1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

o
HE

s sy,
Y

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Stem Cells. 2012 October ; 30(10): 2261-2270. doi:10.1002/stem.1186.

Skin-derived precursors as a source of progenitors for
cutaneous nerve regeneration

Zhiguo Chenl, Sanjay Pradhan?, Chiachi Liul, and Lu Q. Lel2
1Department of Dermatology, University of Texas Southwestern Medical Center, Dallas, Texas
75390-9069

2Simmons Comprehensive Cancer Center, University of Texas Southwestern Medical Center,
Dallas, Texas 75390-9069

Abstract

Peripheral nerves have the potential to regenerate axons and reinnervate end organs. Chronic
denervation and disturbed nerve regeneration are thought to contribute to peripheral neuropathy,
pain and pruritus in the skin. The capacity of denervated distal nerves to support axonal
regeneration requires proliferation by Schwann cells, which guide regenerating axons to their
denervated targets. However, adult peripheral nerve Schwann cells do not retain a growth-
permissive phenotype, as is required to produce new glia. Therefore, it is believed that following
injury, mature Schwann cells de-differentiate to a progenitor/stem cell phenotype to promote
axonal re-growth. In this study, we show that Skin-derived precursors (SKPs), a recently identified
neural-crest related stem cell population in the dermis of skin, are an alternative source of
progenitors for cutaneous nerve regeneration. Using /n vivo and in vitro 3-D cutaneous nerve
regeneration models, we show that the SKPs are neurotropic toward injured nerves and that they
have a full capacity to differentiate into Schwann cells and promote axon regeneration. The
identification of SKPs as a physiologic source of progenitors for cutaneous nerve regeneration in
the skin, where SKPs physiologically reside, has important implications for understanding early
cellular events in peripheral nerve regeneration. It also provides fertile ground for the elucidation
of intrinsic and extrinsic factors within the nerve microenvironment that likely play essential roles
in cutaneous nerve homeostasis.
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Introduction

Skin is an important sensory organ that includes a complex network of cutaneous nerve
plexuses. While afferent sensory innervation mediates the perceptions of touch, temperature,
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pressure and pain in skin, efferent autonomic nerves control glandular activities and smooth
muscle contraction. Peripheral cutaneous nerves have remarkable regenerative capabilities
in that damaged nerves are able to reconnect and re-establish their function, even after
severe injury [1-3]. On the other hand, incomplete nerve regeneration and chronic
denervation in the dermis of skin contribute to the pathogenesis of several human diseases,
including peripheral neuropathy, pruritus, wound healing and hypohidrosis/anhidrosis [4-7].

The unique ability of the injured peripheral cutaneous nerves to support axonal regeneration
depends on proliferating Schwann cells, which guide regenerating axons toward their
denervated targets [2, 8, 9]. Schwann cells produce neurotrophic factors that support injured
axons and prevent them from undergoing apoptosis [10, 11]. Proliferating Schwann cells
also secrete chemoattractant factors that recruit other cell types, including fibroblasts which
undergo cell sorting. In this process, Schwann cells and fibroblasts grow in ordered columns
along the endoneurial tube, forming cellular corridors known as “bands of Bungner”, to
guide regenerating axons across sites of injury [2, 3]. Injured and regenerating axons release
from their growth cones neuregulins, which bind to erbB receptors on Schwann cells,
mediating Schwann cell proliferation. Because adult peripheral nerve Schwann cells lack the
capacity to sustain a growth-permissive phenotype, as is required to produce new glial cells,
it is believed that mature Schwann cells de-differentiate into progenitor/stem-like cells to
promote axonal re-growth following injury [2, 12]. However, the discovery of neural crest
stem cells at sites of gliogenesis, including the sciatic nerve and dorsal root ganglia [13, 14]
in the peripheral nervous system (PNS) and other tissues, including the neural crest-like
stem cells in the skin [15-20], raises the possibility that resident adult stem cells may serve
as an alternative source of progenitors for cutaneous nerve regeneration.

Miller and colleagues have pioneered the identification of neural crest-like stem cells in both
human and mouse dermis. Termed skin-derived precursors (SKPs), they have the capacity to
differentiate along neuronal and glial lineages [15-18]. The exact locations of the SKPs
within the dermis have not been fully identified. However, it has been shown that SKPs
reside near hair follicles [21-24]. Utilizing different culturing conditions, Herlyn and
colleagues have also reported the existence of multipotent neural crest-like stem cells from
the human dermis [25, 26]. The location and multipotency of these cells make them an
attractive alternative source of progenitor cells for cutaneous nerve regeneration, where
SKPs physiologically reside. In fact, SKPs have been shown to have the capacity to
differentiate into Glial cells in respond to the nerve microenvironment within spinal cord
and sciatic nerve injuries in mouse models [18, 27, 28]. We recently reported that SKPs are
the cell of origin for dermal neurofibromas, which are unique and complex tumors
associated with the genetic disease Neurofibromatosis Type 1. These tumors contain
proliferating Schwann cells and other supporting elements of nerve fibers [29]. NF1-
deficient SKPs have the capacity to generate plexiform or dermal neurofibromas, contingent
on their local microenvironment, and they exhibit the same properties as the embryonic
Schwann cell progenitors that give rise to plexiform neurofibromas [29]. However, the
physiologic roles of SKPs within the dermis remain unknown. We report herein that the
Skin-derived precursors are an alternative source of progenitors for cutaneous nerve
regeneration. Using both /n vivoand /n vitro 3-D cutaneous nerve regeneration models, we
show that SKPs are neurotropic to injured nerves and that they have the capacity to
differentiate into Schwann cells to myelinate regenerating axons. Thus, this study identifies
a new physiologic function of SKPs within the skin and reveals their critical roles in
cutaneous nerve homeostasis.
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Material and Methods

Mice

All mice were housed in the animal facility at the University of Texas Southwestern Medical
Center at Dallas (UTSW). Animal care and use were in compliance with regulations of the
Institutional Animal Care and Research Advisory Committee at UTSW. The LacZ reporter
mice, ROSA26R [30], CMV-CreER'2, and nude mice were obtained from the Jackson
Laboratories.

Cell culture and in vitro engineered skin rafts

SKPs were isolated as previously reported [15, 31]. Briefly, mice were anesthetized by
intraperitoneal injection of 120 I of a mixture of ketamine (10mg/ml) and xylazine (1mg/
ml) solution. Skin was harvested from neck and back. Hair, fascia, adipose, blood vessel,
and muscle tissues were carefully dissected out, and the skin tissues were cut into small
pieces (2-3 mm), washed 3 times in Hanks’ Balanced Salt Solution (Invitrogen), and then
digested with 0.1% trypsin at 37°C for 30 minutes. The skin tissues were then dissociated
mechanically, passed through a 70-iwm cell strainer and washed once with Dulbecco’s
modified eagle medium (DMEM)/F12 + 10% Fetal Bovine Serum. The cell pellet was then
washed three times with serum-free DMEM/F12 media, counted and plated at a density of
20 cells/pl on uncoated, ultra-low attachment 6-well plates (Corning) in proliferation media:
DMEM/F12 containing penicillin/streptomycin (0.1%); fungizone (40 pwg/ml); B27 (without
vitamin A), epidermal growth factor (20 ng/ml), and basic fibroblast growth factor (40 ng/
ml; Sigma). The sphere cells were fed every 3 to 4 days and passaged every 7 days.

Generation of /n vitro engineered skin rafts/reconstructs has been well-established and
characterized extensively [25, 32, 33]. They were generated as follow: inserts of six-well
tissue culture plates (Corning Incorporated) were coated with 1 ml bovine collagen |
(Organogenesis) and layered with 3 ml collagen | containing 1x10° human foreskin
fibroblasts. After 7 days of incubation at 37°C, keratinocytes can be seeded on top of the
dermal reconstructs. These skin equivalent rafts were kept submerged in medium for 2 days
then raised to the air-liquid interface via feeding from medium bellow. Two to twelve weeks
later, skin reconstructs were harvested and processed for histological and
immunohistochemical analysis. SKPs, DRGs, nerves were introduced into the skin
reconstructs by mixing with fibroblasts and then adding them to the dermal fibroblast/
collagen layer.

Transplantation experiments

SKPs were isolated as above. Mice were allowed to recover from anesthesia after closure of
excision wounds with 4-0 nylon suture. After 10-14 days in culture, SKPs were exposed to
1 uM of 4-OH-tamoxifen. Sphere cells were subsequently harvested for X-gal staining.
Once recombination was confirmed, 1 x 10° viable LacZ-positive single cells from SKP
spheres were resuspended in 40 pl of L15 medium (GIBCO). For sciatic nerve implantation,
a skin incision was made above the right femur. Using iris scissors, a pocket was created
within the quadriceps muscles to expose the sciatic nerve. The 40 pl of L15 medium
containing 1 x 106 viable LacZ-positive SKPs was then deposited into this pocket so that
SKPs can be in contact with the sciatic nerve. The quadriceps muscles were then closed with
4-0 Vicryl suture and the skin was closed with 5-0 prolene suture.

For cutaneous nerve regeneration assays, mice were anesthetized as above. A 1cm x 1.5 cm
circular island of skin was excised from either the flank or back and autografted back to the
same area with a 5-0 nylon suture. Viable LacZ-positive single cells from SKP spheres were
resuspended in 40 pl of L15 medium (GIBCO) and implanted either intradermally/
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subcutaneously at the skin graft site of the same mouse from which the SKPs were originally
isolated for autologous transplantation or to nude mice for allogeneic transplantation.

Histology and immunostaining

For hematoxylin and eosin (H&E) histology analyses, tissue specimens were harvested and
fixed with 10% formalin in PBS for 1 day and subsequently embedded in paraffin. Sections
(5 pm thick) were stained with H&E per manufacturer’s protocol (StatLab). For
immunohistochemistry, paraffin sections were deparaffinized, rehydrated, and subjected to
antigen retrieval prior to incubation with the primary antibodies. The primary antibodies
were visualized by treating the sections with biotinylated secondary antibody and followed
by amplification with peroxidase-conjugated avidin and 3,3"-diaminobenzidine substrate per
manufacturer’s protocol (Vector Labs). For IHC staining of SKPs prior to transplantation,
cells grown in 8-chamber slides were counter-stained with light hematoxylin solution after
exposed to 3,3’ -diaminobenzidine substrate. Sciatic nerve (SN) was used as positive control
and 3T3 cells were used as negative control. The dilutions of primary antibodies used in this
study were as follows: GAP43 (rabbit, 1:1,000 — 1;4000, Abcam) and MBP (goat, 1:1,000,
Santa Cruz).

X-gal staining

For X-gal staining, tissues were harvested, fixed in 4% paraformaldehyde in PBS and
equilibrated in 30% sucrose in PBS overnight at 4°C, washed 3 times with 1x PBS and
stained with X-gal at 30°C overnight. The tissues were then post-fixed with 10% formalin
overnight, paraffin embedded and sectioned. The X-gal reaction mixture was comprised of 1
mg/mL 4-chloro-5-bromo-3-indolyl-B-galactoside (X-gal), 4 mmol/L potassium
ferrocyanide, 4 mmol/L potassium ferricyanide, and 2 mmol/L magnesium chloride in PBS.

Holmes stain for nerve fibers

Results

Holmes staining, a silver nitrate method to detect nerve fibers and Neurofibrils in tissue
section, was done as described previously [34]. Briefly, skin and nerve tissues were
rehydrated, and placed in 20% silver nitrate in the dark at room temperature for 1 hour then
rinsed in distilled water. The tissues were then placed in impregnating solution (Boric acid
solution, Borax solution, silver nitrate and pyridine) and incubated overnight at 37°C, rinsed
in distilled water and toned in 0.2% aqueous gold chloride for 3 minutes. The slides were
then placed in 2% aqueous oxalic acid until the axons were thoroughly gray-black. The
tissue slides were then rinsed again in distilled water, dehydrated, and mounted using a
xylene base medium.

SKPs are Neurotropic in vitro and in vivo

We recently reported that the SKPs are the cell of origin of dermal neurofibromas, a
cutaneous tumor of Schwann cells commonly associated with the genetic disease
Neurofibromatosis Type 1 (NF1). We show that AVFI-deficient SKPs can give rise to classic
plexiform or dermal neurofibromas contingent on the local nerve microenvironment and
exhibit the same properties as the embryonic Schwann cell progenitors that give rise to
plexiform neurofibromas [29].

To examine interactions between SKPs and the nerve microenvironment, we builta 3-D /in
vitro skin equivalent construct that models 777 vivo cutaneous gliogenesis, hence allowing us
to extract detailed information on cell-cell communication networks and consequent cell
behavior in complex, physiological 3D cultures. The human skin in vitro model is comprised
of a stratified terminally differentiated epidermal compartment and a dermal compartment
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made up of fibroblasts embedded in collagen. This type of model is well-established, and it
has been characterized extensively [25, 32, 33]. They were created as follow: inserts of six-
well tissue culture plate were coated with 1 ml bovine collagen | and layered with 3 ml
collagen | containing 1x10° human foreskin fibroblasts. After 7 days of incubation at 37°C,
keratinocytes can be seeded on top of the dermal constructs. These skin equivalent rafts
were kept submerged in medium for 2 days then raised to the air-liquid interface via feeding
with medium from bellow. Two to twelve weeks later, these skin constructs can be
harvested and processed for histological and immunohistochemical analysis. We
concentrated our efforts on adding dermal components that would faithfully mimic /in vivo
counterparts, including of all of the key cell types important for peripheral gliogenesis and
regeneration: SKPs, Schwann cells, neurons, fibroblasts, and dorsal root ganglia (DRGS).
All of these cellular components could be introduced into the skin constructs by mixing with
fibroblasts and adding the combination to the dermal fibroblast/collagen layer. Extracellular
factors that are essential for this process included neuregulin, other Schwann cell factors,
and nerve growth factors could be added to the media (Figure 1A).

We performed X-gal staining to trace the locations of the SKPs within the skin constructs/
rafts. We took advantage of the fact that only SKPs are lacZ positive and the rest of the cells
in the raft are not. Consistently, we did not detect X-gal staining in the skin rafts that
contained only fibroblasts, DRGs and nerves (Figure 1B, a). On the other hand, LacZ
positive SKPs were distributed evenly throughout the rafts that had only SKPs and
fibroblasts (Figure 1B, b). Strikingly, we observed that the Lacz positive SKPs concentrated
mostly near the DRGs/nerves in skin rafts that contained SKPs, fibroblasts and DRGs/nerves
(Figure 1B, c—d). These findings indicate that SKPs exhibit neurotropic behavior as they
migrate toward nerves. We performed histological analyses of the constructs and observed
that LacZ positive SKPs had infiltrated the DRGs, forming cellular corridors, as is seen in
the bands of Bungner (Figure 1B, e, arrows), with some differentiating into LacZ-postive
myelinating Schwann-like cells that would wrap around axons within the DRGs (Figure 1B,
f, arrows).

We next sought to determine whether SKPs were neurotropic /7 vivo. We harvested skin
from the backs and necks of CMV/-CreER'2;Rosa26 mice for SKP isolation. We then
exposed the harvested CMV/-CreER?:Rosa26 SKPs ex vivoto 4-OH-tamoxifen to induce
recombination at the Rosa 26 locus and then reimplanted the LacZ+ SKPs dermally into the
same mice from which the SKPs has been harvested, to avoid immunological rejection.
These cells were placed in the dorsal/sacral area to prevent the recipient mice from
damaging the sites of implantation (Figure 1C, a). Two months after grafting, we harvested
the skin for histopathologic examination. Because the SKPs were lacZ positive and the hosts
were not, we performed X-gal staining of the skin specimens. We observed that blue lacZ
positive cells resided predominantly within cutaneous nerves (Figure 1C, b-c, arrows),
indicating that they were derived from the transplanted SKPs. These observations indicate
that the nerve microenvironment provides important triggers/niches to attract or enhance
SKP migration and survival. We conclude from that SKPs are neurotropic /n vitroand in
Vivo.

The nerve microenvironment promotes differentiation of SKPs into Schwann cells

SKPs have been shown to express markers similar to those of neural crest stem cells and that
they can differentiate along neuronal and glial lineages [35]. Therefore, we wanted to
determine the fate of the SKPs as they migrated toward nerve microenvironments within our
3-D culturing system. We again generated dermal skin constructs that contained lacZ-
postive SKPs, fibroblasts and DRGs/nerves. After 4-6 weeks in culture, we performed X-gal
staining to trace the SKPs. The tissues were then processed for histological and
immunohistochemical analysis. We consistently observed that the majority of blue cells

Stem Cells. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chenetal.

Page 6

(LacZ marker) were also positive for GAP 43 (a Schwann cell marker) within and in the
vicinity of the DRGs/nerves (Figure 2A, B-D). We also observed tubal structures or cellular
corridors of SKP-derived GAP 43 positive Schwann cells in these areas (Figure 2C, arrows).
In contrast, there were only a few LacZ-GAP 43 double-positive cells in areas distant from
the DRGs and nerves (Figure 2E, F, and arrow). This indicates that when placed in a
favorable microenvironment (in proximity to a damaged peripheral nerve); the SKPs
differentiate preferentially into Schwann cells and organize themselves into structures that
resemble the bands of Bungner. This demonstrates that SKPs have a full potential to
contribute to peripheral gliogenesis, and it suggests that they can be a source of progenitors
for cutaneous nerve regeneration. Moreover, the essential role of the nerve
microenvironment in this process is underscored.

SKPs contribute to peripheral gliogenesis

Next, we wished to determine whether SKPs have the capacity to contribute to peripheral
gliogenesis. We again harvested skin from the backs of CMV-CreER'?;Rosa26 mice for
SKP isolation, exposed the SKPs ex vivo to 4-OH-tamoxifen to induce recombination at the
Rosa 26'locus, and reimplanted the LacZ+ SKPs back into genetically identical mice.
Because we had observed that the nerve microenvironment promotes the differentiation of
SKPs into Schwann cells, we reimplanted the SKPs into sciatic nerves for close proximity to
a large peripheral nerve (Figure 3A). The transplanted LacZ+ SKPs gave rise to new nerve
bundles and branches within 2 months after implantation in all of the nerves. To verify that
the new nerves had arisen from the transplanted SKPs, we examined the nerves for lacZ
positive cells. X-gal staining demonstrated a network of LacZ-positive nerves wrapping
around each sciatic nerve, where the SKPs had been implanted (Figure 3B).
Immunohistochemical analysis with GAP43, a Schwann cell marker and Holmes stain, a
neurofibril/axon marker established that these LacZ-positive bundles and branches were
nerve fibers (Figure 3C-E). Thus, when placed in a favorable microenvironment (in
proximity to a peripheral nerve); the SKPs can give rise to bona fide peripheral nerves.
These results confirm that SKPs have the full potential to contribute to gliogenesis /n vivo
and suggest that they may be an alternative source of progenitors for cutaneous nerve
regeneration.

SKPs as a source of progenitors for cutaneous nerve regeneration

Although SKPs have been shown to have the capacity to participate in peripheral gliogenesis
(Figure 3) and to differentiate into Schwann cells within spinal cord and sciatic nerve [18,
27, 28], the physiologic roles of SKPs within the dermis remain unknown. In fact, we
recently reported the pathogenic role of SKPs as the cell of origin of dermal neurofibroma, a
complex cutaneous tumor of the Schwann cells associated with the genetic disorder
Neurofibromatosis Type 1 [29]. However, it is certain that these SKPs do not evolve and
migrate during embryogenesis from the neural crest to the skin for the sole purpose of
making neurofibromas. Thus, we sought to determine whether SKPs could be a source of
stem/progenitor cells for cutaneous nerve regeneration/gliogenesis in the dermis, where they
reside physiologically. To address this question, we first wanted to verify that SKPs can
participate in regeneration of an injured cutaneous nerve plexus. We generated axonal
transections within the dermis by complete excision of a 1.5 cm circular island of skin on the
back of C57BL6 mice. We then returned each graft autologously back into the same
position, covering each with sterile petrolatum gauze, and secured with sutures.
Subsequently, we implanted LacZ-positive SKPs, which were previously harvested from the
same animal, into the graft and allowed the wounds to heal (Figure 4A,a).
Immunohistochemical analysis with GAP43 showed that SKPs do not contain Schwann cells
prior to transplantation (Figure 4A, b—d), indicating that they were not propagating Schwann
cells in SKPs growth conditions.
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After such transection injuries of this sort, the cutaneous axon stumps would normally
retract a short distance and then one or more sprouts would emerge from the proximal
stumps through the bands of Bungner to reestablish connection with distal stumps or end
organs [36]. We observed in our grafts that the new nerves sprouting out of the proximal
stumps into grafted skin were blue when subjected to X-gal staining (Figure 4B, arrows).
Holmes stain (Figure 4C) and immunohistochemical analysis with the Schwann cell marker
GAP43 (Figure 4D, E) confirmed that that these LacZ-positive bundles were nerve fibers.
We observed identical results in similar experiments where the allogeneic C57BL6, LacZ-
positive SKPs were implanted into the skin grafts of BALB/£ nude mice (Figure 5). In
addition, immunohistochemical staining with Myelin Basic Protein (MBP) (Figure 5F)
established that the LacZ-positive branches (Figure 5) are myelinating nerve fibers. These
data indicate that the LacZ-positive SKPs can be a source of stem/progenitor cells that
differentiate into Schwann cells and participate in the regeneration of injured cutaneous
nerve plexus, documenting a critical role for SKPs in cutaneous nerve homeostasis.

Discussion

Regeneration of peripheral and cutaneous nerves includes essential contributions by
Schwann cells, in collaboration with regrowing axons [2, 8, 9]. Therefore, the ability of an
injured peripheral nerve to support axonal regeneration depends on proliferating Schwann
cells [2, 3]. During the development of peripheral nerves, neural crest cells generate
myelinating and non-myelinating Schwann cells in a process that parallels embryonic
development. Migrating neural crest cells move through immature connective tissues before
the time of nerve formation at mouse embryonic days E9—-E11 and differentiate into
Schwann cell precursors between E12—-E13. These Schwann cell precursors then become
immature Schwann cells, which are generated from E14 until early neonatal stages. The
differentiation of all immature Schwann cells into mature Schwann cells is largely postnatal
[37, 38]. Given that adult Schwann cells lack the capacity to sustain a proliferative
phenotype as is required to produce new glial cells, it is believed that mature Schwann cells
de-differentiate into precursor/stem-like cells following nerve injury to promote axonal re-
growth [2, 12].

Major advances in the development of /n vitro and in vivo assays have enabled identification
and characterization of many types of adult stem cells and their ability to undergo self-
renewal division, as well as to produce daughter cells that differentiate into tissue-specific
lineages. Therefore, these populations of stem cells play essential roles in tissue
homeostasis. SKPs are self-renewing, multipotent neural stem/precursor cells, identified in
both human and mouse dermis [15-18], using neurosphere culture conditions. They are
distinct from other known stem/precursor cells within the skin [39]. However, the exact
biological origin and function of SKPs in the dermis are not fully understood. Using Wnit1-
Cre;ROSA26"0x/stop/flox compound transgenic mice, which express B-galactosidase
permanently in derivatives of neural crest stem cells, Fernandes et al. reported that SKPs
derived from these mice are B-galactosidase positive [35]. In addition, SKPs were shown to
express a variety of Neural Crest-associated transcription factors including 7wist, Sox9,
Pax3, Slug and Snail[35]. Moreover, under differentiating conditions, SKPs can generate
neural lineage (neurons, Schwann cells) and mesodermal (smooth muscle) cells, as well as
adipocytes, the same cell types that are known to derive from neural crest stem cells. Thus,
these data strongly support the concept that SKPs are multipotent neural crest-related and
possibly neural crest-derived precursors present in the skin. Such relatedness to the origin of
peripheral and cutaneous nerves raises the question of whether these resident adult stem
cells maybe an alternative source of progenitors for cutaneous nerve development and
regeneration.
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We undertook this study to test the hypothesis that SKPs participate in cutaneous nerve
homeostasis. Skin is one of the most innervated organs in the body with complex networks
of sensory nerves. In addition, injuries to cutaneous nerve plexuses are common, whether
from traumatic wounds, thermal or chemical damage, acute compression, surgical
transection or diseases associated polyneuropathy. Functional recovery is regained upon
axonal regeneration. Here, we show that SKPs can survive and differentiate to a glial
phenotype within milieu of the injuried cutaneous nerves, providing compelling evidence for
the physiologic role of SKPs in the dermis as a source of progenitors for cutaneous nerve
regeneration. Using both /n vivoand in vitro 3-D cutaneous nerve regeneration models, we
observed that the SKPs are neurotropic to injured nerves and that the microenvironment
promotes differentiation of SKPs into Schwann cells. LacZ-labeled Schwann cells organized
into tubal structures similar to the bands of Bungner (Figure 1B,e and Figure 2C, arrows)
and participated in the generation of new nerves, sprouting out of the transected proximal
nerve stumps in the dermis (Figure 4,5). We also observed the recognized feature of axon
regeneration that following injury each nerve projects many sprouts resulting in new
regenerating axon fibers that outnumber the original fibers in proximal nerve stumps (Figure
4); [40, 41]. Sprouting from transected or interrupted fibers, as described in our assay, is
often termed “regenerative sprouting”. On the other hand, sprouting from uninjured fibers is
called collateral sprouting [36]. Over time, some of these sprouts of interrupted fibers
increase in caliber and extend longitudinally to innervate end organs, providing recovery of
protective sensibility in denervated regions of skin. Those that fail to reach targets will
eventually degenerate. This process of cutaneous nerves regeneration depends on
proliferating Schwann cells [2, 3]. Our studies revealed that SKPs may be an alternative
source of progenitors for this population of proliferative Schwann cells, indicating that SKPs
are, in fact, an active participant in cutaneous nerve homeostasis.

Adult stem cells play essential roles in tissue homeostasis by undergoing self-renewal
division, in which a stem cell replicates itself as well as producing a daughter cell that
differentiates into tissue-specific lineage. This process is under strict regulation by both
intrinsic factors and the microenvironment and deregulation of this tightly controlled self-
renewal procedure, for example, via accumulation of mutations in key signaling pathways,
may represent early events leading to stem cell expansion and tumorigenesis. In fact, recent
progress in the field of stem cell research points to the importance of stem cells in the
initiation and maintenance of many cancers, including leukemia, sarcomas, blastomas and
carcinomas [42-46]. However, for many types of cancer, the cell(s) of origin - i.e. the cell(s)
that first acquires the genetic mutation and undergoes initial expansion to form a tumor -
remain unknown. Evidence is accumulating that embryonic Schwann cells or their
progenitors are the cells of origin of neurofibromas, a complex tumor associated with
Neurofibromatosis Type 1 (NF1) [47-53]. NF1 is among the most common human genetic
diseases, and it is caused by mutation in the A/FZ tumor suppressor gene, which encodes a
GTPase Activating Protein (GAP) that negatively regulates p21-RAS signaling [54, 55].
Cutaneous or dermal neurofibromas are the most common tumor in NF1. They appear at
puberty and are formed exclusively in the skin. They occur as a result of proliferation of
Schwann cells an all supporting elements of the nerve fibers. Recently, we identified SKPs
as the cell of origin of NF1-associated dermal neurofibromas and generated a novel mouse
model for this complex cutaneous tumor [29]. We showed that A/FZ-deficient SKPs can give
rise to classic dermal neurofibromas contingent on their local microenvironment and exhibit
the same properties as the embryonic Schwann cell progenitors that give rise to plexiform
neurofibromas [29]. These studies provide evidence that SKPs, or their derivatives, can be
the cell of origin of dermal neurofibromas and that multiple additional signals from non-
neoplastic cells in the tumor microenvironment, including the nerve microenvironment, play
essential roles in dermal neurofibroma formation.
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In conclusion, SKPs are multipotent neural crest-related and possibly -derived precursors in
the skin that play an important role in cutaneous nerve homeostasis. Under physiologic
condition, SKPs maybe an alternative source of progenitors for cutaneous nerve
development and regeneration. However, under NF1 pathologic condition, SKPs maybe the
cell of origin of the tumor dermal neurofibroma (Figure 6). Further elucidating the biology
of SKPs will give us a better understanding of cutaneous nerve homeostasis and its
associated diseases, including peripheral neuropathy, pruritus, pain as well as the
pathogenesis of neurofibromatosis.
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Figure 1. Implanted SKPsare Neurotropic In Vitro and In Vivo

1A. /n Vitro Engineered Skin Raft for gliogenesis/nerve regeneration.

Inserts of six-well tissue culture plates were coated with 1 ml bovine collagen | and layered
with 3 ml collagen I containing 1x10° human foreskin fibroblasts. After 7 days of
incubation at 37°C, keratinocytes were seeded on top of the dermal rafts. The skin
equivalent rafts were kept submerged in medium for 2 days and then raised to the air-liquid
interface via feeding with medium bellow. SKPs and DRGs/nerves were introduced into the
skin constructs by mixing with fibroblasts and then adding them to the dermal fibroblast/
collagen layer. Extracellular factors essential for this process, including neuregulin, other
Schwann cell factors, and/or nerve growth factors were added to the media.
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1B. X-gal staining of an /in vitro engineered skin raft containing only fibroblasts, DRGs/
nerves (a) or only fibroblasts and lacZ positive SKPs (b). In skin rafts that contain lacZ
positive SKPs, fibroblasts and DRGs/nerves, the Lacz positive SKPs concentrate near the
DRGs/nerves (c—d; arrows). Paraffin sections of these DRGs in (c) and (d) showing the
LacZ positive SKPs infiltrating into the DRGs, forming cellular corridors, similar to the
bands of Bungner (e, arrows) as well as differentiating into LacZ-postive Schwann-like cells
that wrap around axons within the DRGs (f, arrows). Scale bar = 20 pm.

1C. SKPs were harvested from skin from the back & neck of CMV-CreER'2;Rosa26 mice
and exposed to 4-OH-tamoxifen to induce recombination at the Rosa 26 locus and then
reimplanted dermally in the same mice at the dorsal/sacral area (a). Grafted sites were
harvested two months later for cutaneous nerve analysis. X-gal staining shows that blue lacZ
positive SKPs migrate to and reside predominantly within the cutaneous nerves (b—c,
arrows). Scale bar = 20 pm.
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Figure 2. Nerve microenvironment promotes the differentiation of SK Psinto Schwann cells

In vitro engineered skin rafts containing lacZ-postive SKPs, fibroblasts and DRGs/nerves
were harvested after 4—6 weeks in culture, using X-gal staining to trace the location of the
SKPs. Tissues were then processed for histological and immunohistochemical analysis. The
majority of blue cells (marker for SKPs) are also positive for GAP 43 (a Schwann cell
marker) within and in the vicinity of the DRGs/nerves (A-D). There are tubal structures or
cellular corridors of SKP-derived GAP 43 positive Schwann cells in these areas (C, arrows).
In contrast, there are only a few LacZ-GAP 43 double positive cells in areas distant from the
DRGs and nerves (E, F and arrows). Scale bar = 20 um.
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Figure 3. SKPs contributed to peripheral nerve regeneration
SKPs were harvested from skin on the back & neck of CMV/-CreER2;Rosa26 mice and

exposed to 4-OH-tamoxifen to induce recombination at the Rosa 26 locus and then
reimplanted back to the same animals, adjacent to the sciatic nerve (A). X-gal staining
demonstrates a network of LacZ-positive nerves wrapping around the sciatic nerve where
SKPs were implanted (B). Immunohistochemical analysis with GAP43, a Schwann cell
marker (C, brown arrows) and Holmes stain, a neurofibril/axon marker (D-E, black arrows)
establish that the LacZ-positive bundles and branches (blue arrows) are nerve fibers. Scale

bar =20 pm.

Stem Cells. Author manuscript; available in PMC 2013 October 01.

X-gal stain (SKP’s marker)

Holmes stain (nerve fiber
marker)

v



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Chen et al.

o

8

o

<

o

[=]

=]

a

Tamoxifen s
i Autologous ‘g
. skin graft =

X-gal +

|

juejdwi 03 Jo1id sdys

A4 AW . 5 ‘ X-gal stain (SKP’s marker)
o X-gal stain (SkP’s marker) Holmes stain (nerve fiber
§
Cutaneous nerve < marker)
regeneration e » D E —_ E A J s 4—’.‘
z o A :
e WSE P /
H o S
® é %y G o
et 8 o < 3 ‘3 ) Z / ; '
2 &3 CAT MBS B > s
Y VR 1 A
‘ Sphp o, #e 7~ L ¥ S i
Cl - s : ,*‘* e RN
Cutaneous nerve Eb S ® e = NS ll 5
Analysis = = T | I T
y < GAP43stain  X-gal stain (SKP’s marker) = GAP43 stain (Schwann cell marker)

Figure 4. SKPs as a sour ce of autologous progenitorsfor cutaneous nerveregeneration
Cutaneous nerve injuries were generated with axonal transections within the dermis by
complete excision of a 1.5 cm circular island of skin on the back. The excised skin was then
grafted autologously back into the same position, covered with sterile petrolatum gauze and
secured with sutures. LacZ-positive SKPs harvested from the same animal were implanted
into the graft and the wounds allowed to heal for cutaneous nerve regeneration (A—a).
Immunohistochemical analysis with GAP43 showed that SKPs do not contain Schwann cells
prior to transplantation as they are GAP43 negative (A-b,c,d). X-gal staining of the excised
skin graft 4—6 weeks after implantation demonstrates a network of LacZ-positive new nerves
sprouting out of the proximal stumps (dotted lines) into the graft where the SKPs were
implanted (B, arrows). Holmes stain, a neurofibril/axon marker (C) and
immunohistochemical analysis with GAP43, a Schwann cell marker (D-E) establish that
these LacZ-positive branches (arrows) are nerve fibers. Scale bar = 20 pm.
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Figure 5. SKPs can serve as a sour ce of allogeneic progenitorsfor cutaneous nerveregeneration
Cutaneous nerve injuries were made in athymic mice (BALB/£ background) with axonal
transections within the dermis through excision of a 1.5 cm circular island of skin on the
back. The excised skin was then grafted autologously back into the same position. The
LacZ-positive SKPs harvested from different mice (C57BL/6 background) were implanted
into the graft and the wounds allowed to heal for cutaneous nerve regeneration (A). X-gal
staining of the excised skin graft 4—6 weeks after implantation demonstrates LacZ-positive
cutanous nerves in the grafts, where the SKPs were implanted (B, arrows). Holmes stain, a
neurofibril/axon marker (C) and immunohistochemical analysis with GAP43, a Schwann
cell marker (D-E) and MBP (F) establish that the LacZ-positive branches (arrows) are
myelinating nerve fibers. Scale bar = 20 pm.
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Figure 6. Physiologic and pathophysiologic roles of SKPsin the skin

SKPs are multipotent neural crest stem cell (NCSC)-related precursors in the skin that may
play important roles in cutaneous nerve homeostasis. Under physiologic conditions,
cutaneous nerve transection may recruit neighboring SKPs into the injured sites and promote
the differentiation of SKPs into Schwann cells. The proliferating Schwann cells also secrete
chemoattractant factors that recruit other cell types, including fibroblasts that undergo cell
sorting, where Schwann cells and fibroblasts grow in ordered columns along the endoneurial
tube creating cellular corridors, known as “bands of Bungner”, to guide regenerating axons
across the injured gaps [2, 3]. On the other hand, under NF1 pathologic condition, neurons/
trauma may produce “physiologic factors” that preferentially induce SKPs to differentiate
toward the Schwann cell lineage. During Schwann cell differentiation, Loss of
Heterozygosity of AV/FI expression in the SKPs or early Schwann cell differentiation, in
addition to other microenvironmental cues (such as hormones, neurons, inflammation, etc.),
leads to neurofibroma formation [29]. This is in alignment with the human clinical scenario,
because it is known that trauma to the skin of NF1 patients can induce dermal neurofibroma
formation [56].
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