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Pancreatic stellate cells contribute pancreatic cancer pain via 
activation of sHH signaling pathway
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ABSTRACT
Abdominal pain is a critical clinical symptom in pancreatic cancer (PC) that 

affects the quality of life for PC patients. However, the pathogenesis of PC pain 
is largely unknown. In this study, we show that PC pain is initiated by the sonic 
hedgehog (sHH) signaling pathway in pancreatic stellate cells (PSCs), which is 
activated by sHH secreted from PC cells, and then, neurotrophic factors derived from 
PSCs mediate the pain. The different culture systems were established in vitro, and 
the expression of sHH pathway molecules, neurotrophic factors, TRPV1, and pain 
factors were examined. Capsaicin-evoked TRPV1 currents in dorsal root ganglion 
(DRG) neurons were examined by the patch-clamp technique. Pain-related behavior 
was observed in an orthotopic tumor model. sHH and PSCs increased the expression 
and secretion of TRPV1, SP, and CGRP by inducing NGF and BDNF in a co-culture 
system, also increasing TRPV1 current. But, suppressing sHH pathway or NGF reduced 
the expression of TRPV1, SP, and CGRP. In vivo, PSCs and PC cells that expressed 
high levels of sHH could enhance pain behavior. Furthermore, the blockade of NGF or 
TRPV1 significantly attenuated the pain response to mechanical stimulation compared 
with the control. Our results demonstrate that sHH signaling pathway is involved in 
PC pain, and PSCs play an essential role in the process greatly by inducing NGF.

INTRODUCTION

Abdominal pain is an important clinical symptom 
of pancreatic cancer (PC) that is characterized by 
intermittent or persistent pain and contributes to a poor 
quality of life in PC patients [1, 2]. Some patients present 
with abdominal pain, particularly in the early stages of 
the disease, but most patients experience pain in advanced 
stages [3]. At present, the lack of comprehensive research 
addressing the pain mechanism has hampered therapies.

There is increasing evidence that PC pain is 
triggered by pancreatic neuropathy [4]. Recent studies 

show transient receptor potential vanilloid 1 (TRPV1), a 
nonselective cation channel with a preference for calcium, 
is involved in pancreatic pain [5–7]. Indirect evidence 
suggests neuropeptides, such as calcitonin gene-related 
peptide (CGRP) and substance P (SP), play a key role in 
pain generation and that the suppression of CGRP and 
SP could reduce pain [8, 9]. The activation of TRPV1 
in neurons induces the secretion of SP and CGRP and 
induces neuropathic pain in the neurons of the pancreas 
or dorsal root ganglia (DRG) [10, 11]. Moreover, in a 
study on pancreatitis, quantified pain by stimulating the 
abdomen with von Frey hairs, elevated expression of SP 
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and CGRP was observed in DRG [12]. Thus, TRPV1 and 
the pain-relative factors may share more interactions in the 
process of PC pain. 

The neurotrophic factors are known to have a 
role in the biological behavior of these cells [13]. The 
neurotrophic factor family consists of the glial cell  
line-derived neurotrophic factor (GDNF) family 
and four additional members: nerve growth factor 
(NGF), brain-derived neurotrophic factor (BDNF), 
neurotrophin 3 (NTF3), and NTF4 [14, 15]. Research 
about chronic pancreatitis suggested NGF and their 
receptors were involved in pain generation [16]. In 
addition, neurturin (NRTN), a member of the GDNF 
family, contributes to neuropathic pain and neuronal 
plasticity in PC [17].

The sonic hedgehog (sHH) signaling pathway, a 
major regulator of cell proliferation and differentiation 
[18], contributes to PC metastasis and the development of 
pancreatic fibrosis [19, 20]. The binding of sHH to Patched 
(PTCH) allows SMO (Smoothened) to activate downstream 
factors, such as Gli1 transcription factors (primarily Gli2), 
and regulate target gene expression [21, 22]. 

As reported previously, sHH regulates nociceptive 
sensitization and guides the spatial pathfinding of 
raphespinal tract axons [23, 24]. In addition, sHH signaling 
activates pancreatic stellate cells (PSCs) [25–27]. More 
recently, the focus of PC research has shifted to the effect 
of PSCs, which produce the pancreatic tumor stroma, 
on PC progression [28]. There is abundant evidence 
suggesting that PSCs affect PC development [29, 30]. 
However, few studies address the interactions between PC, 
neural components and PSCs in the generation of PC pain; 
we reasoned that the sHH pathway may provide insight on 
the pain generation mechanism. Therefore, in this study, 

we take the integrated analysis to demonstrate that PC 
pain originates from the sHH signaling pathway, which is 
activated in PSCs by sHH secreted from PC cells, and that 
the neurotrophic factors derived from PSCs mediate the 
pain mechanism by regulating the expression of TRPV1, 
SP, and CGRP.

RESULTS

Expression of TRPV1, SP, and CGRP in DRG 
neurons

To investigate the possible relationship between 
PC and pain in vitro, we extracted DRG from newborn 
rats [31, 32]. The neurons of DRG were identified by 
the immunofluorescent staining of S100, which is a 
characteristic protein for nerves (Figure 1A). Moreover, 
we detected TRPV1, SP, and CGRP expression in 
nerve fibers within DRG (Figure 1B, 1C, and 1D). The  
co-expression of TRPV1 and these pain factors in DRG 
provided the basis and feasibility for our subsequent PC 
pain research. 

PSCs increase the expression of TRPV1 and pain 
factors within rat DRG in a co-culture system

To determine whether PSCs mediate pancreatic pain 
in PC, we first designed four different culture systems for 
PC cells, PSCs, and DRG. To eliminate interference from 
intercellular interactions in these systems, these co-culture 
systems were not mixed directly, but an indirect co-culture via  
culture medium exchange was adopted. The culture models 
are shown in Supplementary Figure S1. In addition, PSCs 

Figure  1: Qualification  of DRG and  staining  of TRPV1,  SP,  and CGRP  in DRG neurons.  (A) Identification of DRG 
extracted from newborn rat by S100 staining. (B–D) Staining of TRPV1, SP, and CGRP in DRG neurons. (a, d, g, j) S100, TRPV1, SP, and  
CGRP-positive neurons (green) in DRG, respectively. (b, e, h, k) Nuclear staining with DAPI. (c, f, i, l) Merge of staining is shown.
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were extracted, separated, and cultured from cancer tissues 
of PC patients 7 days before the experiment. 

The mRNA results showed the expression levels 
of TRPV1, SP, and CGRP in DRG were much higher in 
the co-culture of PC cells and PSCs than in monocultures 
(PC cells or PSCs) or in the control group (Figure 2A) 
(p < 0.05). Additionally, there were no significant 
differences between the other three culture groups 
(control, PC cells, and PSCs). To supplement the mRNA 
analyses, Western blotting was used to quantify protein 
levels, and the results showed the protein expression was 
similar to mRNA expression (Figure 2B). As expected, 
no differences were observed among the control, PC, and 
PSC groups in terms of protein expression levels. 

Based on the hypothesis that pain generation 
is due to the secretion of pain factors, we analyzed the 
concentrations of SP and CGRP in the culture medium of 

DRG by ELISA. The results show the secretion of pain 
factors is much greater in the co-culture group (Figure 2C) 
(p < 0.05). Thus, the high expression and secretion of 
TRPV1 and pain factors from DRG induced by PSCs in 
the co-culture system indicates that PSCs play a key role 
in PC pain.

The sHH signaling pathway is involved in the 
regulation of TRPV1 and pain factors in the  
co-culture system

To confirm the function of the sHH signaling 
pathway in our co-culture system, we examined the effects 
of recombinant sHH and cyclopamine on the expression 
and secretion of TRPV1 and pain factors. The co-culture 
system composed of PC cells (AsPc-1), PSCs, and DRG is 
shown in Supplementary Figure S1D. The results showed 

Figure 2: Expression and secretion of TRPV1, SP, and CGRP in DRG. (A) The graph shows the mRNA expression of TRPV1, 
SP, and CGRP in DRG in different culture systems. The expression levels in co-culture of AsPc-1 cells with PSCs were higher than in other 
groups (p < 0.05) or in DRG cultured alone as a control. (B) The protein expression of TRPV1, SP, and CGRP in DRG in different culture 
systems determined by Western blotting. The protein results were similar to mRNA; DRG were cultured alone as a control. (C) Co-culture 
of AsPc-1 cells and PSCs increased the secretion of pain factors, SP, and CGRP by ELISA, compared with other groups (p < 0.05).
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the expression and secretion of pain factors was inhibited 
in the cyclopamine-pre group (added to the media of 
PSCs). However, cyclopamine added to DRG media did 
not produce similar results (p > 0.05). The expression 
and secretion of TRPV1, SP and CGRP were increased 
in sHH group compared with the control group (Figure 3) 
(p < 0.05). However, cyclopamine added to DRG media 
did not produce similar results (p > 0.05). This interesting 
finding suggests the sHH signaling pathway is functional 
in PC cells and PSCs but not in DRG. We also found that 

recombinant sHH-pre (added to the medium of PSCs) 
obviously increased the expression and secretion of these 
factors compared to control (p < 0.05). 

We also measured sHH expression in different PC 
cell lines (Supplementary Figure S2). Panc-1 (low sHH 
expression) and AsPc-1 cells (high sHH expression) were 
used for transfection (Supplementary Figure S3). The 
results show that the sHH signaling pathway played an 
important role in regulation TRPV1, SP, and CGRP and 
was activated by sHH from PC cells.

Figure 3: Effect of sHH and cyclopamine on expression and secretion of TRPV1, SP and CGRP in DRG in co-culture 
system. (A) The cyclopamine-pre group (cyclopamine was used to treat the co-culture of PC cells and PSCs before removing the medium 
(1 ml) and adding it to DRG) suppressed the mRNA expression of TRPV1, SP and CGRP compared with control and other groups 
(p < 0.05). However, the sHH-pre group (sHH was used to treat the co-culture of PC cells and PSCs before removing the medium (1 ml) 
and adding it to DRG) increased the mRNA expression compared to control or the cyclopamine-pre group (p < 0.05). In contrast, the 
cyclopamine group (cyclopamine was used to treat DRG directly) was not different compared to control. (B) The Western blotting results 
were similar to mRNA results. (C) Cyclopamine-pre decreased the secretion of SP and CGRP compared with control and sHH-pre; in 
contrast, sHH-pre enhanced the secretion compared to other groups (p < 0.05). No effect of cyclopamine on the secretion of SP and CGRP 
was observed (p > 0.05).



Oncotarget18150www.impactjournals.com/oncotarget

PC cells activate the sHH signaling pathway and 
increase the expression of NGF and BDNF in PSCs

To investigate whether sHH secretion from PC 
cells could activate the sHH signaling pathway in 
PSCs, we measured the expression of sHH pathway 
signaling molecules in PSCs in an indirect culture 
system (Supplementary Figure S1B) by Western blotting. 
Overexpressing sHH in Panc-1 cells induced the 

expression of the transcription factors Gli1 and Gli2 in 
PSCs compared with untransfected Panc-1 cells, and this 
induction was similar to that with positive control treated 
with recombinant sHH (Figure 4A). We also found knock 
down of sHH in AsPc-1 cells using siRNA inhibited the 
expression of these target molecules in PSCs (Figure 4A). 
Thus, these results showed the sHH signaling pathway in 
PSCs could be activated by sHH secretion from PC cells 
in an indirect co-culture system. 

Figure  4:  PC  cells  activate  the  sHH  signaling  pathway  and  increase  expression  of  NGF  and  BDNF  in  PSCs.  
(A) Panc-1-Sh-sHH cells and recombinant sHH up-regulated sHH signaling molecules (Gli1, Gli2 and SMO) and increased the expression 
of NGF and BDNF in PSCs compared with the Panc-1 cells group; furthermore, AsPc-1-Si-sHH and cyclopamine treatment reduced the 
expression of signal molecules (Gli1, Gli2 and SMO) and NGF and BDNF compared to the AsPc-1 cells group (p < 0.05). However, 
there was no difference in GDNF among the groups. (B) Panc-1-Sh-sHH cells and recombinant sHH increased the mRNA expression of 
neurotrophic factors; in contrast, AsPc-1-Si-sHH and cyclopamine reduced their expression (p < 0.05). However, the stimulation had no 
effect on GDNF for the two cell types. Panc-1-Sh-sHH: Panc-1 cells (low sHH expression) were stably transfected with sHH plasmids; 
AsPC-1-Si-sHH: AsPc-1 cells (high sHH expression) were transiently transfected with sHH siRNA.
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Considering that neurotrophic factors play important 
roles in pain and to confirm whether the activation of the 
sHH signaling pathway significantly contributes to the 
induction of neurotrophic factors in PSCs, we measured 
the expression of NGF, BDNF, and GDNF in PSCs using 
immunofluorescence (Supplementary Figure S4). We 
then demonstrated that NGF and BDNF were obviously 
increased in PSCs treated with media from PC cell lines 
that overexpress sHH, but this increased expression 
could be reversed by cyclopamine or siRNA against 
sHH (Figure 4A and 4B) (p < 0.05). We did not observe 
differential expression of GDNF in any group. Thus, the 
activation of the sHH signaling pathway induced the 
expression of NGF and BDNF in PSCs.

Anti-NGF treatment results in suppression of 
TRPV1, SP, and CGRP expression within DRG 
in our co-culture system

To determine whether the PSC-induced increased 
expression of TRPV1 and pain factors in DRG was 
mediated by neurotrophic factors, we quantified the 
expression of TRPV1, SP, and CGRP within DRG treated 
with neutralizing antibodies to NGF or BDNF in our 
co-culture system of AsPc-1 and PSCs (Supplementary 
Figure S1D). The antibody to NGF suppressed TRPV1, 
SP, and CGRP expression compared to control, and the 
expression levels were increased by recombinant NGF and 
BDNF added into the system (Figure 5A and 5B). However, 
the antibody to BDNF didn’t decrease the expression of 
TRPV1, SP, and CGRP. To confirm the effect of NGF and 
anti-NGF on the secretion of SP and CGRP, an additional 
ELISA experiment was conducted. A similar result with 
PCR and western blotting was observed (Figure 5C). 
Recombinant BDNF also induced secretion, but anti-BDNF 
had no effect on the secretion of pain factors.

sHH signaling pathway activation of PSCs 
results in potentiation of TRPV1 current in DRG 
in co-culture system

To determine whether PSCs and the sHH signaling 
pathway affect TRPV1 current, we chose AsPc-1 cells 
for our electrophysiology studies in a co-culture system 
(Supplementary Figure S1D). 

TRPV1 currents were potentiated by the perfusion of 
recombinant sHH, NGF, or their combination (Figure 6B, 
6D and 6F); the application of capsaicin (cap, 1 mM) as a 
control elicited a depolarizing in ward current (Figure 6A) 
(p < 0.05). Unfortunately, the cyclopamine-pre group 
didn’t have any obvious difference compared with 
control (Figure 6C). Anti-NGF treatment was associated 
with a significant reduction of DRG current (Figure 6E) 
(p < 0.05). In addition, decreased current was observed in 
the both the cyclopamine and anti-NGF perfusion groups 
compared with the control group (Figure 6G).

Antagonism of TRPV1 diminishes SP and CGRP 
expression and secretion in DRG in the  
co-culture system

To determine whether TRPV1 contributed to 
the expression and secretion of SP and CGRP in our 
experiment, AsPc-1 cells were chosen for the co-culture 
system (Supplementary Figure S1D). We quantified  
the expression levels of SP and CGRP in DRG and in 
the medium by Western blotting and ELISA. The results 
showed capsazepine, an inhibitor of TRPV1, alone 
or combined with cyclopamine-pre and/or anti-NGF 
obviously diminished the expression and secretion of SP 
and CGRP compared with the control (Supplementary 
Figure S5) (p < 0.05). Of note, the inhibitory effect of 
the combined groups was stronger than the effect from 
treatment with capsazepine alone. Additionally, the 
greatest inhibitory action was observed in the group with 
the three inhibitors combined. However, there was no 
difference among the cyclopamine-pre, anti-NGF, and 
capsazepine groups. 

sHH signaling pathway activation of PSCs 
results in sensitization to pain; anti-NGF could 
reduce the pain-related behavior in a nude 
mouse model

From our in vitro studies, we concluded that PSCs 
and activation of the sHH signaling pathway played a key 
role in the regulation of TRPV1 and pain factors (SP and 
CGRP). Additionally, we found neurotrophic factors were 
involved in the mechanism. To determine whether PSCs 
mediate pancreatic pain behavior in a mouse model, we 
designed an in situ tumor model in nude mice (Figure 7A). 
Panc-1 cells or a mixture of Panc-1 cells and PSCs were 
injected into the pancreases of nude mice. After 4 weeks, 
we measured the sensitivity of the abdomen to mechanical 
stimulation by the von Frey filament probing method in 
three different in situ tumor models (Figure 7B). The 
frequency of response to mechanical stimulation for mice 
injected with mixed Panc-1 cells and PSCs was greater 
than that for mice injected with PC cells alone (Figure 7B) 
(n = 8) (p < 0.05). The group of Panc-1-Sh-sHH combined 
with PSCs produced the strongest sensitivity of the three 
groups (Figure 7B) (n = 8) (p < 0.05). Subsequently, we 
quantified the secretion of SP and CGRP in the sera of each 
group of mice 2 hours after the mechanical stimulation. 
The results showed the concentrations of these pain factors 
gradually increased in the following order: Panc-1 cells 
group < PC cells and PSCs group < Panc-1-Sh-sHH cells 
and PSCs group (Figure 7C and 7D) (n = 8) (p < 0.05). 
Thus, PSCs and activation of the sHH signaling pathway 
are important for pancreatic pain.

In addition, to investigate the effect of NGF and 
TRPV1 on the tumor model, the mixture of AsPc-1 cells 
and PSCs was co-injected into the pancreases of mice. 
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Results show that combining both inhibitors significantly 
suppressed the pain-related behavior more than using 
either inhibitor alone (Supplementary Figure S6).

DISCUSSION

Abdominal pain is a common symptom in patients 
with PC. Traditional pain medications, including analgesics 
and opiates, and operations such as celiac plexus blocks 
[33] are only partially effective in controlling PC pain. 

There are many reasons for pain generation, e.g., the 
damage of the neuronal sheath, inflammatory factors, and 
cell signaling pathways between PC cells and nerves [34]. 

However, the specific and exact mechanism contributing 
to pain generation in PC is unclear. Here, we attempt to 
provide some understanding by studying the relationship 
of PSCs, the sHH signaling pathway and neurotrophic 
factors.

PSCs are a part of the pancreatic stroma. There 
is now compelling evidence that PSCs interact with PC 
cells, immune cells, and neuronal cells to promote cancer 
progression. The influence of PSCs on novel therapeutic 
approaches is becoming a hot target for researchers [35, 36].  
In this article, we first described the role of PSCs in the 
co-culture system. The results showed that the expression 
levels of TRPV1, SP, and CGRP in DRG were much 

Figure 5: Effect of anti-NGF and anti-BDNF on expression of TRPV1, SP, and CGRP in DRG in co-culture system. 
(A, B) Recombinant NGF or BDNF increased the mRNA and protein expression of TRPV1, SP and CGRP compared with control, and  
anti-NGF neutralizing antibody suppressed TRPV1, SP and CGRP expression compared to control. However, anti-GDNF had no effect 
on the expression of TRPV1, SP, and CGRP. (C) Recombinant NGF enhanced the secretion of SP and CGRP, and anti-NGF reduced the 
secretion (p < 0.05).
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Figure  6:  The  sHH  signaling  pathway  and  NGF  potentiated  TRPV1  currents  in  DRG  in  co-culture  system.  
(A) Representative TRPV1 current evoked by capsaicin (1 μM) application to DRG neurons as a control. (B) TRPV1 current was potentiated 
by sHH-pre (used to treat the co-culture of PC cells and PSCs) in DRG neurons. DRG neurons were treated with the co-culture medium 
(1 ml) of PC cells and PSCs that was pretreated with sHH for 12 h before a 2 min application of capsaicin (1 μM) (n = 12 cells, p < 0.05). 
(C) Cyclopamine-pre treatment attenuated TRPV1 currents in DRG neurons treated with co-culture medium before the application of 
capsaicin (1 μM) (n = 17 cells, p < 0.05). (D) NGF enhanced TRPV1 currents in DRG neurons treated with NGF before a 2 min application 
of capsaicin (1 μM) (n = 15 cells, p < 0.05). (E) Anti-NGF treatment attenuated TRPV1 currents (n = 20 cells, p < 0.05). (F) Treatment 
with combined sHH-pre and NGF obviously increased TRPV1 currents (n = 11 cells, p < 0.05). (G) Treatments of cyclopamine-pre and 
anti-NGF significantly inhibited the currents (n = 22 cells, p < 0.05). (H) The bar graph shows the mean peak current above shown in DRG 
neurons compared with the control group. 
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higher in the co-culture system. Furthermore, the secretion 
of SP and CGRP was increased. Thus, the results implied 
PSCs are necessary in the co-culture system and may play 
an important role in PC pain generation.

In addition, it needs to be emphasized that the 
DRG was regarded as a whole; we did not differentiate 
constituents, such as nerve cells, gliocytes or schwann cells, 
except when we used nerve cells in the electrophysiological 
recordings. Furthermore, to clarify the source of sHH and 
the activation of the signaling pathway, the indirect co-
culture of PC cells and PSCs was used. All the co-culture 
systems in this study involving co-culture of PC cells, 
PSCs and DRG are the first of their kind to be used in PC 
pain research, suggesting that these systems are imperfect 
and could be improved in further study. However, the 
advantage of our system is that it focuses on the function of 
PSCs and DRG while removing interference and obstacles 
caused by other cells in the microenvironment.

It has been shown that sHH plays a functionally 
important role in the development of PC [37]. In this 
study, we investigated the contribution of sHH to PC 
pain by detecting the expression levels of TRPV1, SP, 
and CGRP in DRG after treatments with recombinant 
sHH and cyclopamine in the co-culture system. Thus, 
we showed that the sHH signaling pathway was involved 
in the regulation of PC pain in vitro and that the sHH 
signaling pathway was activated in PSCs. However, when 

cyclopamine was added into the medium of DRG, the 
results were not statistically significant compared with  
the control group, suggesting that, at least in this system, 
the sHH signaling pathway was not activated in DRG.

The transfections results showed the expression of 
TRPV1, pain factors and the transcription factors Gli1 
and Gli2 in PSCs were affected by sHH secreted from 
PC cells. These showed that the sHH signaling pathway 
was important for PSCs to elicit PC pain in the co-culture 
system. Some research has shown NGF can modulate  
the expression and function of TRPV1 [6]. We observed 
the expression of the neurotrophic factors NGF, BDNF, and  
GDNF was induced by the sHH pathway in PSCs. These 
results suggested that PC cells activated the sHH signaling 
pathway and increased the expression of NGF and BDNF 
in PSCs but had in significant effects on GDNF expression, 
suggesting that, at least at the level released from PC cells, 
sHH only affects NGF and BDNF expression.

To determine whether the PSC-induced expression 
of TRPV1 and pain factors are mediated by neurotrophic 
factors, the expression of TRPV1, SP, and CGRP within 
DRG was detected after treatment with neutralizing 
antibodies against NGF or BDNF in the co-culture system. 
We found decreased expression of TRPV1, SP, and CGRP 
in the anti-NGF group. Their expression increased after 
stimulation with recombinant NGF. In further experiments, 
anti-BDNF did not produce a similar result as anti-NGF 

Figure 7: PSCs aggravated pain behaviors and induced secretion of SP and CGRP in mice. (A) Panc-1 cells or mixed  
Panc-1 cells and PSCs were co-injected into the pancreases of nude mice (a). After 4 weeks, tumors were apparent (b). (B) The graphs 
show the average number of responses to mechanical stimulation 4 weeks after inoculation. The response rate was greater in the  
co-injection of Panc-1 cells and PSCs compared with control (p < 0.05). In contrast, the co-injection of Panc-1-Sh-sHH cells and PSCs had 
the strongest effect on pain behaviors. (C, D) The secretion of SP and CGRP into serum gradually increased in the following order: PC cells 
group < mixed PC cells and PSCs group < mixed Panc-1-Sh-sHH and PSCs group.
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treatment; however, recombinant BDNF enhanced the 
expression of TRPV1, SP, and CGRP. In agreement with 
the results of the above study, NGF is more significantly 
involved than BDNF in the mechanism of PSCs 
aggravating PC pain in our co-culture system. These data 
are in agreement with other studies [6, 17]. Further study 
was dedicated to NGF due to its apparently greater relative 
importance to the PC pain mechanism. 

NGF is known to activate and promote the growth 
of sensory neurons. NGF binding with its receptor can 
alter the responsiveness of ion channels including TRPV1 
[38, 39]. In this study, we focused on TRPV1, a key 
molecule for nociceptor responsiveness and excitability 
leading to the depolarization of the membrane and 
generate an action potential. We showed an obvious 
increase in the expression levels of TRPV1 in DRG, and 
we found that the sHH pathway and PSCs could sensitize 
sensory neurons through the activation of TRPV1 in our 
co-culture system. Furthermore, we found that anti-NGF 
could inhibit the TRPV1 current, whereas cyclopamine did 
not inhibit the current. Thus, our results showed the sHH 
pathway and PSCs were involved in the mechanism of PC 
pain in our co-culture system; moreover, the PSCs made 
a greater contribution by expressing NGF. These findings 
supplement data on the function of the sHH pathway and 
PSCs in previous research [6, 24, 28]. TRPV1 is only one 
of the many targets for pain receptors. 

We have previously shown the role of PSCs and the 
sHH pathway in our in vitro co-culture system. Although 
some studies have found that TRPV1 is essential for 
pain in pancreatic disease [7, 40], we investigated the 
contribution of TRPV1 to the expression and secretion of 
SP and CGRP. Subsequently, we found that the inhibitory 
activity of capsazepine was potentiated in combination 
with cyclopamine and/or anti-NGF. Thus, together, our 
results suggest TRPV1 plays a strategic role in the PC pain 
mechanism. The combined application of these inhibitors 
further demonstrated the increasing TRPV1 activity. All 
the above data are cytological studies concerning PC pain, 
providing new theoretical evidence and research methods 
for studying the mechanism of PC pain.

In this study, we describe a pivotal role of the SHH 
pathway and PSCs in the pathogenesis of pain in PC only in 
an in vitro co-culture system. Then orthotopic tumor models 
were examined to confirm the experimental hypothesis. 
First, we co-injected the PC cells and/or PSCs into the 
pancreases of nude mice. Von Frey filament testing showed 
a significant increase of pain behavior in mice with the 
PSCs, and there was more secretion of SP and CGRP than 
in the control group. In contrast, there was an enhanced 
effect in sHH overexpressing cells on the pain behavior and 
secretion of pain factors. These results demonstrated sHH 
and PSCs were involved in the pain generation in animals, 
consistent with our previous studies in vitro. It is worth 
noting that the method of co-injection into the pancreas is 
the first of its kind in pain research and thus may have some 

unavoidable imperfections; however, we have demonstrated 
the feasibility in our preliminary experiment. 

In addition, we investigated the effect of NGF and 
TRPV1 on the tumor model. Results suggested that the 
pain-related behaviors were suppressed after treatment with  
anti-NGF or capsazepine compared with co-injected untreated 
cells. Thus, our studies, both in vivo and in vitro, showed that 
NGF decreased the pain behaviors via effects on TRPV1. 
However, the mechanism of neuropathic pain is complex  
[2, 41], and other elements may be involved in the process. 
Thus, the results only illuminate a path for further study.

In conclusion, we have shown that PSCs play an 
essential role in the pain mechanism in PC. sHH secreted 
from PC cells activates the sHH signaling pathway in 
PSCs and enables the complex pain process via NGF and 
BDNF up-regulation or sensitization to TRPV1 and pain 
factors in sensory nerves. Our results should be regarded 
as one of the major potential mechanisms contributing to 
neuropathic pain in PC, and they represent a critical step 
forward for PC pain research.

MATERIALS AND METHODS

Cell culture and reagents

The human PC cell lines AsPc-1 and Panc-1 were 
obtained from the American Type Culture Collection 
(Manassas, VA) and cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS) and 1% antibiotic/
antimycotic in a humidified 5% CO2 atmosphere at 37ºC. 
Antibodies against SHH, SMO, PTCH, Gli1, Gli2, NGF, 
BDNF, GDNF, TRPV1, SP and CGRP were purchased 
from Abcam, USA. Recombinant sonic hedgehog, NGF and 
BDNF were obtained from R & D Systems (Minneapolis, 
MN). Capsaicin was purchased from Sigma, USA.

Real-time PCR and western blotting analysis

Total RNA was extracted using TRIzol (Invitrogen, 
CA, USA), and cDNA was synthesized using a Prime 
Script RT reagent Kit (TaKaRa, Dalian, China). The 
primers used for SYBR Green RT-qPCR are shown  
in Supplementary Table S1. The details are shown in 
Supplementary Methods.

Plasmid construction and transfections

Cells seeded into small dishes were transfected 
with 100 nM siRNA using Lipofectamine RNAi MAX 
Reagent (Invitrogen, CA, USA) according to the 
manufacturer’s instructions. The cells were used for 
further experiments 24 h after transfection. In addition, 
plasmids for the overexpression of sHH were constructed 
according to manufacturer’s instructions to study the 
activities of the sHH pathway in PSCs (Roche, Penzberg, 
Germany).
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Co-culture system

In our study, different culture systems were designed 
to clarify the relationship among sHH, PSCs and pain 
factors. PC cells, PSCs and DRG were cultured together 
directly and indirectly. The culture medium was used to 
convey soluble factors. A model of the co-culture system 
is shown in Supplementary Figure S1.

ELISA

To quantify the relative levels of neurotrophic and 
pain factors in culture media and serum, an enzyme-linked 
immunosorbent assay (ELISA) kit (R & D, Minneapolis, 
MN, USA) was used according to the manufacturer’s 
instructions.

Immunofluorescence

TRPV1, SP, and CGRP were localized to DRG, 
and NGF, BDNF, and GDNF were localized in PSCs 
by immunofluorescence. The details were shown in 
Supplementary Methods.

Isolation and culture of mouse DRG and PSCs

The DRG were isolated from the newborn rat [42], 
stored on ice in DMEM:F12 (1:1) containing 20% FBS, 
and then seeded into 24-well plates. The co-culture of 
PC cells, PSCs and DRG was performed according to 
the study design. PSCs were prepared by the outgrowth 
method [43]. Fresh pancreatic tissue was minced and 
seeded in six-well plates on ice in DMEM:F12 (1:1). After 
culturing 4–5 days, cells grew out from the tissue clumps. 
The medium was changed every 3 days. All cells were 
maintained at 37°C in a humidified atmosphere of 5% CO2.

Orthotopic transplantation tumor model in nude 
mice

Prepared PC cells and PSCs were injected or  
co-injected into the pancreases of nude mice exposed by 
midline laparotomy (4–6 sites; 20 µl total volume) (shown 
in Figure 7A). The groups included PC cells alone and 
a1:1 mixture of PC cells and PSCs (20 µl of cells at a total 
concentration of 1 × 106/μl). After 4 weeks, the carcinoma 
model was highly successful (85%), and drug treatment 
and pain behavior could be tested.

Von frey filament testing

Von Frey filament testing was performed as 
described previously [44]. After shaving the abdomens 
of nude mice, different intensities were used to stimulate 
the abdomen 20 times. Each stimulation lasted 2 seconds 

with an approximately 30-second interval between 
stimulations. The positive response consisted of lifting 
the belly and/or scratching or licking the abdomen. The 
number of responses was summed over all 20 stimu-
lations [6].

Electrophysiological recordings

Recordings of TRPV1 currents were obtained in 
DRG neurons using whole-cell patch-clamp techniques. 
The details were shown in Supplementary Methods. 

Drug treatments

In vitro, recombinant sHH was applied to PSCs 
or co-cultured PC cells and PSCs (labeled as sHH-pre) 
at 5 mg/ml for 12 h. As a control, cyclopamine, a sHH 
pathway inhibitor, was diluted to 18 µg/ml in PSC media 
(labeled as cyclopamine-pre) or DRG media(labeled 
as cyclopamine) and incubated with cells for 12 h. In 
addition, to detect the effect of neurotrophic factors, 
60 ng/ml NGF or 50 ng/ml BDNF were added into the 
medium of DRG. As controls, 0.5 µg/ml polyclonal NGF 
antibody or 20 μg/ml BDNF antibody were used to block 
their effects in DRG media. Moreover, capsaicin (1 µM) 
was used to evoke TRPV1 currents in DRG. Furthermore, 
20 µg/kg NGF antibody or 3 mg/kg capsazepine (TRPV1 
inhibitor) were administered to animals by intraperitoneal 
administration.

Statistics

The analyses of results were performed using the 
SPSS statistical software package (version 13.0). The 
significance of the data was determined using Student’s 
t test or one-way analysis of variance (ANOVA) for 
in vitro and in vivo results. The of significance level 
was set at p < 0.05. Patch clamp data were analyzed by 
pClamp 9 (Axon Instrument, Foster city, CA). All results 
were expressed as the means ± SD. All the experiments 
have been repeated 3 times, n = 8 per group.

Abbreviations

PC: pancreatic cancer; PSCs: pancreatic stellate cells; 
DRG: dorsal root ganglion; TRPV1: transient receptor 
potential vanilloid 1; CGRP: calcitonin gene-related 
peptide; SP: substance P; GDNF: glial cell line-derived 
neurotrophic factor; NGF: nerve growth factor; BDNF: 
brain-derived neurotrophic factor; NT3: neurotrophin 3; 
NRTN: neurturin; sHH: sonic hedgehog; PTCH: Patched; 
ELISA: enzyme-linked immunosorbent assay;



Oncotarget18157www.impactjournals.com/oncotarget

GRANT SUPPORT

This study was supported by National Natural 
Science Foundation of China (81502074).

CONFLICTS OF INTEREST

The authors declare that there is no conflicts of 
interest related to this work.

REFERENCES

 1. Masuda T, Kuramoto M, Shimada S, Ikeshima S, Yamamoto K,  
Nakamura K, Baba H. Splanchnicectomy for pancreatic 
cancer pain. Biomed Res Int. 2014; 2014:941726.

 2. Bapat AA, Hostetter G, Von Hoff DD, Han H. Perineural 
invasion and associated pain in pancreatic cancer. Nat Rev 
Cancer. 2011; 11:695–707.

 3. Ceyhan GO, Bergmann F, Kadihasanoglu M, Altintas B, 
Demir IE, Hinz U, Muller MW, Giese T, Buchler MW, 
Giese NA, Friess H. Pancreatic neuropathy and neuropathic 
pain—a comprehensive pathomorphological study of 546 
cases. Gastroenterology. 2009; 136:177–186 e171.

 4. Anaparthy R, Pasricha PJ. Pain and chronic pancreatitis: 
is it the plumbing or the wiring? Curr Gastroenterol Rep. 
2008; 10:101–106.

 5. Akiba Y, Kato S, Katsube K, Nakamura M, Takeuchi K,  
Ishii H, Hibi T. Transient receptor potential vanilloid 
subfamily 1 expressed in pancreatic islet beta cells 
modulates insulin secretion in rats. Biochem Biophys Res 
Commun. 2004; 321:219–225.

 6. Zhu Y, Colak T, Shenoy M, Liu L, Pai R, Li C, Mehta K,  
Pasricha PJ. Nerve growth factor modulates TRPV1 
expression and function and mediates pain in chronic 
pancreatitis. Gastroenterology. 2011; 141:370–377.

 7. Schwartz ES, Christianson JA, Chen X, La JH, Davis BM,  
Albers KM, Gebhart GF. Synergistic role of TRPV1 
and TRPA1 in pancreatic pain and inflammation. 
Gastroenterology. 2011; 140:1283–1291 e1281–1282.

 8. Shukla M, Quirion R, Ma W. Reduced expression of pain 
mediators and pain sensitivity in amyloid precursor protein 
over-expressing CRND8 transgenic mice. Neuroscience. 
2013; 250:92–101.

 9. Ahmed AS, Li J, Erlandsson-Harris H, Stark A, Bakalkin G,  
Ahmed M. Suppression of pain and joint destruction 
by inhibition of the proteasome system in experimental 
osteoarthritis. Pain. 2012; 153:18–26.

10. Grady EF, Yoshimi SK, Maa J, Valeroso D, Vartanian RK, 
Rahim S, Kim EH, Gerard C, Gerard N, Bunnett NW, 
Kirkwood KS. Substance P mediates inflammatory oedema in 
acute pancreatitis via activation of the neurokinin-1 receptor 
in rats and mice. Br J Pharmacol. 2000; 130:505–512.

11. Warzecha Z, Dembinski A, Ceranowicz P, Stachura J, 
Tomaszewska R, Konturek SJ. Effect of sensory nerves and 

CGRP on the development of caerulein-induced pancreatitis 
and pancreatic recovery. J Physiol Pharmacol. 2001; 
52:679–704.

12. Winston JH, Toma H, Shenoy M, He ZJ, Zou L, Xiao SY,  
Micci MA, Pasricha PJ. Acute pancreatitis results in 
referred mechanical hypersensitivity and neuropeptide 
up-regulation that can be suppressed by the protein kinase 
inhibitor k252a. J Pain. 2003; 4:329–337.

13. Schneider MB, Standop J, Ulrich A, Wittel U, Friess H, 
Andren-Sandberg A, Pour PM. Expression of nerve growth 
factors in pancreatic neural tissue and pancreatic cancer. J 
Histochem Cytochem. 2001; 49:1205–1210.

14. Gil Z, Cavel O, Kelly K, Brader P, Rein A, Gao SP,  
Carlson DL, Shah JP, Fong Y, Wong RJ. Paracrine 
regulation of pancreatic cancer cell invasion by peripheral 
nerves. J Natl Cancer Inst. 2010; 102:107–118.

15. Ceyhan GO, Demir IE, Altintas B, Rauch U, Thiel G, 
Muller MW, Giese NA, Friess H, Schafer KH. Neural 
invasion in pancreatic cancer: a mutual tropism between 
neurons and cancer cells. Biochem Biophys Res Commun. 
2008; 374:442–447.

16. Ketterer K, Rao S, Friess H, Weiss J, Buchler MW, Korc M.  
Reverse transcription-PCR analysis of laser-captured 
cells points to potential paracrine and autocrine actions of 
neurotrophins in pancreatic cancer. Clin Cancer Res. 2003; 
9:5127–5136.

17. Wang K, Demir IE, D’Haese JG, Tieftrunk E, Kujundzic K,  
Schorn S, Xing B, Kehl T, Friess H, Ceyhan GO. The 
neurotrophic factor neurturin contributes toward an 
aggressive cancer cell phenotype, neuropathic pain and 
neuronal plasticity in pancreatic cancer. Carcinogenesis. 
2014; 35:103–113.

18. Parkin CA, Ingham PW. The adventures of Sonic Hedgehog 
in development and repair. I. Hedgehog signaling in 
gastrointestinal development and disease. Am J Physiol 
Gastrointest Liver Physiol. 2008; 294:G363–367.

19. Gu D, Liu H, Su GH, Zhang X, Chin-Sinex H, Hanenberg H,  
Mendonca MS, Shannon HE, Chiorean EG, Xie J. 
Combining hedgehog signaling inhibition with focal 
irradiation on reduction of pancreatic cancer metastasis. 
Mol Cancer Ther. 2013; 12:1038–1048.

20. Jung IH, Jung DE, Park YN, Song SY, Park SW. Aberrant 
Hedgehog ligands induce progressive pancreatic fibrosis by 
paracrine activation of myofibroblasts and ductular cells in 
transgenic zebrafish. PloS one. 2011; 6:e27941.

21. Choudhry Z, Rikani AA, Choudhry AM, Tariq S, Zakaria F, 
Asghar MW, Sarfraz MK, Haider K, Shafiq AA, Mobassarah NJ.  
Sonic hedgehog signalling pathway: a complex network. Ann 
Neurosci. 2014; 21:28–31.

22. Kelleher FC. Hedgehog signaling and therapeutics in 
pancreatic cancer. Carcinogenesis. 2011; 32:445–451.

23. Song L, Liu Y, Yu Y, Duan X, Qi S. Shh signaling 
guides spatial pathfinding of raphespinal tract axons by 
multidirectional repulsion. Cell Res. 2012; 22:697–716.



Oncotarget18158www.impactjournals.com/oncotarget

24. Babcock DT, Shi S, Jo J, Shaw M, Gutstein HB, Galko MJ. 
Hedgehog signaling regulates nociceptive sensitization. 
Curr Biol. 2011; 21:1525–1533.

25. Hwang RF, Moore TT, Hattersley MM, Scarpitti M, 
Yang B, Devereaux E, Ramachandran V, Arumugam T, 
Ji B, Logsdon CD, Brown JL, Godin R. Inhibition of the 
hedgehog pathway targets the tumor-associated stroma in 
pancreatic cancer. Mol Cancer Res. 2012; 10:1147–1157.

26. Bailey JM, Swanson BJ, Hamada T, Eggers JP, Singh PK,  
Caffery T, Ouellette MM, Hollingsworth MA. Sonic 
hedgehog promotes desmoplasia in pancreatic cancer. Clin 
Cancer Res. 2008; 14:5995–6004.

27. Olive KP, Jacobetz MA, Davidson CJ, Gopinathan A, 
McIntyre D, Honess D, Madhu B, Goldgraben MA, 
Caldwell ME, Allard D, Frese KK, Denicola G, Feig C, 
et al. Inhibition of Hedgehog signaling enhances delivery 
of chemotherapy in a mouse model of pancreatic cancer. 
Science. 2009; 324:1457–1461.

28. Apte MV, Wilson JS, Lugea A, Pandol SJ. A starring role 
for stellate cells in the pancreatic cancer microenvironment. 
Gastroenterology. 2013; 144:1210–1219.

29. Apte MV, Park S, Phillips PA, Santucci N, Goldstein D, 
Kumar RK, Ramm GA, Buchler M, Friess H, McCarroll JA,  
Keogh G, Merrett N, Pirola R, et al. Desmoplastic reaction 
in pancreatic cancer: role of pancreatic stellate cells. 
Pancreas. 2004; 29:179–187.

30. Apte MV, Wilson JS. Dangerous liaisons: pancreatic 
stellate cells and pancreatic cancer cells. J Gastroenterol 
Hepatol. 2012; 27:69–74.

31. Kim MS, Shutov LP, Gnanasekaran A, Lin Z, Rysted JE, 
Ulrich JD, Usachev YM. Nerve growth factor (NGF) 
regulates activity of nuclear factor of activated T-cells 
(NFAT) in neurons via the phosphatidylinositol 3-kinase 
(PI3K)-Akt-glycogen synthase kinase 3beta (GSK3beta) 
pathway. J Biol Chem. 2014; 289:31349–31360.

32. Modol L, Santos D, Cobianchi S, Gonzalez-Perez F, Lopez-
Alvarez V, Navarro X. NKCC1 Activation Is Required for 
Myelinated Sensory Neurons Regeneration through JNK-
Dependent Pathway. J Neurosci. 2015; 35:7414–7427.

33. Demir IE, Ceyhan GO, Rauch U, Altintas B, Klotz M, 
Muller MW, Buchler MW, Friess H, Schafer KH. The 
microenvironment in chronic pancreatitis and pancreatic 
cancer induces neuronal plasticity. Neurogastroenterol Motil. 
2010; 22:480–490, e112–483.

34. di Mola FF, di Sebastiano P. Pain and pain generation in 
pancreatic cancer. Langenbecks Arch Surg. 2008; 393:919–922.

35. Duner S, Lopatko Lindman J, Ansari D, Gundewar C, 
Andersson R. Pancreatic cancer: the role of pancreatic 
stellate cells in tumor progression. Pancreatology. 2010; 
10:673–681.

36. Wilson JS, Pirola RC, Apte MV. Stars and stripes in 
pancreatic cancer: role of stellate cells and stroma in cancer 
progression. Front Physiol. 2014; 5:52.

37. Kar S, Deb M, Sengupta D, Shilpi A, Bhutia SK, Patra SK. 
Intricacies of hedgehog signaling pathways: a perspective 
in tumorigenesis. Exp Cell Res. 2012; 318:1959–1972.

38. Lewin GR, Nykjaer A. Pro-neurotrophins, sortilin, and 
nociception. Eur J Neurosci. 2014; 39:363–374.

39. Khodorova A, Nicol GD, Strichartz G. The p75(NTR) 
signaling cascade mediates mechanical hyperalgesia 
induced by nerve growth factor injected into the rat hind 
paw. Neuroscience. 2013; 254:312–323.

40. Schwartz ES, La JH, Scheff NN, Davis BM, Albers KM, 
Gebhart GF. TRPV1 and TRPA1 antagonists prevent the 
transition of acute to chronic inflammation and pain in 
chronic pancreatitis. J Neurosci. 2013; 33:5603–5611.

41. Erdek MA, King LM, Ellsworth SG. Pain management 
and palliative care in pancreatic cancer. Curr Probl Cancer. 
2013; 37:266–272.

42. Guo K, Ma Q, Li J, Wang Z, Shan T, Li W, Xu Q, Xie K. 
Interaction of the sympathetic nerve with pancreatic cancer 
cells promotes perineural invasion through the activation of 
STAT3 signaling. Mol Cancer Ther. 2013; 12:264–273.

43. Bachem MG, Schunemann M, Ramadani M, Siech M, 
Beger H, Buck A, Zhou S, Schmid-Kotsas A, Adler G. 
Pancreatic carcinoma cells induce fibrosis by stimulating 
proliferation and matrix synthesis of stellate cells. 
Gastroenterology. 2005; 128:907–921.

44. Winston JH, He ZJ, Shenoy M, Xiao SY, Pasricha PJ. 
Molecular and behavioral changes in nociception in a novel 
rat model of chronic pancreatitis for the study of pain. Pain. 
2005; 117:214–222.


