic EdU exposure from 3-8 weeks of age, the percentage of EdU+
Merkel cells from P21 to 9 months of age is again unchanged.

A serendipitous and surprising finding of our study supported by live imaging and chronic
EdU administration experiments is that repeated shaving induces Merkel cell death and
creation of new Merkel cells in touch domes (Figs. 2, 5). Genetic deletion of adult Merkel
cells alone following tamoxifen administration to adult Atoh1C"¢ER-72, ROSAPTA mice was
insufficient to induce new Merkel cell production (Wright et al., 2015) (Figure 6). This is an
important finding because it shows that no intrinsic counting mechanism exists to determine
when Merkel cell production is required. Rather, we conclude that Merkel cell loss coupled
to signals induced by repetitive shaving is necessary for Merkel cell production. We
hypothesize that these signals arise in the epidermis following skin injury (Hardy et al.,
2003; Lai et al., 2012). The identity and cellular origins of these signals, and what types of
skin manipulation/injury are capable of inducing them, require further study.

The existence and identity of the precursor cells that maintain the adult touch dome Merkel
cell population has been a source of controversy. Based on fate mapping and conditional
deletion studies viewed in light of presumed Merkel cell turnover in adult animals, we
recently proposed that Afoh1+ progenitors performed this role (Wright et al., 2015). Our
new data force a reconsideration of this interpretation. Because adult Merkel cells express
Atohl (Lumpkin et al., 2003; Ostrowski et al., 2015), fate mapping in our previous study
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marked all Merkel cells. Therefore, what we observed previously was undoubtedly the long-
term survival of post-mitotic Merkel cells in embryonic and adult mice, not replacement of
dying cells by an Afoh1+ progenitor. This explains the very low percentage of Ki67+ Merkel
cells that we saw in adult mice (Wright et al., 2015). Of note, our new data do not change
the interpretation of our observation that some embryonic AfohI+ cells multiply, a
conclusion substantiated by EdU incorporation and expansion of lineage-traced cell numbers
during embryogenesis (Wright et al., 2015). We also showed previously that tamoxifen
administration to adult Azoh1CER-T2. ROSAPTA mice, where diphtheria toxin A expression
is driven in Afohl-expressing cells, led to Merkel cell death without subsequent replacement
(Wright et al., 2015). Again, we interpreted this finding as evidence that Afoh1+ progenitors
maintain the adult Merkel cell population, and that elimination of those cells prevented
creation of new Merkel cells in this paradigm. Rather, we likely deleted only post-mitotic
cells, and this action alone was insufficient to induce new Merkel cell formation (see below).
Furthermore, our fate-mapping and EdU labeling data in KI4ER. ROSAMTomalo gnd
Hr"/Hr mice (Figure 6) show that new Merkel cells do not arise from K4+ cells nor hair
follicle progenitors as have been previously proposed (Van Keymeulen et al., 2009). Given
these data, the presence of columnar K8+EdU+ cells in the touch dome epithelium following
repeated shaving (Figure 5), and our identification of K8+YFP+EdU+ cells in shaved,
tamoxifen-treated G/i1¢"eERTZ: ROSAYFP mice (Figure 6), we agree with recent reports
(Doucet et al., 2013; Woo et al., 2010; Xiao et al., 2015) suggesting that new Merkel cells
arise from K17+/Glil+ progenitors in touch domes of adult mice.

Our EdU labeling data support the conclusion that new Merkel cells created in the setting of
skin injury arise through cell division. However, we did find K8+YFP+ cells in tamoxifen-
treated, shaved G/i1€ER-T2:ROSAYFP mice that had not incorporated EdU. This is possibly
due to not all proliferating cells being labeled with this EQU administration paradigm, a
subpopulation of K8+ cells expressing G/iZ, and/or transdifferentiation of G/iZ+ cells. We
favor the first interpretation, as only 2% of K8+ cells express G/iZ and there has been no
evidence of Merkel cell transdifferentiation from other skin cell populations (Xiao et al.,
2015).

Our observations may have relevance for understanding genesis of Merkel cell carcinoma
(MCC), a rare but aggressive skin cancer. Given similarities in the expression of molecular
markers, it is likely that MCC arises from Merkel cell progenitors (Eng et al., 2007; Leonard
et al., 2002; Tang and Toker, 1978; Tilling and Moll, 2012). Our data suggest that induction
of Merkel cell production following even mild skin wounds may, in combination with
Merkel cell polyomavirus infection (Feng et al., 2008; Shuda et al., 2015) and/or UV
radiation, provide another “hit” that leads to oncogenesis. Identifying the signaling pathways
responsible for Merkel cell progenitor activation could therefore provide insight into the
molecular pathways responsible for initiating this devastating cancer.

MATERIALS AND METHODS

Mice

Female C57BL/6J (JAX 000664), Atoh1GFF (JAX 013593;(Lumpkin et al., 2003)),
Atoh1CreER-T2 ((Fujiyama et al., 2009)), Hairless (Charles River Crl:SKH1-Hr"), K14CT€ER
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(JAX 005107; (Vasioukhin et al., 1999)), ROSAWTomato (JAX 007914; (Madisen et al.,
2010)), and ROSAPTA (JAX 009669; (Voehringer et al., 2008)) mice were maintained in
accordance with International Animal Care and Use Committee guidelines at the Children’s
Hospital of Pittsburgh of the University of Pittsburgh Medical Center. For embryonic ages,
the plug date was designated as E0.5. Mice for live imaging were anesthetized with
100mg/kg ketamine, 10mg/kg xylazine mixture. Embryonic and early postnatal mice were
determined to be female by analyzing internal reproductive structures post-mortem.

Tamoxifen and EdU administration

Tamoxifen (Sigma-Aldrich) was dissolved in a 9:1 corn oil/ethanol solution at a 5%
concentration. Mice were briefly anesthetized with isoflurane and tamoxifen administered
by oral gavage at a dose of 250mg/kg once daily for three consecutive days. For embryonic
administration, EdU (Invitrogen) was dissolved in sterile phosphate buffered saline (PBS) at
a 10mM concentration and administered by intraperitoneal injection at a dose of 10mg/kg to
pregnant females. For adult administration, EdU was dissolved in ddH,O water at a 0.2
mg/ml concentration and provided ad /ibitum for five weeks.

Tissue processing

Histology

Adult mice were euthanized by cervical dislocation, their skin shaved with an electric razor,
depilated with Surgicream, and dissected into cold PBS. Embryos were dissected from
pregnant dams and decapitated before tissue dissection. Skin processed for
immunohistochemistry was fixed in 4% paraformaldehyde for 30—-60 minutes (adult tissue)
or overnight (whole embryos, PO, and P3 mice) and washed in PBS. Tissue for
cryosectioning was cryopreserved in 30% sucrose/PBS.

Tissue was embedded in optimum cutting temperature (O.C.T.; Thermo Fisher Scientific)
and serially sectioned on a cryostat (1950M; Leica) at 25um. Slides were vacuum dried,
rehydrated in PBS, and blocked with 5% normal donkey serum in 0.3%PBS-T (PBS with
Triton X-100). EdU was detected with an imaging kit (Click-iT EdU; Invitrogen) and slides
pre-treated with 2N HCI for 15 minutes. Slides were incubated overnight in blocking
solution containing dilutions of the following primary antibodies: chicken anti-GFP
(1:1,000; GFP-1010 Aves Labs), goat anti-TrkB (1:200; AF1494; R&D Systems), rabbit
anti-NF200 (Sigma- Aldrich, NF142; 1:500), and rat anti-keratin 8 (1:20; TROMA-1;
Developmental Studies Hybridization Bank). After primary antibody incubation, sections
were washed and incubated for 30 minutes at room temperature in blocking solution
containing the appropriate secondary antibodies obtained from Jackson ImmunoResearch
Laboratories, Inc. (1:500): Alexa Fluor 488-conjugated donkey anti-rat, Alexa Fluor 488-
conjugated donkey anti-chicken, Cy3-conjugated donkey anti-chicken, Cy3-conjugated
donkey anti-goat, Cy3-conjugated donkey anti-rabbit, and/or Cy3-conjugated donkey anti-
rat. Sections were stained with the nuclear probe DAPI (1:1000; Thermo Fisher Scientific)
to visualize nuclei and mounted in ProLong Gold (Invitrogen). Whole-mount
immunostaining was performed on pelts of hairy skin. Fixed skin was dissected, underlying
adipose tissue removed, and washed for 5-8 hours in 0.3% PBS-T. Tissue was incubated
with primary antibodies for 3 (embryonic skin) or 4 (adult skin) days, washed for 5-8 hours
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in 0.3% PBS-T, and then incubated with secondary antibodies for 1 (embryonic skin) or 2
(adult skin) days, all at room temperature. Antibodies were diluted in 20% dimethyl
sulfoxide/5% normal donkey serum/0.3% PBS-T.

Confocal images for live imaging were acquired with spinning-disc confocal imaging
system (Ultra VIEW\oX; PerkinElmer) utilizing a sensitive EM-CCD camera (C9100-13;
Hamamatsu Photonics) allowing for minimal light exposure and photoxicity. The system
was coupled to an inverted microscope (Axio Observer; Carl Zeiss) with a C-Apochromat
40x, 1.1 NA water immersion objective. Images were obtained minimizing light exposure
and resulting photoxicity and analyzed with the Volocity (Perkin Elmer) Acquisition and
Analysis software. Images presented here are maximum intensity projections of a z-series or
single axial slices (as noted in the Figures) consisting of 10um optical slices collected every
0.45um. For /n vivo imaging of Atoh1GF touch domes, mice were placed on a specially
designed platform with their belly skin on a coverslip. A 10x objective with 1.6x optivar was
used to capture Z-stacks of 120um thickness with single images taken every 3um. Presented
images are projections of the entire Z-stack. Mice were repeatedly shaved and imaged once
a week for 13-21 weeks, at which time they were sacrificed, tissue retrieved and
immunostained for GFP and NF200 (week 13) or GFP and K8 (week 21). Touch domes
were identified from week to week based on their location to the square drawn on their
bellies and their proximity to other touch domes (Figure S3A). Cells were classified as
original or new based on positioning relative to the hair follicle and other cells from week to
week. Non-confocal images were acquired with a Leica DM5500B fluorescent microscope
using HCX Plan Apochromat 40x, 1.25 NA and HC Plan Apochromat 10%, 0.4 NA
objectives, Leica DFC420 camera and Leica Acquisition Software v4.2. Images were
cropped and brightness and contrast enhanced for publication quality with Adobe Photoshop
and/or Illustrator.

All cell counts were done on the mid-back and belly skin of mice. For K8+ cell counts from
E18.5 to 20 weeks of age at least 20 touch domes per mouse were counted for each back and
belly (n=3-5 mice/age). Cell counts for K8+EdU+ co-label in C57BL/6J and Hr/Hrmice,
K8+tdTomato+ co-label in K14C"€ER: ROSAMTomalo mice, and K8+YFP+EdU+ co-label in
Gli1€eER-12.pOSAYFF mice were done on single slices of confocal z-stacked images (>100
K8+ cells/tissue/mouse). Statistical tests were students t-test (Excel) or one way ANOVA
followed by post-hoc Tukeys multiple comparisons testing (Prism).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of Symbols/Abbreviations Used

DTA diphtheria toxin subunit A

E Embryonic age

EdU 5-ethynyl-2'-deoxyuridine

GFP green fluorescent protein

K8 Keratin 8

MCC Merkel cell carcinoma

P Postnatal age in days

SAl Slowly adapting type 1 afferent

YFP yellow fluorescent protein
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Highlights
Embryonic Merkel cells persist long into adulthood

Average Merkel cell number does not change with the
hair cycle

Few Merkel cells are generated in adulthood
Skin shaving induces Merkel cell production

Merkel cells likely arise from proliferation of G/i1+
progenitors
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EdU in drinking water
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Figure 1. K8+ cells born in embryogenesis survive at least 9 months
Single z-slice confocal images of sectioned back skin (A-B’’”), whisker follicles (C-D’*")

and glabrous forepaw skin (EG’’") from PO (A-A""’, C-C*”’, E-E*""), P21 (F-F’"") and 9
month-old (B-B’’’, D-D’*’, G-G’*") female C57BI/6J mice that received 10mg/kg EdU at
E14.5, 15.5 and 16.5. Tissues were processed for EdU (A’-G’, green) and K8
immunostaining (A”’-G”’, red). Yellow arrows indicate K8+EdU+ cells. Exposure times are
similar for all panels. (H) Average percentages (+ SEM) of K8+ cells that were EdU+ in
each skin region (n=4 mice/age). Scale bar: 50um.
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Figure 2. Few adult Merkel cells are formed, and only within touch domes
Sectioned whisker follicles (z-stack projection; A—A’""), glabrous forepaw skin (single z-

slice; B-B’’’), and back skin (single z-slice; C—C’’") from female P56 C57BL/6J mice that
received 0.2mg/mL EdU in their drinking water for five weeks. Tissues were processed for
EdU (A’, B’, C’; green) and K8 immunostaining (A’’, B’’, C’’; red). Yellow arrow (C-C’’’)
indicates a K8+EdU+ cell. Percentages of K8+ cells that were EdU+ are shown (A’”’-C’"")
(n=3 mice). Scale bar: 50um.
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Figure 3. K8+ cell numbers in touch domes decrease over the first 3 weeks of postnatal life but
remain constant throughout natural and induced hair cycles

(A) Average K8+ cell numbers per touch dome at different stages of the natural hair cycle in
back skin of C57BI/6J female mice of varying ages (n=3-5 mice/age). Inset shows skin
wholemount immunostained for Keratin 8. One-way ANOVA demonstrates no differences in
average K8+ cell number per touch dome during the first hair cycle, (F=1.33, p=0.29). (B)
Average K8+ cell numbers per touch dome in depilated (green) vs. undepilated (gray) back
skin 0, 3, 5, 12, and 18 days post-depilation (n=3 mice/timepoint). Inset shows whole mount
skin immunostained for Keratin 8. Scale bar: 50um. Two-way ANOVA demonstrates no
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differences in average K8+ cell number per touch dome between induced and naturally
cycling skin at any time (F=0.5848, p=0.7). Bars on graphs are SEMs.

Dev Biol. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wright et al.

Page 22

Week 0 Week 1 Welek2 Weiak3 Weelk13 Weelk 14 Weelk15 Week 21

~P28 e [ | | |

! ! ! | | !
1ottt #

EAERRRRE )

issue issue
St and St d Sh Retrieved Sh and Retrieved
Imaged Imaged maged Imaged GFP NF200 aged 1aged GFP K8
Atoh 167 IHC IHC
| Week 1 Week 7 ]I Week 10 | | Week 12 |

|| Image ]

Image w/#s

®

% MC surviving 8 wks

iE

100+

e== Original

® K] == New
&
. :
i s .:.:. 5 50 .
. Y g :
%, i‘ B3 .
L] .
o ° %00 L -
Original New 50
40m | Days Elapsed
309
20m = Total cells

=« Cells Added

10
[« I N
M 2 .\(s'b\ oak? 3‘:’

0 5 10 O R Ffu
Weeks Elapsed Sl

% MC innervated

Figure 4. In vivo imaging of touch domes in Atoh1GFF mice
Adolescent Afoh1SFF mice were shaved and imaged once weekly to enable tracking of

individual touch domes over time. (A—F’) Atoh1GFP+ cells of the same touch dome at weeks
1(A/A),3(B,B"),5(C,C),7(D,D’),10 (E, E), and 12 (F, F’) showing endogenous
GFP expression. Numbers in (A—F’) indicate individual cells that survived (white), died
(red) or that were born (yellow) over these weeks. (G) Percentage of original (blue) and new
(red) GFP+ cells surviving for the first 8 weeks of imaging (original) or first 8 weeks
following creation (new). Each dot represents one touch dome. (H) Average numbers of GFP
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+ cells (n=4 mice) per touch dome (solid line; p=0.534, one-way ANOVA) and new cells per
touch dome over 13 weeks of imaging (dashed line; p=0.280, one-way ANOVA). (1)
Survival curves for original (blue) and new (red) GFP+ cells. In the first two weeks, survival
is significantly lower for new cells than for original cells (slope original, —0.828; slope new
-3.293; p=0.004) while after two weeks the survival of new and original cells is similar
(slope original, —0.532; slope new —0.449; p=0.222) (K-K’’) Back skin immunostained for
GFP (K, green) and NF200 (K’, red) showing innervation of original (white outline), >2
weeks old (yellow outline) and < 2 weeks old (purple outline) cells. Non-innervated cells are
indicated by asterisks. (J) Percentage of original (blue) and new (red) GFP+ cells surviving
>2 weeks (old-new) and <2 week (new-new) contacted by NF200+ nerve terminals at the
end of the imaging period. Scale bars: 50um.
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Figure 5. More Merkel cells are generated after shaving of skin
(A) Sectioned back skin (single z-slice) from female P56 C57BL/6J mice that received

0.2mg/mL EdU in their drinking water for five weeks and were shaved once weekly. Tissue
was processed for EdU (A’; green) and K8 immunostaining (A’’; red). Yellow arrow
indicates a K8+EdU+ cell. Percentage of K8+ cells that were EdU+ shown (A’*") (n=2
mice). (B) Average percent of K8+EdU+/K8+ cells in back and belly skin of shaved and
unshaved mice (n=2-3 mice/condition). Bars on graph are SEMs. Scale bar: 50um.
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Figure 6. New Merkel cells are derived from Glil+ touch dome keratinocytes, not Atoh1+, K14+
or hair follicle lineages, and production does not require existing Merkel cells

(A-B’’) Confocal z-stack projections of wholemount back skin from tamoxifen-treated
unshaved (A-A"’) or shaved once weekly (B-B’’) Atoh1CeER-T2/*, ROSADPTA mice
immunostained for K8 (A, B; green) and TrkB (A’, B”; red). Numbers of K8+ cells (A”’,
B’”) are shown. (C) Average number of K8+ cells per touch dome in shaved and unshaved
back and belly skin of mice (n=2-3 mice/condition) (D) Average number of touch domes
containing at least 1 K8+ cell per 1cm? of back and belly skin (n=2-3 mice/condition). (E-
E’’) Single z-slice confocal image of wholemount back skin from tamoxifen-treated
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K14CTeER: pOSAMTomalo moyse shaved once weekly immunostained for K8 (green, E) and
imaged for endogenous tdTomato (red, E”). (F-F""") Single confocal z-slice of sectioned
belly skin from a hairless Hr”/Hr" mouse given EdU in drinking water and shaved once
weekly for five weeks. Yellow arrow indicates a K8+EdU+ cell. Percentage of K8+EdU
+/K8+ cells=SEM (F’’*) are shown (n=3 mice/treatment). (G-H’""") Single confocal z-slice
of sectioned belly skin from tamoxifen-treated G/i1<¢ER:ROSAYF” mice shaved once
weekly visualized for EAU (green, G’, H’) and immunostained for YFP (red, G*’, H’’) and
K8 (magenta, G**’, H*"). Insets are of K8+EdU+ cells that are YFP- (G-G”*"*, white
arrow) and YFP+ (H-H"""’, yellow arrow). Asterisks indicate YFP- touch dome
keratinocytes. (1) Quantification of the percent of K8+YFP+/K8+ cells in unshaved and
shaved G/i¢eER-ROSAYFP mice. Bars on graph are SEMs. Scale bars: A—F*** 50um; G-
H’’”” 10 pm, insets 5 pm.
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