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the Secretomes of painful 
Versus nonpainful Human 
Schwannomatosis tumor cells 
Differentially Influence Sensory 
neuron Gene expression and 
Sensitivity
Kimberly Laskie ostrow  1,5, Katelyn J. Donaldson1, Michael J. caterina2,3,4,5, 
Allan Belzberg2,5 & Ahmet Hoke  1,3

Schwannomatosis is a multiple tumor syndrome in which patients develop benign tumors along 
peripheral nerves throughout the body. The first symptom with which schwannomatosis patients often 
present, prior to discovery of tumors, is pain. This pain can be debilitating and is often inadequately 
alleviated by pharmacological approaches. Schwannomatosis-associated pain can be localized to the 
area of a tumor, or widespread. Moreover, not all tumors are painful, and the occurrence of pain is 
often unrelated to tumor size or location. We speculate that some individual tumors, but not others, 
secrete factors that act on nearby nerves to augment nociception by producing neuronal sensitization 
or spontaneous neuronal firing. We created cell lines from human SWN tumors with varying degrees of 
pain. We have found that conditioned medium (CM) collected from painful SWN tumors, but not that 
from nonpainful SWN tumors, sensitized DRG neurons, causing increased sensitivity to depolarization 
by KCl, increased response to noxious TRPV1 and TRPA1 agonists and also upregulated the expression 
of pain-associated genes in DRG cultures. Multiple cytokines were also detected at higher levels in 
CM from painful tumors. Taken together our data demonstrate a differential ability of painful versus 
non-painful human schwannomatosis tumor cells to secrete factors that augment sensory neuron 
responsiveness, and thus identify a potential determinant of pain heterogeneity in schwannomatosis.

Patients with schwannomatosis (SWN) develop multiple tumors along major nerves of the body1. In most cases 
the tumor burden is so great that they cannot be removed by surgical intervention2. Sixty-eight percent of SWN 
patients also report chronic pain, which is often debilitating3. Pain in SWN has been described as localized in 
some patients and diffuse in others4. The size and location of the tumor(s) do not necessarily relate to the severity 
of pain experienced by the patient5. Thus, while surgical removal of an individual tumor may provide pain relief 
in some cases, the surgeon is challenged with which tumor to remove. Additional confounding factors (e.g., nerve 
deficits, tumor recurrence, return of pain) may also affect surgical outcome6,7. Quality of life in Schwannomatosis 
patients is predominantly affected by pain, especially in those with a large tumor burden. Therefore, treatment 
approaches other than tumor-focused surgery needs to be developed.

Neuropathic, nociceptive, and inflammatory types of pain have all been reported in SWN. The pain described 
by SWN patients can vary from burning to pain that feels like electric shocks8,9. Yet, the molecular mechanisms 
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by which some SWN tumors, but not others, elicit unremitting pain are unknown3. Given the close interac-
tions between Schwann cells and neurons, we have chosen to study the potential role of Schwann cells in neu-
ropathic pain in schwannomatosis. It is well documented that in models of peripheral nerve injury, Schwann 
cells become activated and release soluble pro-inflammatory cytokines as well as other chemoattractants10–12. 
These soluble substances recruit macrophages, induce myelin clearance, and promote nerve regeneration. Many 
pro-inflammatory cytokines (e.g., TNF-alpha, IL-1α, IL-1β, Il-6, CCL2/MCP-1, CCL3/MIP-1α and GM-CSF) 
are upregulated post-injury and many of these can sensitize nociceptors10,13–15. Anti-inflammatory cytokines such 
as IL-10 are also produced to counterbalance the pro-inflammatory cytokines16, since a regulated inflammatory 
response is necessary for nerve repair and regeneration.

Here, we examine the hypothesis that painful SWN cells secrete substances, such as cytokines, into the extra-
cellular space that sensitize neurons and make them easier to excite. Knowledge gained from this study will 
help pinpoint candidate molecules and pathways that can be targeted for drug development for the treatment of 
schwannomatosis-related pain.

Results
To test our hypothesis outlined above, and to define the mediators that drive pain in some patients with SWN, we 
have been examining the “secretome” of SWN tumor cells in culture. Schwannomatosis cell lines were established 
from fresh patient tumors from surgical excision. On the day of surgery we asked patients to rate their pain on 
a scale from 1 to 10 and categorized them as such: Pain score (PS) 0 no pain, 1–3 low pain; 4–6 moderate pain; 
7–10 severe pain. We have established 7 cell lines from SWN patients with varying degrees of pain. Three were 
non-painful or had a pain score < 3, one has moderate pain (PS = 6) and three reported high pain scores (PS 7–9). 
All cells were immortalized with SV40 and demonstrated S100 positivity17. Schwannoma conditioned media was 
collected after 48 hours and frozen for subsequent experiments.

Effect of CM on neuronal sensitivity in vitro. To determine the effects of the schwannoma secretome on 
sensory neurons, primary wild-type mouse dorsal root ganglion (DRG) neurons were incubated in CM derived 
from (1) painful SWN cells, (2) non-painful SWN cells, and (3) normal human Schwann cells. After a 48-hour 
incubation, the DRG neurons were tested for their ability to respond to an ascending series of KCl concentra-
tions, using fura-2 based Ca2+ imaging. No visible differences in neurite sprouting could be observed in DRGs 
treated with painful versus non-painful CM (Supplemental Fig. 1). Neuronal depolarization in response to KCl 
or other excitatory stimuli triggers action potentials, which in turn triggers Ca2+ influx through activation of 
voltage-gated Ca2+ channels. Neuronal stimulation can also trigger Ca2+ release from intracellular stores. 
Ratiometric Ca2+ imaging is therefore used as an indirect measure of neuronal activation at a given strength 
of stimulation18–21. We observed that neurons treated with media conditioned by painful schwannomas were 
more responsive to KCl than those treated with medium conditioned by the non-painful schwannomas or nor-
mal Schwann cells (Fig. 1). In neurons treated with CM from non-painful schwannoma cells or normal human 
Schwann cells, Ca2+ responses were reliably observed at 15 mM KCl and increased with KCl dose. By compari-
son, KCl evoked responses were larger in cells treated with CM from painful schwannoma cells, with more neu-
rons responding at the lowest KCl dose (10 mM) and a greater area under the curve at each KCl dose. The effect 
of painful CM was reduced when it was heated to 80 °C for 30 minutes prior to DRG treatment, suggesting that a 
thermolabile component, most likely protein(s) secreted by the tumor, are contributing to neuronal sensitization 
(Supplemental Fig. 2).

In addition, whereas all neurons responded to 25 mM KCl regardless of the CM with which they were pre-
treated, a larger percentage of neurons responded to 15 mM and 20 mM KCl when pre-treated with CM from 
painful SWN tumors (Fig. 1). Even at the lowest dose of KCl (10 mM), neurons pre-treated with CM from painful 
tumor 1 showed not only a significantly larger response (AUC 1.0 vs. 0.19 p = 0.0001) but also a larger percent-
age of cells responding (12% of DRG neurons responded, p < 0.0001, Chi-squared) when compared with the 
non-painful groups. Together, these findings indicate that exposure to CM from painful SWN tumor cells results 
in greater sensory neuron responsiveness to depolarization than does exposure to CM from non-painful SWN 
tumor cells or control Schwann cells.

Effect of painful schwannoma conditioned media on DRG neuronal expression of pain-related 
genes. Primary mouse DRG neurons were treated with schwannoma CM for 48 hours as described above. 
DRG neurons were then harvested and RNA isolated. The Qiagen RT2 profiler array for neuropathic and inflam-
matory pain was used to assess gene expression changes by qPCR. Several genes related to inflammatory pain 
were upregulated in DRG neurons after treatment with CM from a painful schwannoma, relative to non-painful 
CM (Fig. 2). Common to all painful tumor CM treatments was the upregulation of Bradykinin receptor by the 
DRG neurons. Some heterogeneity in gene expression was observed in DRGs treated with painful tumor CM. 
The nociceptive ion channel transient receptor potential ankyrin (TRPA1) was up-regulated in DRGs by several 
painful CM samples (Painful Tumor 2 p = 0.04, Painful Tumor 3 p = 0.05) as was interleukin 1β (Painful Tumor 
1). CCKBR was upregulated in DRGs treated with CM from painful tumor 4.

Heterogeneous cytokine secretion by painful and non-painful SWN tumor cells. We performed 
protein- level analysis of cytokines secreted into CM collected from painful vs. non-painful SWN cell lines using 
the Human XL Cytokine Array (R&D Systems). We observed multiple differences in levels of cytokines secreted 
by painful and non-painful SWN tumors (Fig. 3). Specifically, GDF-15/MIC-1 Endoglin, GM-CSF, CD147. 
CXCL1, PTX3 and were found at higher levels in CM from painful tumors. We also observed heterogeneity in 
cytokine secretion between painful tumors. Several painful tumors secreted higher levels of IL8, VEGF, CCL5/
RANTES, and IL6, compared to the non-painful tumors (Fig. 3).
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Figure 1. Primary mouse DRG neuron cells dose- response to KCl after pre-treatment with schwannoma 
conditioned media. DRG cells were pre-treated with painful schwannoma CM, non-painful schwannoma CM, 
or normal Human Schwann cell CM for 48 hours prior to imaging. 10 coverslips containing ~30/slip were tested 
for each condition. DRG cells were perfused with increasing amounts of KCl (10 mM KCl, 15 mM KCl, 20 mM 
KCl, 25 mM KCl). Each perfusion was 30 seconds in duration with a washout with 3 mM KCl for 2 minutes prior 
to the next increasing dose. Fura-2 ratio measurements were recorded at 2 second intervals. The datapoints on 
the graph were corrected for differing baseline readings of Fura-2. The graph represents the average fura-2 ratio 
across all coverslips for each of the CM treatments. Maximum response occurred 30 seconds after each dose was 
administered. Fura-2 ratio returned to baseline after 60 seconds from the start of the dose. The dose response 
was similar for non-painful schwannoma CM pre-treatment and Human Schwann cell CM pre-treatment. Area 
under the curve was calculated for each KCl treatment. The effect of KCl started immediately after treatment, 
peaked at 30 seconds, and lasted for 60 seconds (Supplemental Fig. 2). A significantly larger effect (p < 0.03) at 
each dose (10 mM–20 mM KCl) was demonstrated in the cells pre-treated with painful schwannoma CM as 
demonstrated by larger area under the curve. For ease of presentation, data for the non-painful tumors (n = 3) 
were averaged together. The differences in AUC between non-painful CMs were not significant (Supplemental 
Fig. 2). ANOVA analysis with Dunnet multiple comparisons was used to compare the effects of CM groups 
(Graphpad Prism8). The percentage of cells responding to KCl increased in a dose dependent manner. CM from 
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Effect of TRPA1 and TRPV1 activators on DRGs after pre-treatment with tumor CM. Upon anal-
ysis of the secreted cytokine/chemokine profiles in tumor CM and changes in gene expression in DRG neurons 
after treatment with tumor CM we are narrowing in on candidate pain pathways. We observed TRPA1 overex-
pression in DRG neurons that were treated with CM from painful tumors also secreted potential activators of 
TRPA1 (CCL5/RANTES and GM-CSF)22,23.

We therefore hypothesized that TRPA1 is involved in pain signaling in painful SWN tumors. We treated 
mouse DRG neurons with painful tumor CM or non-painful tumor CM for 48 hours, then performed Ca2+ 
imaging during challenge with the TRPA1 agonist cinnamaldehyde (200 μM). Overall, DRG cells treated with 
SWN CM showed an increased sensitivity to cinnamaldehyde but the magnitude of response to cinnamaldehyde 
was significantly greater in cells pre-treated with painful tumor 3 CM (painful tumor 3 PS 8 AUC = 29 vs. non- 
painful tumor AUC = 14; p = 0.03; Fig. 4). The percentage of cells responding to cinnamaldehyde also increased 
in DRG cells pretreated with CM from painful tumor 2 and 3 with statistical significance (non-painful tumors 
17% responded to cinn vs. painful CM 2 39% responded, painful CM 3 28% of DRGs responded p = 0.001) 
(Fig. 4). Both of these painful CM samples also caused increased transcription of TRPA1 in DRG neurons (Fig. 2).

While not up-regulated at the transcriptional level we examined the potential role of the nociceptor TRPV1 
in SWN-related pain. TRPV1 is a sensor for noxious heat, pH, and its most recognized agonist, capsaicin24,25. 
It is expressed in DRG neurons and is known for its role in hyperalgesia. One of our candidate SWN secreted 
cytokines, GM-CSF sensitizes neurons to capsaicin26. Therefore, using the same methodology as used for cin-
namaldehyde described above, we pretreated DRG cells with painful or nonpainful CM for 48 hours and tested 
responsiveness to sub-saturating capsaicin. All DRG cells pre- treated with CM from painful tumor cells had a 
larger response to 25 nM capsaicin than did cells pre-treated with CM from non- painful tumor cells or control 
cells, as demonstrated by either an increased magnitude of response (painful tumor 3 CM AUC = 15.9, painful 
tumor 4 CM AUC = 16 vs. non-painful tumor AUC = 7.0; p = 0.0001) or an increase in the percentage of cells 
responding to capsaicin (44% CM1, 41% CM2, CM4 65% vs 29% non-painful) (Fig. 5).

While the proteins secreted and the effect on DRG neurons are heterogeneous between painful tumors, these 
data support our hypothesis that painful tumors secrete proteins that sensitize neurons in vitro.

Discussion
The mechanisms driving the pain phenotype in SWN patients are unknown. Patients vary in their presentation of 
pain and describe their experiences with pain as acute, chronic, localized, or widespread3. Pain in SWN patients 
is classified as inflammatory or neuropathic. The drugs that are available to treat pain are grossly ineffective in this 
patient population. Currently the standard of care to alleviate pain is to remove the tumor that is thought to be the 
cause of pain5. This is a difficult undertaking. The surgeon must attempt to localize the tumor that is causing pain. 
When a patient has a moderate tumor burden and pain is widespread there is uncertainty as to which tumor(s) 
should be removed. Even if the tumor is removed, the pain may not be resolved or may recur if the tumor grows 
back5–7. This results in a viscous cycle of multiple surgeries to hunt down the source of pain. Therefore, alternative 
strategies for pain therapy must be investigated.

The reasons why some SWN tumors cause significant pain and others don’t remain a mystery. Given this 
heterogeneity, we hypothesized that painful tumors might secrete specific factors that act on the nearby sensory 
nerves, causing the latter to be sensitized. To test our hypothesis, we isolated CM from SWN cell lines that were 
developed in our lab. Cell lines were created from tumors surgically excised from SWN patients who had tumors 
removed due to pain and others that did not cause pain but were excised for another reason17. CM from 4 painful 
SWN tumors and 3 non-painful tumors were collected for analysis. Each CM sample was tested for the ability to 
increase the sensitivity of DRG neurons to painful stimuli, assessed for the ability to alter gene expression in DRG 
neurons, and probed for elevated levels of pro-inflammatory cytokines. By examining the data we are beginning 
to see a clearer picture of the key pathways involved in schwannomatosis-related pain.

Ratiometric Ca2+ imaging was used as an indirect measure of neuronal activation18–21. Small diameter 
DRG neurons (10–20 micron diameter) were sensitized to conditioned media isolated from painful schwan-
noma tumors. We observed a shift to lower KCl concentrations required for responses as well as larger integrated 
response sizes (AUC) at all KCl concentrations after pre-treatment with CM from painful tumors as opposed to 
non-painful tumors CM or CM from normal human Schwann cells (Fig. 1). These data indicate that CM from 
painful tumors renders sensory neurons more responsive to depolarization than does CM from non-painful 
tumors or normal human Schwann cells but do not identify the roles of pain specific pathways.

We asked whether the effect of painful tumor-derived CM on DRG neuron sensitivity was associated with 
changes in transcriptional regulation of neuronal genes relevant to pain. Significant differences in gene expression 
were detected in DRG neuronal cultures after treatment with CM isolated from painful tumors, compared with 
CM from non-painful tumors. Several genes related to inflammatory pain were highly upregulated in the DRGs 
treated with CM from painful tumors, and their encoded proteins thus constitute downstream candidates for 
further investigation in their role in schwannomatosis-related pain (Fig. 2).

Of these genes the bradykinin receptor BDKRB1, was upregulated in DRGs following exposure to CM from 
painful tumors. This receptor is normally expressed at very low levels in sensory neurons but is induced and over-
expressed in inflamed or damaged tissue by Il-127,28. Interleukin 1β mRNA was also upregulated in DRG cells after 
treatment with CM from painful tumors. IL1 β is a proinflammatory cytokine that has been strongly implicated in 

painful SWN caused a larger percentage of cells to respond to KCl. An individual cell’s response to stimuli was 
considered to be positive if the fura-2 ratio was greater than 0.1 after baseline subtraction. Chi-squared analysis 
was performed to test significance between the percentage of cells responding to painful and non-painful CM.
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nerve injury-induced tactile allodynia and in the development of chronic pain29. Another finding of interest was 
the upregulation of TRPA1 mRNA transcription induced by SWN CM from two painful tumors (CM 2 and CM 3).  
TRPA1 plays a role in mechanical allodynia following induction of inflammatory and neuropathic pain30–34 
TRPA1 is implicated in acute pain behavior as well as the transition from acute to chronic pain33, plays a role in 
the detection of noxious cold and cold hypersensitivity35, and is activated by inflammatory mediators30–32. Cross 
talk between the chemokine receptors, bradykinin, and TRPA1, and TRPV1 has been described36. Therefore we 
examined agonists of TRP channels, TRPV1 and TRPA1 to determine whether these pathways are involved in the 
effects of painful SWN CM.

We found that conditioned media from painful schwannomatosis tumors sensitized mouse DRG neurons to 
the TRPV1 agonist capsaicin. Sensitization to this agent was evident as either an increase in response size or an 
increase to the percentage of DRG cells that responded to capsaicin. A heterogeneous response was elicited by the 
different painful CMs. CM from tumors 1 and 2 caused an increase in the percentage of DRG giving a response to 
capsaicin compared to non-painful CM but the magnitude (area under the curve) was similar between samples. 

Figure 2. Painful SWN tumor CM influences transcription of pain-related genes in DRG neurons. Primary 
mouse DRG neurons were treated with painful or nonpainful schwannoma CM for 48 hours as described above. 
RNA was isolated from the neurons and subjected to qRT-PCR using the Qiagen RT2 profiler array for mRNAs 
related to neuropathic and inflammatory pain. Of the 84 pain-related genes represented in this array, 64 could 
be detected in untreated mouse DRG neurons. Among these, a number of genes appeared to be differentially 
expressed in neurons after treatment with painful vs. nonpainful schwannoma CM. Genes demonstrating a 
1.5 fold difference in regulation and a p value < 0.05 was considered significant. For qRT-PCR, Fold change in 
gene expression was determined by the 2(−Delta Delta Ct) method. Statistical significance of the RT2 PCR data was 
determined using a Student’s t-test (https://dataanalysis.qiagen.com/pcr/arrayanalysis). Differences in gene 
expression were also noted between cells treated with different painful tumor CMs.

https://doi.org/10.1038/s41598-019-49705-w
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Figure 3. Elevated levels of secreted cytokines are present in conditioned media from painful schwannomatosis 
cell cultures. The Human Cytokine XL array (R&D Systems) detected the presence of cytokines in conditioned 
media from schwannomatosis cultures. Proteome blots were exposed to X-ray film for 2 minutes. Quantification 
of cytokine level was determined by pixel density of the proteome blots using ImageJ. Internal controls (3 
positive and 1 negative) are used to normalize differences in total protein input (Supplemental Figure 7). Three 
non-painful tumors (black circles) were compared to 4 painful tumors (Red circles). Mean pixel densities are 
shown for each sample. Horizontal line is mean +/− SEM.

https://doi.org/10.1038/s41598-019-49705-w
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Tumor CM 3 caused an increase in the magnitude of response. Conditioned media from painful tumor 4 caused 
an increase a magnitude of response to capsaicin as well as an increase in the percentage of neurons responding 
(Fig. 5). Interestingly TRPV1 was not upregulated by painful CM at the transcriptional level suggesting that 
TRPV1 sensitization occurred post-transcriptionally.

Sensitivity to cinnamaldehyde was increased by both of the CMs that also induced transcriptional upreg-
ulation of TRPA1 mRNA (Figs 2 and 4). CM 3 produced a significantly larger AUC than any of the painful or 
non-painful CMs, while CM 2 caused a larger percentage of DRG cells to respond to cinnamaldehyde (Fig. 4). The 
3 other CMs from painful tumors had no effect on DRG response to cinnamaldehyde.

In our pursuit to identify substances from painful tumors which elicit effects on DRG neurons, we quantified 
cytokines secreted into CM. It is well known that Schwann cells secrete cytokines in models of nerve damage 
for myelin clearance and macrophage recruitment. Cytokine release may also contribute to a painful phenotype 
after injury10. We found similar amounts of Il-6, CCL2/MCP-1, MIP-3a/CCL20, SERPINE1, PLAUR, CXCL5, 
DKK-1, and OPN in conditioned media from both painful and non-painful tumors (Supplemental Fig. 3). These 
cytokines are known contributors to nociceptor sensitization after injury10,36–38, but cannot account for the differ-
ential functional effects of CM from painful vs. nonpainful SWN tumors. Rather, we found increases in the levels 

Figure 4. Conditioned media from painful SWN tumors sensitize DRG neurons to the TRPA1 agonist 
cinnamaldehyde. DRG cells were pre-treated with painful schwannoma CM, non-painful schwannoma 
CM, or normal Human Schwann cell CM for 48 hours prior to imaging. DRG cells were perfused 200 uM 
Cinnamaldehyde for 120 sec with a washout with 3 mM KCl buffer for and additional 2 minutes. Fura-2 ratio 
measurements were recorded at 2 second intervals. The datapoints were corrected for differing baseline readings 
of Fura-2. Area under the curve was calculated for each treatment. The effect of cinnamaldehyde started 
30–60 seconds after treatment peaked at 120 seconds, and lasted for 4 minutes. Painful tumor 3 CM increased 
the responsiveness of the DRGs to cinnamaldehyde as calculated by area under the curve p = 0.03. One way 
ANOVA with multiple comparisons was employed to determine statistical significance. The percentage of 
DRG cells responding to cinnamaldehyde increased after pre-incubation with CM from painful SWN tumors 
2 and 3. Chi-square analysis was used to compare each painful tumor CM treatment to non-painful tumor CM 
treatment. p < 0.05 is considered significant.

https://doi.org/10.1038/s41598-019-49705-w
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of several cytokines secreted into the CM of painful tumors. One common cytokine, Growth/Differentiation 
Factor 15 (GDF-15/MIC-1), was found at increased levels in CM from all painful tumors but not in non-painful 
tumors (Fig. 3). GDF-15 is a pro-survival factor for DRG neurons39. GDF-15 has not been directly associated with 
pain but is secreted by Schwann cells after nerve injury40. It is involved in peripheral nerve regeneration as it is 
shown to be axonally transported in lesioned peripheral nerves40 and accelerates sensory recovery after injury41. 
Levels of specific cytokines varied between the painful tumors. We found increases in the amounts of CD147, 
GM-CSF, CCL5/RANTES, VEGF, and IL-8 in CM from several painful tumors compared to the non-painful CM 
(Fig. 3 and Table 1). Such a result is not unexpected, since the pain phenotypes observed among human patients 
with SWN are heterogeneous in nature. CD147, which was secreted by painful tumors is highly expressed in 
Schwann Cells42 and is involved in the early stages of Schwann cell-axon contact. Secreted CD147 is an inducer of 
extracellular matrix metalloproteinases in peripheral nerve sheath tumors leading to progression of neurofibroma 
to Malignant Peripheral Nerve Sheath Tumors43,44. It is upregulated in the extracellular matrix of DRGs after 
injury and is involved in mechanical allodynia in injured rats45. Knockout of CD147 in mice causes attenuation of 
response to irritating odors46 and increases pain response to foot shock tests47.

While GDF-15, and CD147 have implied functions in relation to pain, GM-CSF, CCL5/RANTES, IL-8 and 
VEGF, have been previously studied in signaling pathways that are related to pain response. GM-CSF contributes 

Figure 5. Conditioned media from painful SWN tumors sensitize DRG neurons to the TRPV1 agonist 
capsaicin. DRG cells were pre-treated with painful schwannoma CM, non-painful schwannoma CM, or normal 
Human Schwann cell CM for 48 hours prior to imaging. DRG cells were perfused 25 nM capsaicin for 30 sec 
with a washout with 3 mM KCl buffer for 2 minutes. Fura-2 ratio measurements were recorded at 2 second 
intervals. The datapoints were corrected for differing baseline readings of Fura-2. Area under the curve was 
calculated for each treatment. The effect of capsaicin started immediately peaked after 30 seconds lasted for 
1 minute (Supplemental Fig. 5). CM from painful tumors 3 and 4 CM increased the responsiveness of the DRGs 
to capsaicin as calculated by area under the curve p = 0.0001. One way ANOVA with multiple comparisons was 
employed to determine statistical significance. The percentage of DRG cells responding to capsaicin increased 
after pre-incubation with CM from each painful SWN tumors. Chi-square analysis was used to compare each 
painful tumor CM treatment to non-painful tumor CM treatment. p < 0.05 is considered significant.

https://doi.org/10.1038/s41598-019-49705-w
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to some forms of tumor related pain by activating signaling cascades in DRG neurons, resulting in neuronal 
sensitization and increased membrane levels of TRPV148. GM-CSF receptors are expressed in a subset of small/
medium diameter neurons that also express TRPV1. Capsaicin responses can be increased after a 10 min incuba-
tion with GM-CSF, suggesting an interplay between receptors26.

There is increasing evidence of crosstalk between receptors contributing to increases in intracellular calcium. 
One such example is VEGFR and TRPV1. VEGF sensitizes peripheral nociceptive neurons through actions on 
VEGFR2 and a TRPV1-dependent mechanism, enhancing nociceptive signaling49. Both tumor CMs that caused 
a significant increase in the magnitude of response to capsaicin contained elevated levels of VEGF. Co-activation 
of TRPA1 and TRPV1 has also been described50. CM from painful tumor 2 sensitizes DRG neurons to capsa-
icin and cinnamaldehyde (Figs 4 and 5). A significant increase of CCL5/RANTES was found in the CM from 
Painful Tumor 2, but not that from other tumors (Fig. 3, Supplemental Fig. 4). It was recently demonstrated 
that CCL5 administration to the footpad of a mouse caused thermal hyperalgesia that could be prevented by 
co-administration of TRPV1 or TRPA1 inhibitors22. In addition, upregulation of Bradykinin receptor, and TRPA1 
in DRGs by conditioned media from painful tumors, suggests a potential interplay of signaling pathways leading 
to DRG hyper-excitability caused by factors released from tumors. BK receptor induces TRPA1 trafficking to the 
plasma membrane via PLC and PKA51. Cross talk between TRPV1, TRPA1, and Bradykinin receptor has been 
suggested in the development of chronic inflammatory pain36.

Cultured DRG neurons express numerous types of chemokine receptors52. One chemokine receptor that 
caught our attention is CXCR1/2. The ligand for this receptor is IL-8, which we found to be elevated in CM from 
painful tumors. IL-8 was secreted at high levels into the CMs that induced increased capsaicin sensitivity (CM 3 
and 4, Fig. 5, Table 1, Supplemental Fig. 5). The receptors for IL-8 are expressed on DRG neurons and regulate the 
excitability of primary nociceptive neurons53 and are implicated in chemotherapy induced neuropathic pain54, 
as well as chronic inflammatory pain55. IL-8 is involved in long lasting mechanical hypersensitivity that persists 
even after the inflammatory response has resolved55. Interestingly, IL-8 binding to receptors CXCR1/CXCR2 
initiates a signaling cascade that induces transcription of NF-κb56. In addition to IL-8, another SWN secreted 
protein, GM-CSF, activates NF-κb signaling through the GM-CSF receptor57. NF-κb plays a role in persistent 
inflammatory pain58. In a model of chronic inflammatory pain, NF-κB is translocated to the nucleus where it 
regulates a large number of genes and processes58. NF-κB is activated by several pain related inducers and at the 
same time regulates the expression of additional inducers, for example, Il-1β and the bradykinin receptor (which 
are transcriptionally upregulated by painful SWN CM in DRG neurons). NF-κB induces bradykinin receptor 
transcription in an inflammatory pain model59. This suggests that multiple factors secreted by painful SWN CMs 
may influence or are influenced by NF-κB signaling in treated DRG neurons.

Collectively, the data presented in our study identify compelling candidate mechanisms by which some SWN 
tumors, but not others, produce pain. We have demonstrated that CM from painful schwannomas exhibit a differ-
ential capacity to sensitize DRG neurons, relative to CM from nonpainful tumors, and that this functional effect is 
associated with alterations in the expression of several pain-related target genes in the DRG. We also identified sev-
eral secreted cytokines that may contribute to this effect. Finally, we have obtained evidence that the mechanisms 
that drive pain in SWN might be heterogeneous between tumors. Multiple cytokines and chemokines are secreted 
by painful schwannomas. These cytokines and chemokines can activate receptors in DRG neurons. Many of the 
receptors involved have the ability to activate other pain-related receptors by recruitment to the cell membrane 
or through cross-talk. Therefore, many players may be involved in the enhancement of neuronal sensitization in 
SWN patients. Further experimentation will be necessary to verify the specific involvement of these mechanisms 
in SWN-associated pain and identify additional pathways and players involved in this deleterious clinical process.

Cytokine

Painful Tumor CM Sample

CM 1 CM 2 CM 3 CM 4

ANGIOGENIN UP UP

CD147 UP UP UP

ENDOGLIN UP

GDF-15/MIC-1 UP UP UP UP

GM-CSF UP UP UP

CXCL1 UP UP UP UP

PTX3 UP UP UP UP

VEGF UP UP

IL8 UP UP

IL6 UP UP

RANTES/CCL5 UP

G-CSF UP UP

Table 1. Levels of several cytokines are increased in CM from painful tumors. Changes in the levels of 12 
cytokines were detected in CM isolated painful and non-painful tumor cells. Increased levels of CD147, GDF-
15, GM-CSF, CXCL1, and PTX-3 were found in CM from painful tumor cell lines. Increased levels of IL-8 
were detected in CM from painful tumors 3 and 4, CCL5/RANTES were noted in CM from painful tumor 2, 
increased levels of VEGF were found in CM from painful tumors 1 and 2, while increased levels of angiogenin 
were found in tumors from Painful tumors 1 and 3.
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Methods
Cells and media. Schwannomatosis cell lines and conditioned media. Schwannomatosis-related tumors 
were collected from surgical cases from January 2014 through March 2017, occurring at Johns Hopkins School 
of Medicine. The diagnosis of Schwannomatosis was confirmed by Pathology. Informed, written consent was 
obtained prior to surgery. The Institutional Review Board (IRB) of the Johns Hopkins School of Medicine 
approved consent forms and study design. All research was performed in accordance with relevant guidelines/
regulations and approved by the IRB. Schwannomatosis cell lines were established as described17. Normal human 
Schwann cells were obtained from Sciencell (Carlsbad, Ca) Schwannomatosis or Schwann cells were cultured in 
DMEM containing 10% FBS and 2 μM forskolin. When 60% confluence was reached, the medium was replaced 
with fresh medium. Conditioned medium (CM) was collected after 48 hours of incubation, centrifuged to remove 
cell debris and passed through a 0.22 micron filter. CM was frozen in aliquots for future use.

Mouse dorsal root ganglion (DRG) cultures. All experimental procedures were approved by the 
Institutional Animal Care and Use Committee of Johns Hopkins University School of Medicine and were in 
accordance with the guidelines provided by the National Institute of Health and the International Association 
for the Study of Pain. Isolation of dorsal root ganglion (DRG) neurons and primary culture were conducted as 
described60. Briefly, DRG were isolated from 6–12 week old C57Bl6 wild type mice, rinsed in Complete Saline 
Solution (CSS containing, in mM: 137 NaCl, 5.3 KCl, 1 MgCl2, 3 CaCl2, 25 sorbitol, and 10 mM HEPES pH 
7.2) and digested with TM Liberase (0.35 U/ml Roche) in in CSS/0.5 mM EDTA at 37 °C for 20 min, followed 
by TL Liberase (0.25 U/ml, Roche) in CSS/0.5 mM EDTA supplemented with papain (30 U/ml, Worthington) 
for 15 min, centrifuged and resuspended in DMEM containing BSA (1 mg/ml, Sigma) and Trypsin Inhibitor 
(1 mg/ml, Sigma), and mechanically dissociated. Cells were passed through a 70 micron strainer and spotted on 
poly-l-lysine/laminin coated coverslips. After 1 hr. of adherence, complete DRG medium (DMEM/F12, 10% FBS, 
1% glutamine, antibiotics), was added to each well.

CM treatment of DRG neurons in culture. The day after establishment of primary mouse DRG cultures, 
culture medium was replaced with Schwannomatosis cell CM and the cells were further incubated for 48 hours 
at 37 °C.

Calcium imaging. Three separate DRG cultures were prepared for each Schwann cell CM to be tested. Four 
coverslips containing at least 30 neurons/slip were treated with CM from each Schwann cell line. A minimum of 
100 DRG neurons were tested per condition. Cells were treated with CM for 48 hours before loading with 2 μM 
fura-2 acetoxymethyl ester (Molecular Probes) in calcium imaging buffer (CIB, containing in mM: 130 NaCl, 
3 KCl, 2.5 CaCl2, 0,6 MgCl2, 10 HEPES, 1.2 NaHCO3, 10 glucose, pH 7.45, 290 mOsm adjusted with manni-
tol). Coverslips with fura-2-loaded cells were mounted on an inverted fluorescence microscope (TE200, Nikon). 
Images were acquired with a cMOS camera (NEO, Andor) using an excitation filter wheel (Ludl) equipped with 
340 and 380 nm filters. Data were acquired using NIS Elements imaging software (Nikon). Fluorescence changes 
are expressed as the ratio of fluorescence emission at 520 nm upon stimulation at 340 to that upon stimulation at 
380 nm (F340/F380). KCl experiments: A dose response curve of KCl was used to characterize overall neuronal 
sensitivity. KCl depolarizes the cell membrane, causing neurons to fire action potentials and triggering the open-
ing of voltage-gated calcium channels, with a consequent rise in intracellular calcium. During continual imaging 
at ~2 s intervals, cell were successively exposed to modified CIB solutions supplemented with additional KCl (at 
net concentrations of 10 mM, 15 mM, 20 mM, or 25 mM, with equimolar removal of NaCl) delivered by perfusion 
for 30 s each, with a recovery period of washing with unmodified CIB (containing 3 mM KCl) for 2 min between 
concentrations. Capsaicin experiments: Capsaicin was dissolved in CIB at a net concentration of 25 nM. During 
continual imaging at ~2 sec intervals cells were perfused with 25 nM Capsaicin for 30 seconds with a recovery 
period of washing with unmodified CIB. Cinnamaldehyde experiments: Similarly, DRG cells were exposed with 
200 uM cinnamaldehyde/CIB solution for 4 minutes followed by a 4 minute washout with CIB.

RNA extraction, cDNA, RT2 profiler PCR arrays. DRG neurons were harvested after 48 hours exposure 
to CM and total RNA was extracted using Trizol (Invitrogen). 250 ng of total RNA was converted to cDNA using 
the RT2 Reverse Strand kit (Qiagen). The mouse RT2 neuropathic and inflammatory PCR array (Qiagen) was used 
for qPCR according to the manufacturer’s instructions. In brief, 250 ng of cDNA was mixed with RT2 SYBR Green 
qPCR Mastermix and water. 25 μl of DNA/enzyme/buffer mix was pipetted into each well of the supplied 96 well 
plate. Amplifications were carried out in 96 well plates in a Roche Lightcycler 480 with cycling as follows: 95 °C 
10 min (hot start), and 45 cycles of 95 °C 15 sec and 60 °C for 1 min. All reactions were performed in triplicate. 
Dissociation curve analysis was performed to rule out experimental PCR artifacts or non-specific amplification. 
Expression of genes relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β2 microglobulin (β 
2 M) was calculated based on the threshold cycle (Ct) as 2 − Δ(ΔCt), where ΔCt = Ct, GENE – average Ct for 
GAPDH and β2 M, and Δ(ΔCt) = ΔCt P − ΔCt NP (P, painful tumor, NP, nonpainful tumor). p values were 
calculated by Student’s t-test https://dataanalysis.qiagen.com/pcr/arrayanalysis.

Cytokine arrays. CM was examined for the presence of secreted cytokines using the Proteome Profiler 
Human Cytokine XL Array (R&D Systems) according to the manufacturer’s instructions. This array detects 102 
cytokines simultaneously on a single membrane using pre-spotted capture antibodies. 500 microliters of CM 
were run on each membrane in separate dishes (Non-painful Tumors, Painful Tumor 1, Painful Tumor 2, Painful 
Tumor 3, Painful Tumor 4). The captured target proteins from conditioned media were detected with biotinylated 
detection antibodies and then visualized using chemiluminescent detection reagents with a 2 minute exposure 
to X-ray film.

https://doi.org/10.1038/s41598-019-49705-w
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Data analysis and statistics. For cytokine arrays, X-ray films were scanned using a gel imager and quanti-
fied using ImageJ. Pixel densities were compared and averaged for the duplicate spots on the blots, normalized to 
the standard provided, and plotted using Prism 8. For qRT-PCR, Fold change in gene expression was determined 
by the 2(−Delta Delta Ct) method following the guidelines for the RT2 Profiler PCR Array Data Analysis Webportal for 
cataloged RT2 Profiler array (Neuropathic and Inflammatory PCR array PAMM-162Z). Statistical significance 
of the RT2 PCR data was determined using p values were calculated by Student’s t-test (https://dataanalysis.qia-
gen.com/pcr/arrayanalysis). Standard error (SE) of mean was also calculated for the control and test groups as 
(SE = SD/√n − 1), where SD is standard deviation and n is number of samples. For calcium imaging, area under 
the curve of fura-2 ratio, with subtraction of the baseline obtained prior to each stimulus, was used to compare 
the effects of painful vs. non-painful CM. For ease of presentation, data for the non-painful tumors (n = 3) were 
averaged together. The differences in AUC between non-painful CMs were not significant (Supplemental Fig. 2). 
ANOVA analysis with Dunnet multiple comparisons was used to compare the effects of CM groups (Graphpad 
Prism8). In addition, the percentage of cells responding to KCl, capsaicin, or cinnamaldehyde stimulation was 
analyzed. An individual cell’s response to stimuli was considered to be positive if the fura-2 ratio was greater than 
0.1 after baseline subtraction. Chi-squared analysis was performed to test significance between the percentage of 
cells responding to painful and non-painful CM. The authors will make materials, data and protocols available 
upon request.
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