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Abstract

The tumor microenvironment has been compared to a non-healing wound involving a complex
interaction between multiple cell types. Schwann cells, the key regulators of peripheral nerve
repair, have recently been shown to directly affect non-neural wound healing. Their role in cancer
progression, however, has been largely limited to neuropathic pain and perineural invasion. In this
study, we showed that melanoma activated otherwise dormant functions of Schwann cells aimed at
nerve regeneration and wound healing. Such reprogramming of Schwann cells into repair-like
cells occurred during the destruction and displacement of neurons as the tumor expanded and via
direct signaling from melanoma cells to Schwann cells, resulting in activation of the nerve injury
response. Melanoma-activated Schwann cells significantly altered the microenvironment through
their modulation of the immune system and the extracellular matrix in a way that promoted
melanoma growth in vitro and in vivo. Local inhibition of Schwann cell activity following
cutaneous sensory nerve transection in melanoma orthotopic models significantly decreased the
rate of tumor growth. Tumor-associated Schwann cells, therefore, can have a significant pro-
tumorigenic effect and may present a novel target for cancer therapy.
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INTRODUCTION

The peripheral nervous system (PNS) recently emerged as an important element of the
tumor microenvironment, and has been implicated in the progression of several types of
solid tumors, including prostate cancer, gastric cancer, basal cell carcinoma and pancreatic
ductal adenocarcinoma.[1-4] The complexity of the PNS comprising motor, sensory and
autonomic branches, and the challenges in studying these individual components resulted in
a wide range of explanations of how the PNS may enhance the development or progression
of cancer. The majority of reports on the interactions between solid malignancies and the
PNS describe highly innervated cancers, where the presence of the nerve fibers within the
tumor parenchyma may lead to cancer-related pain and malignant cell invasion as well as
spread along the nerves, termed perineural invasion (PNI).[5-7] Primary cutaneous
melanoma is not generally associated with pain, and PNI is not a usual critical mode of
melanoma spread or a significant prognostic marker.[8, 9] We have determined here,
however, that the intrinsic regenerative capacity of the PNS[10] is an important factor in
melanoma growth.

While the number of investigations into the neuronal regulation of cancer has increased in
recent years, the involvement of the peripheral neuroglia in cancer progression remains
poorly understood.[11, 12] Schwann cells (SC) comprise the majority of the neuroglia of the
PNS and are intimately associated with the nerve fibers, providing trophic support and a
signaling scaffold for the axon.[13, 14] The investigations of SC in the context of cancer
have been primarily focused on their important capability to promote neuropathic pain and
PNI.[15, 16] However, until now the intrinsic role of SC in nerve regeneration has never
been implicated in cancer progression.

Peripheral nerve repair occurs through a well described set of steps orchestrated by SC.[17,
18] After the nerve injury, such as crush or transection, SC lose the connection with the
segment of the nerve distal to the insult, which regresses through a process called Wallerian
degeneration. Accompanied by the large-scale change in their gene expression, both
myelinated and non-myelinated SC distal to the nerve injury trans-differentiate into so-
called repair-SC (rSC) capable of assisting with nerve regeneration through myelin debris
clearing, local immune modulation, extracellular matrix remodeling and axon guidance.[10]
Recently, similar activation of the peripheral glia was described in the context of cutaneous
wound healing, where rSC disseminate from the injured nerves into the granulation tissue
and support non-neural tissue repair.[19, 20]

The main goal of this study was to prove that melanoma-activated SC are functionally
similar to neurotrauma-associated rSC, and that both types of SC can support tumor growth
in vivo. We found that the selective nerve injury accelerates the growth of melanoma as a
result of the modulation of the local microenvironment by activated rSC. Our results indicate
that melanoma cells can directly reprogram SC into cells bearing high phenotypic and
functional resemblance to rSC. We also found that primary human melanoma can induce
nerve injury response and localized activation of SC in the tissue adjacent to the tumor.
Importantly, blocking SC activity significantly decreases melanoma growth rate. Our results
suggest that the plasticity of SC intended to assist with nerve repair is utilized by melanoma
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to help create conditions favorable to tumor growth and progression. Therefore, Schwann
cells represent an unexplored novel target for cancer therapy.

MATERIALS AND METHODS

Animals

Cell lines

C57BL/6 mice were purchased from Taconic Biosciences and The Jackson Laboratory. The
inducible BrafV690E/pten-driven melanoma model (BP) was a gift from M. Bosenberg (Yale
University, CT).[21] BrafV690E/pten-driven melanoma was generated by inducing oncogene
BrafV600E expression with 4-hydroxytamoxifen (4-HT) (Sigma) in B6-
Tyr:Cre(ER)T2BrafCAPten!ox/1ox mice with correct genotype (presence of Tyr:Cre(ER)T2,
BrafCA and homozygous Pten!o¥/19%) [22] Mice (7- to 8-week-old) were housed in a
pathogen-free facility under controlled temperature, humidity, and 12-hour light/dark cycle
with a commercial rodent diet and water available ad libitum. All studies were conducted in
accordance with the NIH guidelines for the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use Committee of the University of
Pittsburgh (Pittsburgh, PA).

Primary human Schwann cells (SC) isolated from spinal nerve and primary mouse SC
isolated from postnatal day 8 C57BL/6 sciatic nerve were purchased from ScienCell and
cultured according to the manufacturer’s protocols. B16 murine melanoma, RAW?264.7
murine macrophages and human THP1 monocytes were purchased from ATCC. Human
melanoma cell lines 397-mel, 526-mel and 624-mel were a gift from W. J. Storkus
(University of Pittsburgh, PA). Mouse Tyr::Cre(ER)T2; BRaf“A; Pter/oX/Iox derived
melanoma cell line (BPCL) was a gift from J. Wargo (MD Anderson Cancer Center, TX)
and W. J. Storkus.[23] All primary and cell lines were authenticated, Mycoplasma tested,
were contaminant free and used at low passage. Human melanoma and THP1 cell lines were
cultured in RPMI-1640 medium supplemented with 2 mM of L-glutamine, 100 U/ml of
penicillin, 100 pug/ml of streptomycin, 0.25 pg/ml amphotericin B (Sigma), 10 mM HEPES
(Lonza), 55 uM 2-Mercaptoethanol (Gibco) and 10% heat-inactivated fetal bovine serum
(FBS, Atlanta Biological). B16, BPCL and RAW264.7 cells were cultured in DMEM
medium supplemented with 4 mM of L-glutamine, 100 U/ml of penicillin, 100 pg/ml of
streptomycin, 0.25 pg/ml amphotericin B and 10% FBS. Human and murine primary SC
were cultured in Schwann cell medium (SCM, ScienCell) supplemented with 1% (v/v)
Schwann cell growth supplement, 1% (v/v) penicillin/streptomycin solution and 5% FBS
(ScienCell).

Fluorescence microscopy

Collected tissue was fixed with 2% paraformaldehyde for 2 h and treated with 30% sucrose
for 2 h. Specimens were frozen in 2-methyl butane (Sigma), then liquid nitrogen, and
processed into 50 pm thick sections. Immunostaining was performed with primary
antibodies at room temperature (RT) for 1 h, followed by FITC- or Cy5-labelled secondary
antibodies and 4”,6-diamidino-2-phenylindole (DAPI) stain (Sigma). Sections mounted in
gelvatol medium (Sigma) were imaged using Nikon A1+ confocal microscope at the Center
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for Biological Imaging (University of Pittsburgh, PA). Image acquisition, processing and
intensity analysis were performed with NIS-Elements AR 4.40 software (Nikon).

Collagen breakdown assay

Plates were coated with collagen | (Corning) film at 50 pg/cm? as described.[24] SC (2.5 x
10* cells) in 25 ul medium were placed on collagen film, covering approximately 20 mm?
area, and incubated for 5 h at 37°C, 5% CO». After cell adhesion, SCM containing 20%
(v/v) of: RPMI-1640 (human cells) or DMEM (mouse cells), or melanoma-conditioned
medium with or without 40 uM minocycline was added to cover the entire collagen film.
Cells were incubated for additional 96 h, followed by gentle trypsin removal. The intensity
of light transmitted through collagen film was measured using ImageJ software. Values were
normalized to the internal control intensity measured 10 mm away from the cells.

Mouse transplantable tumor model

C57BL/6 mice were injected intradermally with: (i) B16 cells (1x10° cells), (ii) B16 cells
(1x10° cells) together with SC (1x10° cells), (iii) B16 cells (1x10° cells) with SC ((1x10°
cells) pretreated in culture for 48 h with 40 uM minocycline and then washed, (iv) SC alone
(1x10° cells), or (v) SC (1x10° cells) pretreated for 48 h prior to injection with 20% (v/v) of
B16-conditioned medium. Tumor area (mm?2) was measured with a caliper.

Nerve transection procedure

Surgery: Cutaneous denervation was adapted from previously described technique.[25]
Briefly, mice were anesthetized with isoflurane and approximately 1.5 cm skin incision was
made along the midline back skin. Five dorsal cutaneous sensory nerves were transected
approximately 5 mm lateral to the spinal cord. Skin was sutured with 7.0 prolene. Sham
surgery included skin incision without nerve transection. After recovery, sensory denervation
was confirmed with pin prick test.

Transplantable melanoma model: Nerve transection was performed on 8-week-old
C57BL/6 mice. Next day, B16 melanoma cells (10° cells in 100 pl sterile PBS) were injected
intradermally into the dorsolateral skin supplied by the cut nerves. Intradermal minocycline
injections for appropriate groups (10 UM in 100ul PBS) were performed twice on the day
before the surgery and once on the day of the surgery, in the same location on the back as
melanoma injection.

Inducible melanoma model: 10 pl of 4-HT (Sigma) stock (10 mg in 200 pul of DMSO)
was diluted in 30 pl of 100% ethanol and kept on ice. BrafV600E expression in 8-week-old
B6-Tyr-CreERT2BrafCAPten!oX/Iox mice was induced by applying 2 pl of 4-HT on shaved
skin of lateral back. Mice were immobilized until 4-HT dried completely. Transection of the
sensory nerves supplying the dermatome of the induced melanoma was performed one week
later. For appropriate groups, minocycline was injected (10 uM in 100ul PBS) daily for one
week immediately after the surgery at the site of 4-HT application. Sham surgery (skin
incision without nerve transection) was used as a control. Tumor area (mm?) was measured
as above.
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Statistical Analysis

Results are expressed as mean + SEM. Two-group analyses were performed using unpaired t
test. Three or more groups with one independent variable were analyzed using one-way
ANOVA with Tukey’s multiple comparisons test. Three or more groups with two
independent variables were analyzed using two-way ANOVA with Tukey’s multiple
comparisons test. Analyses were performed using GraphPad Prism software. All tests were
two-tailed and a Pvalue < 0.05 was considered to indicate statistical significance.
Microarray and RNA sequencing data available in GEO database under accession numbers
GSE126040 and GSE126076, respectively.

RESULTS

Neuroregulatory and neurodegenerative pathways are altered in melanoma

At an early stage of primary cutaneous melanoma invasion into the dermis malignant cells
encounter a highly innervated tissue comprised of a dense network of myelinated and non-
myelinated sensory and autonomic fibers of the PNS.[26] Since the innervation of melanoma
is poorly characterized, we first examined primary cutaneous human melanoma for the
presence of nerve fibers within the tumor and the surrounding tissue. Immunofluorescence
analysis with antibodies against axonal and SC (both myelin- and nonmyelin-forming)
markers, including PGP9.5, p75NTR, GFAP, GAP43, KIF1A, S100B, MBP and MAG,
revealed a significant reduction of the neuronal fibers and SC throughout majority of the
tumor mass (Fig. 1A, B; Supplementary Fig. S1A, B). However, nerves and SC were
detected in the tissue adjacent to the melanoma tumor (labeled adjacent to tumor). In
contrast to the melanoma, the melanocytic nests of human nevi demonstrated intact
innervation (Supplementary Fig. S1C). Interestingly, nerve fibers immunostained for GAP43
and p75NTR neuroplasticity markers of regenerating neurons and activated SC, respectively,
were significantly more abundant in the tissue adjacent to the tumor, compared with tumor
mass, nevus or normal skin (Fig. 1A-C; Supplementary Fig. S1C). There was no difference
detected, however, between numbers of PGP9.5* fibers in the tissue adjacent to the tumor
versus normal skin (Fig. 1A, B; Supplementary Fig. S1B, C). Neurons adjacent to the tumor
often terminated before entering the tumor, and denervated SC, those which lost contact with
the axon, were detectable in the tissue adjacent to the tumor (Supplementary Fig. S1D).
These results suggest that during melanoma growth the intradermal nerve fibers are
destroyed or displaced, resulting in the induction of nerve injury response and the activation
of SC at the tumor edges.

To further elucidate the fate of the nerves during melanoma growth, we analyzed gene
expression by RNA-sequencing in the patient-derived microdissected tissue collected from
inside melanoma (labelled fumor center), comparing the results with the tissue adjacent to
the tumor. To minimize the sampling error, three separate areas of the tumor were analyzed
(Fig. 1D). In the tissue adjacent to the tumor, we detected 69 nerve and glia associated genes
which were expressed at significantly higher levels compared to the tumor center
(Supplementary Table S1). These genes function in neuronal structure and adhesion, axonal
transport, myelin synthesis, axon guidance, neurite outgrowth, nerve migration, synapse,
action potential, as well as neurotrophic factor and neuropeptide signaling. Importantly, a
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number of these genes, including CHL1, GAL, GMFG, NGFR, NTNZ1, PTN and RELN
participate in neuroregeneration and are known to be upregulated after nerve injury.[27, 28]
Twenty-two genes closely associated with the nervous system were significantly
overexpressed in the tumor center compared with the tissue adjacent to the tumor
(Supplementary Table S1). Twenty of these genes, however, are known to be expressed at
high levels by human melanoma cells (Supplementary Table S1).[29] Thus, the expression
pattern of the neuronal/glial genes in the human melanoma tissue confirms the pathway
toward exclusion of the nerve fibers from the tumor and further suggests the presence of the
nerve injury response within the stroma adjacent to the tumor.

Pathway enrichment analysis of the gene expression data described above revealed common
neuronal tissue related processes within the tumor center and the tissue adjacent to the
tumor, including neurogenesis, wound healing (GO:0042060) and the extracellular matrix
organization (GO:0030198) (Fig. 1E; Supplementary Table S1). Epidermis development
(G0O:0008544) and melanogenesis (hsa04916, GO:0042470) pathways were significantly
overrepresented in the tissue adjacent to the tumor and tumor center, respectively, serving as
confirmation that tissue microdissection accurately captured these domains (Fig. 1E;
Supplementary Table S1). Enriched pathways unique to the tissue adjacent to the tumor
included axon guidance (hsa04360, GO:0007411) and immune response (GO:0006955),
while the melanoma center was uniquely enriched for neurodegeneration, neuron apoptotic
process (GO:0051402), and positive regulation of neuron death (GO:1901216) (Fig. 1E;
Supplementary Table S1). Taken together, the melanoma gene expression pattern and our
observation that, at least in some cases, melanoma exhibits diminished innervation led us to
hypothesize that in the process of expansion, melanoma may destroy or displace and damage
the neuron projections and activate neurodegeneration mechanisms at the invading edge of
the tumor.

Melanoma-induced phenotypic and functional changes of SC resemble SC activation
during Wallerian degeneration

To test the hypothesis that melanoma can cause PNS neurodegeneration, we next determined
whether human melanoma cell lines (397-mel, 526-mel, 624-mel) are able to convert human
SC into activated cells resembling injury-induced repair SC. Nerve and tissue injury triggers
trans-differentiation of SC into an immature phenotype of rSC.[10] This reprogramming is
accompanied by well described changes in SC expression of specific key transcription
factors and the downregulation of the genes of myelination. DNA microarray analysis of SC
cultured in melanoma-conditioned medium revealed an enhancement of wound healing (GO:
0042060) and extracellular matrix reorganization (G0O:0031012) functionalities
(Supplementary Fig. S2 and Table S2). Furthermore, melanoma-activated SC (cultured in
melanoma-conditioned medium or co-cultured with melanoma cells) shifted their gene
expression profile to a more immature phenotype, highly resembling that of rSC. This was
reflected in the upregulated expression of the markers of immature rSC, such as 1d2, Egrl, c-
Jun and Sox2, and the downregulation of the genes which drive terminal differentiation and
myelination of SC, including Sox10, Egr2 and Oct6 (Fig. 2A, Supplementary Fig. S3A). In
addition, the melanoma-dependent trans-differentiation of SC /n vitro was accompanied by
an activation of Erk and Akt signaling pathways, which are critical for the survival,
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migration and repair activities of SC after the nerve injury (Fig. 2B, C).[30] Taken together,
these results reveal phenotypic similarities between the nerve injury associated rSC and SC
stimulated by melanoma cells.

We further examined whether melanoma-activated SC exhibit known functional attributes of
rSC. During peripheral nerve repair, SC migrate, reorganize the extracellular matrix (ECM)
and attract macrophages.[20] Recruited macrophages are polarized to a non-inflammatory
M2 phenotype by the injured nerves and participate in the clearing of the myelin debris and
wound healing.[31, 32] We determined that, similarly to rSC, melanoma-activated SC break
down collagen matrix more readily compared to control SC (Fig. 3A; Supplementary Fig.
S3B) and increase the production of factors (MMP1, FGF2, VEGF, IL6, MIF, AREG,
BDNF, GDNF, Galectin 3, TGFp1) which are critical to nerve/tissue repair, ECM
reorganization, immune modulation, chemotaxis and myelin phagocytosis (Fig. 3B).
Furthermore, melanoma-conditioned medium significantly enhanced SC maotility (Fig. 3C;
Supplementary Fig. S3C), as well as their ability to attract and polarize macrophages to the
M2 type (Fig. 3D, E; Supplementary Fig. S3D). Consistent with these /n vitro results, we
found that the nerves at the invading edge of the primary human melanoma colocalize with
the CD68TCD206* M2-type macrophages, further suggesting the presence of the nerve
injury-associated rSC-like cells within the tissue surrounding the melanoma (Fig. 3F). Taken
together, our results demonstrate that melanoma can directly trans-differentiate SC into
repair-like SC, activating their intrinsic functionality required for wound healing and nerve
regeneration. Next, we hypothesized that the above-mentioned activities of repair-like SC in
the melanoma microenvironment may promote tumor growth.

The repair phenotype and functionality of SC is also activated by murine melanoma cells

Before investigating the effect of activated SC on melanoma growth /in vivo, we tested
whether B16 and the inducible BRAFV600E/pTENNUIl (BP) mouse melanoma cells have
similar effects on mouse SC as those which human melanoma cells have on human SC.
Intradermally injected B16 melanoma and inducible BP melanoma significantly increased
the expression of ATF3, a marker of injured and regenerating neurons,[33] in the T10-L2
DRG of the sensory nerves supplying the melanoma compared with the DRG contralateral
to the melanoma (Fig. 4A). This suggests that melanoma can activate the nerve injury
response similarly to axotomy.[34] Furthermore, as the primary human melanoma, B16 and
BP melanoma tumors showed an almost complete absence of axons and SC in the tumor
center and increased intensities of markers of neuroplasticity and activated SC (GAP43,
p75NTRY in the tissue adjacent to melanoma compared with the control mouse skin (Fig. 4B—
D). In line with our data on human melanoma, these results suggest that murine melanoma
may also injure peripheral nerves during tumor growth and activate repair response in SC
adjacent to the tumor.

To confirm and expand on our results with human SC, we examined whether mouse
melanoma cells provoke a nerve injury response in SC /n vitro. Supporting our /n vivo data
and consistent with above findings in human SC, mouse SC treated with conditioned
medium of either BP melanoma derived cell line (BPCL)[23] or B16 melanoma cells
suppressed the expression of the maturation and myelin genes (Egr2, periaxin, MBP, MPZ)
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and upregulated the factors characteristic to the activated rSC (Oligl, c-Jun, GAP43, GDNF,
p75NTR and PAX3) (Fig. 5A). As our human and murine data above showed that the
phenotypic and functional changes of melanoma-activated SC closely resemble those of rSC
associated with nerve injury, we next tested if minocycline could block melanoma’s effect
on SC. Minocycline was chosen because it inhibits the activity of rSC and slows the
Wallerian degeneration and the nerve repair in rodent models of acute sciatic nerve injury.
[35, 36] Consistent with these findings, we observed that mouse sciatic nerve explants
treated ex vivo with minocycline immediately after nerve harvesting showed diminished
MAPKI/Erk signaling activation compared to the untreated controls, reflecting the reduced
activation of SC exposed to minocycline (Fig. 5B). Minocycline also blocked the melanoma-
dependent trans-differentiation from mature SC to repair-like SC /n vitro. melanoma-
stimulated SC treated with minocycline showed neither the expression pattern characteristic
of rSC nor the activation of the MAPK/Erk signaling (Fig. 5A, C, D). However, in the
absence of melanoma-conditioned medium, minocycline had no effect /n vitroon SC
expression of the above trans-differentiation markers (Supplementary Fig. S3E).

Just as we observed with human SC, mouse SC treated with B16- or BPCL-conditioned
medium exhibited the characteristics of rSC, including enhanced motility and the ability to
recruit macrophages and break down collagen (Fig. 5E-G; Supplementary Fig. S3F-H).
These functions, characteristic of rSC, were blocked by treating melanoma-activated SC
with minocycline, further illustrating that minocycline is an effective inhibitor of SC
activation (Fig. 5E-G; Supplementary Fig. S3F-H). Taken together, these results show that
murine melanoma-transdifferentiated SC, as human SC, are phenotypically and functionally
similar to the nerve injury-associated rSC. Furthermore, SC reprogramming and activation
triggered by either nerve transection or melanoma cells can be blocked with minocycline — a
method we subsequently used to test the effect of activated SC on tumor growth /in vivo.

Melanoma or nerve transection-activated SC accelerate melanoma growth in vivo

Our /n vivo and /n vitro human and mouse results indicate that the nerves adjacent to
melanoma may be continuously undergoing degeneration/repair due to the damage of the
nerve fibers by the expanding tumor and/or the direct effect of melanoma-derived factors on
nerve fibers and SC. We hypothesized that tumor-associated SC activities including immune
system modulation, ECM reorganization and growth factor/cytokine/chemokine production
create conditions within the melanoma microenvironment favorable to tumor growth. To test
if activation of SC affects melanoma growth /n vivo, we implanted B16 cells and SC alone
or together (SC + B16) orthotopically into syngeneic mice. Tumors composed of B16 cells
alone grew significantly slower compared to those which contained B16 and SC (Fig. 6A).
When SC were treated with minocycline /n vitro prior to their co-injection with melanoma
cells, the tumors (SC/minocycline + B16) grew at the same rate as the tumors composed of
B16 cells alone, demonstrating that only functional repair-like activated SC are able to
enhance tumor growth (Fig. 5A). Importantly, melanoma cells and SC do not have any direct
effect on each other’s proliferation rates /n vitro, and minocycline does not affect SC
viability or proliferation (Supplementary Fig. S4A-G). As expected, SC cultured in either
non-conditioned medium (SC) or B16-conditioned medium (SC/B16) and injected without
B16 cells did not produce tumors in mice (Fig. 6A). Our results, therefore, suggest that SC
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injected with malignant cells contribute to melanoma growth by modulating the tumor
microenvironment. This result raises the question whether the endogenous rSC of the skin
can also promote melanoma growth.

To generate rSC in the skin, we utilized a previously described transection model of the
dorsal cutaneous thoracic sensory nerves.[25] With this method the sensory nerves are cut
proximal to their entrance into the skin, avoiding the injury to the denervated skin and the
disruption of the vasculature and other skin components (Supplementary Fig. S5A). We
confirmed utilizing C57BI/6 mice that nerve transection leads to the upregulation of nerve
injury markers in the DRG of the cut nerves (Supplementary Fig. S5B) and in SC of nerve
segments distal to the cut (Supplementary Fig. S5C, D). Sensory nerve transection also
resulted in the upregulation of GAP43 and p75NTR by neurons/SC within skin supplied by
the cut nerve (Supplementary Fig. SSE-G). Furthermore, denervated and migrating SC were
detectable in the skin after nerve transection (Supplementary Fig. S5H). These results
confirm that selective sensory nerve transection technique induces nerve repair and
generates endogenous activated rSC in the acutely denervated skin.

Utilizing both transplantable B16 and inducible BP melanoma models, we tested if selective
acute transection of sensory nerves, which transforms cutaneous SC into rSC, affects
subsequent melanoma growth /n vivo. Intradermal minocycline injections were performed
prior to nerve transection to block the activation of SC after nerve injury (Fig. 6B). The
timing of minocycline injections was chosen to minimize any off-target effects, particularly
on the tumor-infiltrating immune cells or nerve transection-associated inflammation.
Transection of the sensory nerve one day before B16 cell injection significantly accelerated
tumor growth compared with sham surgery or no surgery control groups (Fig. 6C). However,
local injection of minocycline to inhibit SC prior to nerve transection and melanoma cell
injection caused the melanoma to grow at a rate comparable to the sham surgery group (Fig.
6C), suggesting that activated rSC can facilitate melanoma growth /n vivo. These results
were confirmed with an inducible melanoma model. Nerve transection in BP mice was
performed one week after melanoma induction with topical 4-HT, as previously described,
[22, 25] and following minocycline injections (Fig. 6D). As with the orthotopic B16 tumors,
BRAFV600E/pTENNUIl driven melanoma grew faster after sensory nerve transection
compared with sham or no surgery control groups, but not when the animals were locally
treated with minocycline (Fig. 6E). In case of spontaneous melanoma model, off-target
effects of minocycline were again minimized by locally injecting minocycline for one week
before nerve transection and three weeks before first appearance of tumors. Taken together,
these results indicate that SC-dependent alterations of the local microenvironment following
Sensory nerve injury promote tumor growth.

In summary, our results reveal that both human and mouse melanoma can reprogram SC into
cells bearing strong phenotypic and functional resemblance to rSC induced by the nerve
injury/Wallerian degeneration. Both melanoma-activated SC and rSC generated by nerve
transection are capable of accelerating tumor growth /7 vivo in orthotopic and inducible
mouse melanoma models.
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DISCUSSION

It has been established in various solid tumor models that the interaction between peripheral
nerves and malignant cells may accelerate cancer progression.[37] The most compelling
evidence of PNS involvement in cancer comes from studies of the sympathetic nervous
system.[38] B-adrenergic blockade is being tested as a treatment option for several
malignancies.[39] In comparison, little attention has been directed at the peripheral
neuroglia as a potential modulator of cancer.[11] Myelinating and non-myelinating SC
comprise the majority of the peripheral glia and are present in almost every anatomical site
in the body. To date, SC have been implicated in facilitating cancer cell neurotropism and
PNI.[12] We demonstrate here that the well-known, vital functions of SC involved in
orchestrating nerve and tissue repair can be activated directly by the malignant cells and can
promote tumor growth in vivo.

Our investigation of human melanoma innervation revealed a significant reduction of
intratumoral nerve fibers and SC compared to the normal skin or tissue adjacent to the
tumor. This finding contrasts the reports on cancers of the prostate, stomach and pancreas,
where intratumoral innervation appears to be important for tumor growth and progression.[1,
2, 4] We concluded that, unlike other solid cancers, melanoma invasion in the dermis may be
destroying or displacing the nerves. This interpretation explains our finding that significantly
more neural tissue related genes, particularly those which are upregulated after nerve injury,
are expressed in the tissue adjacent to the melanoma while neurodegeneration processes are
enriched inside the tumor. The perturbation of the intratumoral nerves by melanoma is also
consistent with our observations that nerves and SC at the tumor edges phenotypically
mimic those responding to neurotrauma.[10, 17, 18] Of note, most of the intratumoral
nerve/SC markers we detected are known to be strongly expressed by melanoma cells.[29,
40, 41] Therefore, there appears to be a steady-state between the nerve wounding caused by
the melanoma, and the perpetual attempt by the nerves surrounding the tumor to repair
themselves. Such a model of constant neural repair within the tumor microenvironment is
reminiscent of a well-established concept comparing a tumor to a non-healing wound.[42]

Schwann cells are at the center of the PNS regenerative process primarily because of their
ability to trans-differentiate into rSC in response to nerve injury.[43] We have revealed here
that SC repair-like program can be directly initiated by melanoma cells. Specifically, in a
cell-cell contact-independent manner, malignant cells induce alterations in the gene
expression of SC, highly resembling SC to rSC trans-differentiation after nerve injury.[10,
17, 18] We also show that these melanoma-transdifferentiated SC are functionally similar to
Wallerian degeneration-associated rSC: they demonstrate enhanced motility, ECM
reorganization, macrophage attraction and polarization to tissue repair M2 type.[10, 19, 20,
32] Furthermore, we found that the effect of melanoma on SC is similar between mouse and
human cells, and can be blocked by minocycline, a previously described inhibitor of SC
nerve repair-associated functions.[35, 36] These results support a novel paradigm in which
melanoma cells reprogram SC, thereby initiating a nerve injury response in the surrounding
tissue. How melanoma cells reprogram SC remains unclear. Having a common neural crest
progenitor, melanoma cells share several signaling axes with the nervous system:
neurotrophic factors such as nerve growth factor and glia maturation factor, ephrins,
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semaphorins, neuregulins, and others. Determining melanoma-derived factors which
reprogram SC is an important goal of the ongoing research.

The multitude of tasks carried out by rSC with direct consequences on the local
microenvironment raises an important question of rSC influence on melanoma growth and
progression. To that end, we performed a ‘gain of function” experiment by selectively
transecting dorsal cutaneous sensory nerves in transplantable and inducible mouse
melanoma models. We found that melanoma grew faster during the acute response to
denervation, when Wallerian degeneration and SC trans-differentiation into rSC were
occurring. It is important to highlight the difference between this approach and the reported
ablation of nerves in the preclinical studies of other solid cancer models. Many of those
studies found that local autonomic or sensory nerve blockade decreased tumor growth.[1-4]
In those cases, the methodological aim was not to induce an immediate neuronal response to
injury as demonstrated here, but to block nerve signaling for a prolonged period of time.
Therefore, the principal difference between our data and published reports arose because we
addressed how the acute induction of SC-dependent nerve repair, not a chronic nerve
inhibition, influences melanoma growth.

We determined that minocycline inhibition of nerve transection-induced or melanoma-
induced activation of SC slowed melanoma growth. Minocycline also has well-described
immunosuppressive properties.[44] To minimize off-target effects of minocycline,
particularly on the immune cells recruited by nerve injury or melanoma, the drug was
injected before nerve transection and before initiation of tumors. Thus, minocycline acted on
SC before skin infiltration by the immune cells took place. Importantly, minocycline did not
have any appreciable effect on tumor growth in sham-surgery groups of either transplantable
or inducible melanoma model, demonstrating that its direct effect on macrophages and other
immune cells in our model is negligible. Therefore, primary effect of minocycline in our
models is the inhibition of nerve injury-induced SC activation, consistent with previous
reports.[35, 36]

As we found no direct effect of SC on melanoma cell proliferation, we conclude that the
accelerated tumor growth /n vivo observed in all tested melanoma models is due to the
modulation of the local microenvironment by activated SC. This interpretation is consistent
with well-established and emerging effects of rSC on the surrounding tissue.[10-12, 19, 20]
To our knowledge, our results are the first to demonstrate that repair-like SC activity may be
triggered by melanoma cells directly, and may promote tumor growth and progression.

While we demonstrated that neurodegenerative reprogramming of SC can promote
malignant growth, we have not addressed the potential involvement of neuronal axons in this
process. Axons and SC exist in a constant state of interaction, which is especially important
during nerve injury and regeneration.[10, 17, 18] We have observed that DRG of the neurons
located within the melanoma-harboring dermatome express markers of nerve injury.[33, 34]
In addition, we have previously shown, using an orthotopic melanoma model, that DRG
neurons may promote tumor growth /n vivo.[45] Therefore, it is likely that both SC and
axons participate in the nerve repair response triggered by melanoma. Elucidating the
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mechanism of the interaction among malignant cells, axons and SC is critically important to
our understanding of the forces which help create a tumor-permissive microenvironment.

Our results raise new important questions of how nerve injury is instigated in and around the
tumor, and to what extent it influences the initiation, survival, growth and invasion of various
types of cancer. Additionally, how do regenerative growth of injured nerves and collateral
sprouting contribute to the conditions favorable for tumor growth? Our data suggest that
there likely are several tumor-promoting rSC activities working in parallel, including local
immunosuppression and ECM breakdown. Furthermore, we and others have shown that SC,
especially trans-differentiated SC, strongly attract and increase the motility of malignant
cells.[15, 46] Together, these SC functions within primary tumor or distal organs may
significantly increase melanoma’s metastatic potential, similarly to what we have
demonstrated with lung carcinoma cells.[46]

Targeting tumor-associated neuronal tissue is an emerging strategy for cancer treatment.
Current clinical trial efforts in this field, however, are limited to the inhibition of synaptic or
post-synaptic signaling, primarily of the beta-adrenergic system. Our results demonstrate
that the neuronal repair process within the tumor microenvironment may be an important
contributor to cancer progression, and therefore, represents a novel target for cancer therapy.
Developing SC-specific inhibitors to disrupt the cancer-nerve/SC-immune system axis offers
a new and promising therapeutic approach.
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Refer to Web version on PubMed Central for supplementary material.
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Significance

Findings reveal a role of the nerve injury response, particularly through functions of
activated Schwann cells, in promoting melanoma growth.
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Figure 1. Phenotypic and functional dysregulation of nervefibersin human melanoma.
(A) Representative immunofluorescence images of nerves (green: PGP9.5 — nerve fiber,

p75NTR _ SC, GAP43 - nerves/SC; red: MITF — melanoma; blue: DAPI) in the center of
primary cutaneous human melanoma or the tissue adjacent to the tumor. Scale bars: 50
um. (B) Enumeration of neuronal projections in 0.4 mm? of normal human skin, in the
center of human primary cutaneous melanoma or in the tissue adjacent to the tumor using
immunostaining for nerve fiber and SC markers PGP9.5, p75NTR, GAP43. Center line,
median; box limits, upper and lower quartiles; whiskers, max and min. (C) Relative
fluorescence intensities of p75NTR and GAP43 immunostained normal human skin, human
nevi and melanoma. Image intensities (average over 0.4 mm? visual field) were normalized
to normal skin average. (D) Top panel: optical image of human melanoma sectioned at three
different areas (labeled 1, 2, 3). Bottom panel: H&E image showing three domains — tumor
center (labeled Center), tumor edge (labeled Border), stroma adjacent to the tumor (labeled
Adjacent tissue), micro-dissected and used for RNA-sequencing. (E) Heat map of NIH
DAVID pathway enrichment analysis using differentially expressed genes with p < 0.05
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from pairwise comparison between melanoma tumor center and the tissue adjacent to the
tumor. Data are means + SEM; n = 3 independent samples with five different 0.4 mm?
images per sample, one-way ANOVA with Tukey’s multiple comparisons test (B, C).
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2. Human melanoma cellsinduce phenotypic changes in Schwann cells characteristic of
degenerating nerves.

(A) Transcript levels of mature and activated rSC genetic markers in SC cultures treated for
48 h with 20% (v/v) of either non-conditioned medium (RPMI-1640, veh) or conditioned
medium from 397-mel, 526-mel or 624-mel cell lines. Transcript levels were determined by
gRT-PCR and were normalized to those in vehicle-treated SC; n = 3. (B) Representative
Western blots for total and p-Erk1/2 (Thr202/Tyr204) and p-Akt (Ser473) in cultured human
SC at 30 min, 1 h and 3 h after treatment with 20% (v/v) of either non-conditioned medium
(RPMI-1640, veh) or conditioned medium from 397-mel or 526-mel cell lines. GAPDH was
used as a housekeeping control. (C) Densitometry analysis of the Western blots as shown in
(B). Phosphorylated proteins were normalized to total protein levels; n = 8. Data are means
+ SEM; one-way ANOVA with Tukey’s multiple comparisons test (A, C). *P<0.05,
**p<0.01, ***P<0.001, ****P<0.0001.
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Figure 3. Human melanoma cellsinduce functional changesin Schwann cells char acteristic of
degenerating nerves.

(A) Collagen I breakdown by SC cultured for 96 h in 20% (v/v) of either RPMI-1640 (veh)
or conditioned medium from 397-mel, 526-mel or 624-mel cell lines. Data are presented as
relative intensity of light transmitted through the collagen film; n = 9. (B) Luminex
multiplex assay showing protein concentrations in supernatants of human SC cultures
treated for 48 h with 20% (v/v) 526-mel conditioned medium. Data are presented relative to
protein concentrations in supernatants of human SC cultures treated with 20% (v/v)
RPMI-1640 (veh). Supernatant was collected from washed SC over 48 h. Protein levels (in
pg/ml) were normalized to cell density in cultures. Medium was used as a background
control; n = 3. (C) Migration assay of SC (10° cells) plated within ECM gel and cultured in
20% (v/v) of either RPMI-1640 (veh) or 526-mel conditioned medium. Data are presented as
distance SC migrated away from the gel edge in 56 h; n = 3, with 26 measurements per
experiment at random locations around the circumference. Center line, median; box limits,
upper and lower quartiles; whiskers, max and min. (D) Transwell Matrigel migration of
THP-1 derived macrophages (top chamber) toward bottom chamber containing 20% (v/v) of
either SC medium or supernatant from SC pretreated for 48 h with 20% (v/v) of: non-
conditioned medium (veh) or melanoma-conditioned (397-mel, 526-mel, 624-mel) medium.
Macrophages on the membrane after 48 h were stained with hematoxylin and counted; n =
10. (E) Luminex multiplex assay showing cytokine concentrations in supernatants of THP-1
derived macrophage cultures treated for 48 h with 20% (v/v): (i) SC medium, (ii)
supernatants from SC cultures pretreated with 20% (v/v) RPMI-1640 (veh), or (iii)
supernatants from SC cultures pretreated with 20% (v/v) 526-mel conditioned medium.
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Supernatant was collected from washed SC over 48 h and used in macrophage cultures.
Cytokine concentrations (in pg/ml) were normalized to cell densities in cultures. Medium
was used as a background control. Data were normalized to SC medium only (represented
by dashed line); n = 3. Cytokines are grouped by their association with either M1 or M2
macrophage subtype. (F) Left and middle columns: representative immunofluorescence
images of the neurons (green: PGP9.5 — nerve fiber, p75NTR— SC) colocalizing with
macrophages (red: CD68, CD206) and dendritic cells (red: CD11c) in the tissue adjacent to
primary human melanoma. Right column: co-labelled M2 macrophages (CD68*/CD206™) in
the tissue adjacent to melanoma. Blue: DAPI. Scale bars: 50 um. Data are means + SEM;
one-way ANOVA with Tukey’s multiple comparisons test (A, D), two-tailed unpaired
Student’s t-test (B, C, E). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 4. Mouse melanoma tumor modelsinduce nerveinjury phenotypein the adjacent nerves
and Schwann cdlls.

(A) Transcript levels of ATF3 from DRG (combined T10-L2 per mouse) which supplied
mouse dermatomes bearing either injected B16 cells (analyzed 2 weeks after injection) or
induced BP melanoma (analyzed 2 weeks after induction). DRG from non-tumor bearing
mice (labelled as najve) and those contralateral to the tumor served as controls. Transcript
levels were determined by gRT-PCR and were normalized to those from non-tumor bearing
mice; n = 5. (B) Representative immunofluorescence images of the nerves (green: PGP9.5 —
nerve fiber, p75NTR— SC, GAP43 — nerves/SC; blue: DAPI) in the tissue adjacent to or in the
center of either implanted B16 or induced BP melanoma. Scale bars: 50 um. (C)
Enumeration of nerve projections detected in 0.4 mm? of normal mouse skin, in the center of
the implanted B16 or induced BP melanoma or in the tissue adjacent to melanoma using
immunostaining for nerve fiber and SC markers PGP9.5, GAP43, p75NTR, Center line,
median; box limits, upper and lower quartiles; whiskers, max and min. (D) Relative
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fluorescence intensities of p75NTR and GAP43-immunostained normal mouse skin,
implanted B16 and induced BP melanomas. Intensities (average over 0.4 mm? visual field)
were normalized to normal skin average. Data are means + SEM; n = 3 independent samples
with five different 0.4 mm?2 images per sample. One-way ANOVA with Tukey’s multiple
comparisons test (A, C, D). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Cancer Res. Author manuscript; available in PMC 2020 May 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shurin et al. Page 23

= D () rrr+ mSC +B16 . 25+ i 30m 1h 3h 30m 1h 3h
o = wSC +B16 + mino. .3 " OC T EEOE p-ERK S N et et
Z) 154 Ty *i*uilk*:*: 2.0 = eees+mino. ERK D EDEDED
ég b s GAPDH Wt e wd et et
3 3 1.0 xlll I 2 o Mino. - - - + + +
59 I g 1.0 R M
W< 55 I SC+vehSC+B16
2% 0.5- C Mo - + - ¥
2 00 I 00 I I p-ERK =% = e —e
O
E7 SO sLLgOS AN SwS&L&eaosSoan ERK == == == ==
SET SO SIS e
D E 0O SC + veh F O SC + veh
p— SC +B16 sc+pie G DS en
SC +B16 m SC + BPCL m SC +BPCL = SC + BPCL
1.5+ . 16004 ... § 67 14
L I — 5 Q : 3
o @ 5 [ i IS D *
2 7 1.0 W 21200 2 4- l " 124 =
o) = - =
59 ¢ 8001 3 - § ¥
B 5054 8 0 o 2104 -
© 2 L = b I
L3 2 4004 £ I k- &
0.0 0  o- © 0.84
-+ -+ ~+ -+ -+ -+ -+ -+ -+ -+ -+
Minocycline Minocycline Minocycline Minocycline

Figure 5. Murine melanoma cells facilitate Schwann cell conversion into repair-like Schwann
cell.

(A) Transcript levels of mature and repair SC genetic markers in murine SC cultures treated
for 48 h with 20% (v/v) of B16 or BPCL-conditioned medium, with or without 40 uM
minocycline. Transcript levels were determined by gRT-PCR and were normalized to those
of SC treated with 20% (v/v) of non-conditioned medium (veh). GAPDH was used as a
housekeeping control; n = 3. (B) Representative Western blots for p-Erk1/2 (Thr202/Tyr204)
of sciatic nerve 30 min, 1 h and 3 h after dissection from C57BI/6 mice. Whole nerves were
kept in SC medium with or without 40 pM minocycline; n = 2. (C) Representative Western
blots for total and p-Erk1/2 (Thr202/Tyr204) in cultured murine SC 3 h after treatment with
20% (v/v) of either non-conditioned (veh) or B16-conditioned medium, with or without 40
UM minocycline. (D) Densitometry analysis of the Western blots as shown in (C).
Phosphorylated proteins were normalized to total protein levels; n = 4. (E) Migration assay
of murine SC plated within ECM gel (10° cells) and cultured in 20% (v/v) of: DMEM (veh),
B16-conditioned medium, or BPCL-conditioned medium. Data are presented as distance SC
migrated away from the gel edge in 56 h; n = 3, with 26 measurements per experiment at
random locations around the circumference. Center line, median; box limits, upper and
lower quartiles; whiskers, max and min. (F) Transwell Matrigel migration of RAW264.7
macrophages (top chamber) toward bottom chamber containing 20% (v/v) supernatant from
murine SC pretreated for 48 h with 20% (v/v) of: DMEM (veh), B16-conditioned medium,
or BPCL-conditioned medium, with or without 40 uM minocycline. Macrophages on the
membrane after 48 h were stained with hematoxylin and counted; n = 5. (G) Collagen |
breakdown by SC cultured for 7 days in 20% (v/v) of either DMEM (veh) or melanoma
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(B16 or BPCL) conditioned medium, with or without 40 uM minocycline. Data are
presented as relative intensity of light transmitted through the collagen film; n = 6. Data are
means + SEM; two-way ANOVA (D, E, F, G) with Tukey’s multiple comparisons test; two-
tailed unpaired Student’s t-test (A). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 6. Activated Schwann cells stimulate melanoma growth.
(A) Growth curves of orthotopic B16 tumors in C57BL/6 mice: (i) B16 cells with SC (co-

injected 10° cells of each/100 pl), labeled SC + B16, (ii) B16 cells co-injected with SC
which were first pretreated for 48 h in culture with 40 UM minocycline and washed, labeled
SC/mino+B16, (iii) B16 cells alone (10° cells/100 pl injected), labeled B16, (iv) SC alone
(105 cells/100 pl), labeled SC, (v) SC alone (10° cells/100 pl) pretreated for 48 h in culture
with 20% (v/v) B16-conditioned medium prior to injection, labeled SC/B16, n = 2
independent experiments, 5 mice per group per experiment. (B) Timeline of the dorsal
cutaneous sensory nerve transection experiment with C57BL/6 mice and orthotopic B16
melanoma model. Minocycline (10 uM) was injected twice on day —2 and once on day -1 in
the site of B16 injection on day 0. Nerve transection or sham surgery was performed one day
before the B16 injection. (C) Growth rates of B16 melanoma in C57BL/6 mice treated as
described in (B). Nerves were either transected or mice underwent sham surgery or no
surgery; n = 2 independent experiments with 8 mice per group. (D) Timeline of the dorsal
cutaneous sensory nerve transection experiment with inducible BrafV600E/pTENNUll
melanoma model. On day 0, tumors were induced with topical application of 4-HT on lateral
back at T8-T11 dermatomes. For minocycline treatment groups, the drug was injected
intradermally (10 uM) daily at the site of 4-HT application for 7 days. Nerve transection or
sham surgeries were performed one week after tumor induction. (E) Growth rates of BP
melanoma in mice treated as described in (D). Nerves were either transected or mice
underwent sham surgery; n = 2 independent experiments with 8 mice per group. Data are
means + SEM; two-way ANOVA with Tukey’s multiple comparisons test (A, C, E).
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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