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The touch dome is a highly patterned mechanosensory structure
in the epidermis composed of specialized keratinocytes in juxta-
position with innervated Merkel cells. The touch dome epithelium
is maintained by tissue-specific stem cells, but the signals that
regulate the touch dome are not known. We identify touch dome
stem cells that are unique among epidermal cells in their activated
Hedgehog signaling and ability to maintain the touch dome as a
distinct lineage compartment. Skin denervation reveals that renewal
of touch dome stem cells requires a perineural microenvironment,
and deleting Sonic hedgehog (Shh) in neurons or Smoothened in
the epidermis demonstrates that Shh is an essential niche factor
that maintains touch dome stem cells. Up-regulation of Hedgehog
signaling results in neoplastic expansion of touch dome keratino-
cytes but no Merkel cell neoplasia. These findings demonstrate that
nerve-derived Shh is a critical regulator of lineage-specific stem cells
that maintain specialized sensory compartments in the epidermis.
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The skin is one of several tissues in which the epithelium is
organized into specialized regions, and each compartment is

maintained by lineage-specific stem cells (1). Epithelial–mesen-
chymal interactions are classically regarded as critical signals in
establishing and maintaining epidermal lineage compartments
(2). The importance of adjacent dermal mesenchyme in regu-
lating epidermal lineages has been demonstrated in the cycling
hair follicle (3) and the interscale epidermis in mouse tail (4).
However, other tissues influence epidermal stem cell biology,
including subcutaneous fat (5), differentiated keratinocytes (6),
and nerves (7). The importance of sensory nerves in sustaining
epithelia is suggested by the fact that nerve damage can result in
degeneration of the innervated tissue, including the corneal ep-
ithelium (8), lingual taste buds (9), and cutaneous Merkel cells
(10). In this study, we investigate how neural signals maintain
Merkel cell progenitors and sustain the mammalian touch dome
lineage in skin.
The touch dome (Haarscheibe) is a specialized epidermal

structure that mediates slow-adapting touch sensation (11). In
mice, touch domes form in association with guard hair follicles
and are found adjacent to adult guard hairs (12). The touch
dome is thicker than the surrounding epidermis and has mor-
phologically distinct columnar keratinocytes in the basal layer.
Arrayed among the touch dome basal keratinocytes are neuro-
endocrine Merkel cells that form synapse-like associations with
myelinated sensory nerve endings (13). Merkel cells are epithe-
lial cells that express keratin 8 (K8) (14), and originate from
keratin 14 (K14)-positive progenitors in the epidermis (15).
Touch dome keratinocytes have a distinct molecular profile
compared with the surrounding epidermis, including expression
of keratin 17 (K17) in basal cells (16). There is ongoing cellular
turnover in touch domes, with constant production of stratified
epithelial keratinocytes and cyclical expansion of terminally dif-
ferentiated Merkel cells that coincides with anagen regeneration

in the hair cycle (17). Genetic fate mapping has shown that the
progenitors maintaining these two cell types are found among
the K17+ cells in the touch dome (18), with unipotent atonal
homolog 1 (Atoh1)-positive progenitors maintaining the Merkel
cells (19). However, the signaling pathways involved in touch
dome and Merkel cell homeostasis remain unclear.
Here we use genetic fate mapping to confirm the touch dome

is a distinct lineage within the epidermis and show that Gli1+

stem cells maintain touch dome Merkel cells and keratinocytes.
Surgical denervation demonstrates that the entire touch dome
lineage is dependent on a perineural microenvironment. Nota-
bly, a specific requirement for nerve-derived Sonic hedgehog
(Shh) in long-term touch dome maintenance is shown via con-
ditional knockout of Shh from dorsal root ganglion (DRG)
neurons or of Smoothened (Smo) from the epidermis. Although
Shh is necessary for touch dome stem cell renewal, overactivation
of Hedgehog (Hh) signaling fails to induce proliferation of
Merkel cells. Thus, by signaling to lineage-specific touch dome
stem cells with Shh, neurons maintain the specialized sensory
epithelium they innervate and sustain functional regionalization
of the skin epithelium.

Results
The Touch Dome Epithelium Is Composed of Hh-Responding Cells. In
many adult tissues Hh signaling regulates stem cell populations.
Hh ligand binds Patched-1 receptor to disinhibit Smo, allowing
nuclear translocation of full-length Gli2 and Gli3 transcription
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factors to drive the transcription of Hh target genes (20). Gli1
expression is induced by activator forms of Gli2 and Gli3 and is a
marker of active Hh signaling. Using juvenile and adult Gli1LacZ

reporter mice (n = 8), we determined that only the touch dome
contains Hh-responding cells within the interfollicular epidermis
(Fig. 1 A and A′). In the touch dome, only rare (<2%) K8+

Merkel cells were Gli1+ (Fig. 1B and Fig. S1 A–C), whereas basal
K17+ keratinocytes were prominently Gli1+ (Fig. 1C and Fig. S1
A–D). Scattered Gli1+ dermal cells seen beneath the touch dome
were likely S100+ Schwann cells (Fig. S2C). Gli2LacZ/+ reporter
mice (n = 4) were used to show that adult touch domes also
expressed Gli2 (Fig. S1E), an obligate effector of Hh signaling. In
contrast to the touch dome, the remainder of the interfollicular

epidermis was negative for Gli1 and Gli2, indicating an absence of
Hh signaling. Hh signaling was restricted to the touch dome within
the interfollicular epidermis regardless of the phase of the hair
cycle. Using K5-tTA;TRE-cre;Smoflox/flox;Gli1LacZ/+ mice (n = 3),
we deleted Smo from the entire adult epidermis. Within 7 wk of
doxycycline (dox) withdrawal, Gli1 expression was completely
absent from the touch dome epithelium (Fig. 1G and Fig. S1F),
indicating that touch dome progenitors express keratin 5 (K5) and
that touch dome Gli1 expression reflects canonical Hh signaling.
Thus, active, Smo-dependent Hh signaling in touch dome kerati-
nocytes and rare Merkel cells distinguishes the touch dome from
the surrounding epidermis.

Gli1+ Touch Dome Cells Are Long-Lived Stem Cells for Both K17+

Keratinocytes and K8+ Merkel Cells. To determine the fate of Hh-
responding cells in the touch dome, we used genetic inducible
fate mapping (GIFM) with adult Gli1CreER/+;R26LacZ/+ mice (n =
9). After induction with tamoxifen, labeled basal touch dome
cells were observed at day 4 (Fig. S2A). These cells had ex-
panded and differentiated to replenish the entire suprabasal
squamous epithelium of the touch dome by 13 d after tamoxifen
administration. Because new Merkel cells are generated during
the anagen phase of the hair cycle (21), we examined Gli1CreER/+;
R26YFP/+ Gli1-GIFM mice (n = 5) induced with tamoxifen in
early anagen [postnatal day (P)23∼P26]. By 9 d after induction,
<10% of K8+ Merkel cells were labeled (Fig. 1D and Fig. S2B),
indicating that new Merkel cells arise from Gli1+ progenitors.
Interestingly, most of the newly labeled Merkel cells expressed
low levels of K8 (Fig. S2B), similar to the cells observed after
short-term fate mapping with Atoh1CreER (19), suggesting that
both Atoh1 and Gli1 may mark unipotent Merkel cell pro-
genitors in the touch dome. Approximately the same percent of
Merkel cells remained labeled 2 mo after induction, because the
animals had not yet reached the next anagen phase. Labeled
dermal cells beneath the touch dome are likely Schwann cells,
based on morphology and S100+ staining (Fig. S2C). We also
evaluated Gli1-GIFM mice (n = 6) that were depilated and given
tamoxifen to induce anagen at 2 or 4 mo of age (22). By 3 mo
after depilation, the animals had undergone two anagen expan-
sions, and >90% of K8+ Merkel cells were labeled (Fig. 1E and
Fig. S2D). In both non-depilated and depilated mice, labeled
cells were retained in the K17+ basal layer of the touch dome and
continued to produce keratinocytes and Merkel cells for up to 2 y
(Fig. 1 F and F′ and see Fig. 3B), indicating that self-renewing
Gli1+ stem cells maintain both touch dome keratinocytes and
Merkel cells. The restriction of labeled cells to the K17+ touch
dome epithelium (Fig. 1E and Fig. S2D) demonstrates that Gli1+

touch dome stem cells are lineage restricted and are distinct
from the adjacent interfollicular epidermis.

Shh-Producing Nerves Are the Source of Hh Signaling to Touch
Domes. We previously identified a subset of cutaneous sensory
nerves that express Shh and signal to hair follicles (7). Taking
advantage of neuronal Tau expression, we used adult ShhCreGFP/+;
TauLacZ-mGFP mice (n = 3) to express a Cre-inducible mem-
brane-bound GFP reporter in Shh-expressing neurons. In these
mice, GFP was detected in the touch dome’s Merkel cell–neurite
complex (Fig. 2A), but no signal was present in the cutaneous
nerves of ShhCreGFP/+ control mice. Because touch dome kera-
tinocytes also contact the nerve terminals that innervate Merkel
cells (23), we hypothesized a neural source for Shh signaling to
the Gli1+ touch dome stem cells. Indeed, surgical denervation of
the dorsal cutaneous nerves completely abrogated Gli1 expres-
sion from touch domes in adult Gli1LacZ/+ mice (n = 7) within
2 wk (Fig. 2 B and C). The absence of Gli1 expression was not
caused by cell loss, because touch dome morphology and K17+

keratinocyte and K8+ Merkel cell immunostaining remained
intact 2 wk after denervation (Fig. S3A). These results demon-
strate that Shh-expressing nerves are the source of Hh signaling
to the touch dome.

Fig. 1. Gli1+, Hh-responding stem cells maintain the touch dome in mouse
skin. (A and A′) X-Gal whole-mount and section staining in skin from the
back of a P59 adult Gli1LacZ/+ mouse. Arrowheads indicate touch domes.
(B) β-Galactosidase (β-gal) and K8 staining in skin from the back of an adult
Gli1LacZ/+ mouse. (C) X-Gal (false-colored red) with K17 staining in skin from
the back of an adult Gli1LacZ/+ mouse. (D) K8 and GFP staining in skin from a
Gli1-GIFM (Gli1CreER/+;R26YFP/+) mouse 9 d after tamoxifen induction at P23.
Asterisks in B and D indicate nonspecific staining. Yellow arrows in D and E
indicate labeled Merkel cells. The red arrows in D indicate unlabeled Merkel
cells. (E) K8, K17, and GFP staining in skin from an adult Gli1-GIFM (Gli1CreER/+;
R26YFP/+) mouse 3 mo after depilation and tamoxifen induction. (F and F′)
X-Gal whole-mount and section staining in skin from the back of a Gli1-GIFM
(Gli1CreER/+;R26LacZ/+) mouse 4.5 mo after tamoxifen induction. (G) X-Gal whole-
mount staining in skin from adult control and K5-tTA;TRE-cre;Smoflox/flox;
Gli1LacZ/+mice 7 wk after dox withdrawal. (Scale bars, 50 μm for sections; 0.5 mm
for whole-mount skin.)
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Neural Shh Is Necessary for Long-Term Homeostasis of the Touch
Dome and Its Merkel Cells. To test the requirement for neural
regulation of the touch dome, we first induced adult Gli1-GIFM
mice (n = 18) to label the touch dome lineage and then surgically
denervated half of the dorsal skin. Labeled cells persisted in the
touch dome for more than 4 wk after denervation (Fig. 2D),
indicating that touch dome progenitors continued to replenish
the lineage for weeks in the absence of neural signals. However,
by 6 wk after denervation we noted changes in touch dome
morphology and reduced detection of K8 and K17 immuno-
staining (Fig. S3A), suggesting impaired maintenance of the
linage. Within 3 mo of denervation, differentiated K8 and K17
cells of the touch dome were diminished or absent (Fig. 3A), with
many guard hairs having no adjacent Merkel cells (mean Merkel
cells per touch dome in remaining touch domes = 8.8 versus
20.21 in control skin; P < 0.0001). By 6 and 12 mo after de-
nervation, there were no labeled cells remaining in the epidermis
of the Gli1-GIFM mice induced 2 wk before denervation (Fig.
3B), and at 22 mo after denervation no K8+ Merkel cells or K17+

touch dome keratinocytes were detected adjacent to guard hairs
(Fig. 3C). These findings demonstrate that the perineural niche
microenvironment is necessary for the long-term maintenance of
touch dome stem cells.
Because touch domes are closely associated with hair follicles,

and nerves regulate a subpopulation of hair follicle stem cells, it
is possible that denervation impacts touch dome homeostasis by
altering hair follicle biology. To assess the long-term impact of

nerve loss on hair follicles and the hair cycle, we assessedGli1LacZ/+

mice (n = 6) 9 mo after denervation. Persistent absence of Gli1 in
the upper bulge region of hair follicles confirmed that nerve re-
generation had not occurred (Fig. S3B). In the denervated skin,
there was no effect on hair follicle morphology, on the ability of
follicles to cycle spontaneously (Fig. S3B), or on the response to
depilation. We also crossed an Atoh1 reporter allele to Hairless
(Hr) mice to visualize Merkel cells in skin in which hair follicles
undergo cystic degeneration and do not cycle at all. Merkel cells
formed normal touch domes in Hrhr/hr;Atoh1LacZ/+ mice (n = 2),
and innervated K8+ Merkel cells and K17+ keratinocytes were
present in touch domes of 9-mo-old animals (Fig. S3C). Touch
dome staining in skin from Hrhr/hr;Gli1LacZ/+ mice (n = 3) at 5 mo
was indistinguishable from staining in skin from control mice
(Fig. S3D), further demonstrating that touch dome maintenance
does not require cycling hair follicles. Therefore, the disap-
pearance of the touch dome lineage after denervation is not
likely to be caused by unobservable changes in hair follicle bi-
ology and most likely is a direct effect of the loss of the peri-
neural microenvironment in the touch dome itself.
Because nerves potentially signal via many mechanisms, we

sought to test the specific requirement for neural Shh in touch
dome maintenance. We deleted Shh in DRG neurons using
Wnt1-Cre;Shhflox/flox mice (n = 11). These mice developed ataxia,
likely because of the importance of Shh in cerebellar devel-
opment, and were smaller than littermate controls. Despite
the loss of DRG Shh (Fig. 4D and Fig. S4D), touch dome in-
nervation remained intact (Fig. S4A). At P0 and P4, touch dome

Fig. 2. Shh from sensory nerves is the source of Hh signaling to touch dome
stem cells. (A) GFP and K8 staining at the Merkel cell–neurite complex in skin
from an adult ShhCreGFP/+;TauLacZ-mGFP/+ mouse. Asterisks indicate nonspecific
staining. (B and C) X-Gal whole-mount staining (B) and section staining (C) in
denervated (Den) skin from a Gli1LacZ/+ mouse 2 wk after denervation (Right)
and in control skin (Left). Dermal pigment and adjacent guard hairs mark
touch dome locations. (Insets) Magnified guard hair follicle opening (circles)
and adjacent touch dome (arrowheads). (D) X-Gal whole-mount staining in
denervated (Right) and control (Left) skin from a Gli1-GIFM (Gli1CreER/+;
R26LacZ/+) mouse 4 wk after denervation. (Scale bars, 50 μm for sections;
0.5 mm for whole-mount skin.)

Fig. 3. Surgical denervation causes gradual loss of touch dome. (A) K8 and
K17 whole-mount staining in mouse skin 3 mo after denervation (Den). The
arrowhead indicates residual K17+ touch dome cells. (B) X-Gal whole-mount
staining in skin from the back of a Gli1-GIFM (Gli1CreER/+;R26LacZ/+) mouse
12 mo after surgical denervation. Denervation was performed at 2 wk after
tamoxifen induction. Arrowheads indicate touch domes. (C) K8 and K17
whole-mount staining in mouse skin 22 mo after denervation. Circles show
the location of the guard follicle based on visualization in a deeper focal
plane. (Scale bars, 50 μm for immunofluorescent staining; 0.5 mm for whole-
mount X-Gal staining.)
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Merkel cell number and distribution did not differ in DRG
mutant and WT control mice (Fig. 4A), suggesting that normal
touch dome development occurs in these mutant mice. However,
by P13 reductions in touch dome size and Merkel cell number
were evident by whole-mount immunostaining (Fig. S4B). By
P18, touch dome size and Merkel cell number were significantly
smaller in mutant mice than in WT littermate controls (Fig. 4 B
and C). We then evaluated mutant mice whose coats had com-
pleted a postnatal anagen phase (P78) and found a continued
reduction in Merkel cell number (Fig. 4C), with some guard hairs
completely lacking Merkel cells or having only a single adjacent
Merkel cell. When these mice had aged to 7 mo, the mean
number of Merkel cells in the remaining touch domes was 5.66
(control mean = 28.12; P < 0.0001) (Fig. S4C), and many guard
hairs had no adjacent Merkel cells observable by immunostain-
ing. Similar results were observed in AdvillinCre/+;Shhflox/flox mice
(n = 8) (Fig. S4 E–G), in which Shh is deleted in peripheral
nerves but there is no ataxia or growth defect. Taken together,
these results demonstrate that neural Shh is essential for touch

dome maintenance after birth and is a critical component of the
requisite perineural niche.
To confirm the requirement for Hh signaling to touch dome

stem cells, we removed their ability to receive Hh signaling by
conditionally deleting Smo in the epidermis using K5-tTA;TRE-cre;
Smoflox/flox mice. When dox was withdrawn at P0 (n = 8),
touch dome Merkel cell reduction was evident by P18–P23 (Fig.
4 E and F and Fig. S4I), recapitulating the postnatal reduction in
touch dome Merkel cells seen in mice lacking Shh in their DRG
neurons. To test the effect of epidermal Smo deletion before a
postnatal anagen cycle, we withdrew dox at P21 (n = 5), resulting
in a reduction of Merkel cells by P70 (Fig. 4 E and F). This
phenotype resembles the more protracted Merkel cell loss ob-
served after surgical denervation. By 3.5 mo after dox withdrawal
at P0 (n = 3) or 4.5 mo after withdrawal at P21 (n = 2), touch
domes often were absent from whole-mount stained skin, with a
significant Merkel cell reduction in remaining touch domes (Fig.
S4H). Thus, deletion of Hh responsiveness in touch dome pro-
genitors abrogates their ability to maintain the touch dome
lineage, further supporting an essential requirement for Shh
signaling in the touch dome’s perineural stem cell niche. At the
same time, the residual small touch domes seen adjacent to some
guard hairs months after deletion of Shh in DRG neurons or
Smo in the epidermis contrasts with the almost complete loss
of the Gli1 touch dome lineage observed months after skin
denervation, suggesting that other perineural factors also may
support the touch dome lineage.

Activation of Shh Signaling Is Not Sufficient to Establish or Expand
Touch Dome Merkel Cells. K17 is a known target of Hh signaling
(24), and expressing the constitutively active SmoM2 allele to
activate Hh signaling in the epidermis causes K17 expression and
epidermal thickening (25), recapitulating aspects of the touch
dome microenvironment. To test if Hh activation is sufficient to
drive Merkel cell production or expansion in the epidermis, we
used adult K14-CreER;R26SmoM2/+ mice (n = 8) to activate the
Hh signaling pathway in epidermal keratinocytes. Within 7 wk
after tamoxifen induction, the SmoM2-YFP fusion gene was
expressed in the epidermis, including the touch dome, and in
∼10% of K8+ Merkel cells (Fig. 5A). We also observed K17
expression throughout the thickened neoplastic epidermis (Fig.
5A). However, there was no production of K8+ Merkel cells
outside the existing touch domes adjacent to guard hairs (Fig.
5A). By 10 wk, the induced skin began to form K17+ basal cell
carcinoma-like growths (26), but there still were no detectable
K8-expressing cells outside existing touch domes (Fig. 5B). At 7
and 10 wk after induction, there was hyperplastic expansion of
keratinocytes within touch domes, but no increase in Merkel cell
number was observed (mean Merkel cells per touch dome =
15.90 at 10 wk after induction for mutant mice versus 14.79 for
controls; P = 0.31). By 8 mo after induction, there were marked
neoplastic changes in the skin, and the number of Merkel cells
per touch dome was significantly reduced (mean Merkel cells per
touch dome = 10.00 versus 16.61 for controls, P < 0.0001),
suggesting that hyperactivation of Hh signaling and/or the neo-
plastic microenvironment also are detrimental to long-term
Merkel cell maintenance. Using adult Gli1CreER/+;R26SmoM2/+

mice (n = 3), we induced Hh activation in the touch dome while
sparing the rest of the epidermis. By 15 wk after tamoxifen in-
duction, we saw neoplastic expansion of touch dome keratino-
cytes with no obvious change in Merkel cell number (Fig. 5C). In
aggregate, these data suggest that inducing two markers of
Merkel cell stem cells—Hh signaling and K17 expression—in
epidermal progenitors is not sufficient to produce Merkel cell
differentiation. Moreover, autonomous activation of Hh signal-
ing in touch dome progenitors can drive neoplastic expansion of
touch dome keratinocytes but is not sufficient to cause hyper-
proliferation of Merkel cells.

Fig. 4. Nerve-derived Shh signaling is essential for touch dome mainte-
nance. (A) K8 whole-mount staining in P0 WT and Wnt1-Cre;Shhflox/flox mice.
(B) K8 and K17 whole-mount staining in P18 WT and Wnt1-Cre;Shhflox/flox

mice. (C) The number of K8+ Merkel cells per touch dome (mean ± SEM) in
skin from WT and mutant (Mut;, Wnt1-Cre;Shhflox/flox) mice at P18 and P78.
(D) Relative expression of Shh mRNA in P16 WT and mutant DRG neurons.
(E) The experimental scheme for epidermal deletion of Smo by dox with-
drawal. (F) The number of K8+ Merkel cells per touch dome (mean ± SEM) in
skin from WT and mutant (Mut; K5-tTA;TRE-cre;Smoflox/flox) mice after Smo
deletion at P0 or P21. ***P < 0.0001. (Scale bars, 50 μm.)
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Discussion
We found that afferent sensory neurons signal via Shh to stem
cells that maintain touch dome keratinocytes and Merkel cells as
a distinct lineage compartment in the skin. Furthermore, the
perineural microenvironment is necessary for the ongoing re-
generation of touch domes, and neural Shh is specifically re-
quired for the long-term self-renewal of touch dome stem cells.
These results demonstrate that neurons can trophically maintain
the specialized sensory epithelia they associate with by signaling
directly to lineage-specific epithelial stem cells.
Prior observations showed that damaging cutaneous nerves re-

sults in decreased numbers of touch dome Merkel cells in the skin
(10, 27). Our results demonstrate that this loss of Merkel cells can
be attributed, in part, to a loss of nerve-derived Shh signaling to
touch dome stem cells. The gradual loss of the differentiated touch
dome lineage over weeks suggests that neural signals are important
in the self-renewal of touch dome stem cells but are dispensable
for differentiation of existing stem cells. That microenvironmental
signals can prevent the exhaustion of somatic stem cells has been
observed in other organs with respect to aging (28–30). Our results
show a similar failure of stem cell maintenance when neural Shh is
removed from the touch dome microenvironment.

There is mounting evidence that the perineural microenvi-
ronment is important in regulating stem cell biology. In lower
vertebrates, intact nerves are required for blastema-mediated
limb regeneration (30). Mammalian wound healing also is im-
paired by nerve loss (31, 32); however, this impairment may be
caused by patterning defects rather than stem cell dysregulation
(33). In mice, autonomic innervation is critical for the proper
establishment and maintenance of salivary gland stem cells
during development (34). In adult bone marrow, nonmyelinating
Schwann cells, associated with autonomic nerves, regulate he-
matopoietic stem cells via TGF-β signaling (35). Shh-producing
nerves in particular have been shown to regulate mesenchymal
stem cells in the mouse incisor (36) and epithelial stem cells in
the upper bulge of the hair follicle (7). In both the tooth and the
hair follicle, denervation impacted the function of target stem
cells, demonstrating the importance of the perineural micro-
environment. However, neither study specifically tested the re-
quirement of neural Shh. It is interesting that Shh-producing
nerves regulate stem cells in two epidermal compartments.
However, we have shown that the cycling hair follicle does not
require neural signals for its ongoing maintenance. In contrast,
our conditional Shh and Smo knockout results indicate that stem
cell renewal in the touch dome lineage absolutely requires a
perineural microenvironment containing Shh signaling.
Our results suggest two populations of Gli1+ touch dome stem

cells may maintain K17+ keratinocytes and K8+ Merkel cells
independently. If so, neural Shh may be directly necessary for
renewal of only one of the populations, and the loss of the other
population is caused by secondary changes in the touch dome
microenvironment. Although an indirect requirement for Hh
signaling is a possibility, the net effect is that nerve-derived Shh
is a necessary trophic factor for the maintenance of the entire
touch dome lineage compartment.
Patterning and specification of the developing touch dome

occurs concomitantly with that of guard hair follicles and re-
quires Eda/Edar signaling in the developing guard hair follicles
(12). However, our findings in Hairless mice show that the cy-
cling guard hair is dispensable in the maintenance of adult touch
domes. We have shown that neural Shh is critical for supporting
adult touch domes. However, the loss of Shh in developing DRG
neurons did not impact touch dome development. The concept
that neural regulation of the touch dome is exclusively postnatal
is consistent with prior studies in which cutaneous innervation
was decreased by deletion of Neurotrophin-3 or increased by
expression of Neurotrophin-3 in the epidermis. In the mice with
fewer nerves, touch dome Merkel cells decreased in number only
after birth (37). In mice with more neurons, touch domes grew
larger only after birth (38, 39). Thus, it appears touch dome
Merkel cells depend on guard follicle signals, but not on nerves,
during development and on nerves, but not on follicles, after
birth. This scenario contrasts with the hair follicle lineage in
which a single adjacent structure, the dermal papilla, is critical in
regulating both development and adult maintenance.
Nerve regeneration after injury results in partial restoration of

Merkel cell numbers in rat touch domes (40). This restoration
suggests that reestablishing neural Shh can expand the degenerated
touch domes and restore touch dome homeostasis. However, using
SmoM2 to activate Hh signaling aberrantly in the epidermis did
not result in an expansion of Merkel cell numbers. In mice and
humans, keratinocyte tumors form as a result of Hh activation, and
expression of Hh signaling molecules has been reported in some
cases of Merkel cell carcinoma (41). Nonetheless, activation of Hh
signaling was not sufficient to induce a Merkel cell tumor when
SmoM2 was expressed in mouse Merkel cells and their pro-
genitors. Interestingly, the neoplastic growths arising from SmoM2-
expressing touch domes resemble trichoblastomas or trichoepi-
theliomas, benign epidermal tumors that can express K17 (42, 43),
can have up-regulation of Gli1 (44), and often are accompanied by
scattered Merkel cells (45, 46). Although these similarities are
intriguing, we currently have no direct evidence to show that these
tumors originate from touch domes in humans.

Fig. 5. Autonomous activation of Hh signaling in epidermis induces kera-
tinocyte expansion but not Merkel cell hyperplasia. (A) K8, K17, and GFP
staining in vehicle-treated (control) and tamoxifen-treated K14-CreER;
R26SmoM2/+ mice 7 wk after tamoxifen induction. The white arrowheads in-
dicate normal epidermis. Yellow arrowheads indicate neoplastic epidermis.
(Insets) SmoM2-YFP expressing K8+ Merkel cells. Yellow arrows indicate
a GFP-labeled Merkel cell. (B) K8 whole-mount staining in control and
tamoxifen-treated K14-CreER;R26SmoM2/+ mice 10 wk after tamoxifen in-
duction. (C) K8 and K17 staining in control and Gli1CreER/+;R26SmoM2/+ mice
15 wk after tamoxifen induction. White arrowheads indicate normal epi-
dermis. White arrows indicate K8+ Merkel cells. (Scale bars, 50 μm.)
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Overall, our results demonstrate that Shh and the perineural
niche are essential for maintaining Gli1+ touch dome stem cells
and sustaining the touch dome lineage compartment in the
epidermis. Although it has been suggested that nerve-derived
Shh can regulate stem cell populations (7, 36), by specifically
knocking out Shh from nerves and Smo from the epidermis, we
definitively show that Shh has an essential role in driving the
renewal of touch dome stem cells. This novel aspect of the
Merkel cell neurite complex demonstrates that, in addition to
afferent sensory signaling, there is retrograde paracrine signaling
to touch dome progenitors. By understanding the microenvi-
ronmental requirements for Merkel cell production in the touch
dome, we gain insight into how specialized sensory structures in
the peripheral nervous system are maintained and how sensory
nerves can be critical regulators of stem cells and lineage orga-
nization within epithelia. We anticipate that further insights into
this neuroendocrine stem cell niche will facilitate efforts to culture
Merkel cells for in vitro studies and will advance our understanding
of Merkel cell carcinoma formation and maintenance.

Materials and Methods
Animals. Mice were housed and bred on an outcrossed Swiss Webster
background in a pathogen-free facility at the National Cancer Institute (NCI),

Bethesda, MD. All experiments were performed in accordance with institutional
guidelines according to protocols approved by the National Cancer Institute’s
Institutional Animal Care and Use Committee.

Quantification of Merkel Cells. The numbers of Merkel cells per touch dome
were assessed by direct visualization of immunofluorescently stained K8+

Merkel cells in whole-mount tissue based on counting >200 Merkel cells.
Double-stained Merkel cells in sectioned tissues are reported as estimates
based on counting >50 Merkel cells.

Statistical Analyses. Population datasets are shown as the mean value; error
bars represent the SEM. For comparisons between sets, an unpaired, two-
tailed t test was applied.

Details about animals, animal treatments, tissue processing, immunos-
taining, surgical denervation, and Merkel cell quantification are given in SI
Materials and Methods.
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