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ABBREVIATIONS 

CIBP: cancer-induced bone pain 

CIPN: chemotherapy-induced peripheral neuropathy 

ERK: extracellular signal-regulated kinase 

Hsp90: Heat shock protein 90 

JNK: c-Jun N-terminal kinase 

MOR: mu-opioid receptor 

 

ABSTRACT 

Heat shock protein 90 (Hsp90) is a ubiquitous signal transduction regulator, and Hsp90 

inhibitors are currently in clinical development for use as cancer therapeutics. However, 

there have been no studies on the impact of Hsp90 inhibitors on pain or analgesia, a 

serious concern for cancer patients. We previously found that Hsp90 inhibitors block 

opioid-induced anti-nociception in the brain in paw incision and HIV neuropathic pain 

models through an ERK mechanism. This study investigated the effects of Hsp90 

inhibitors on opioid anti-nociception in cancer-induced bone pain (CIBP) and 

chemotherapy-induced peripheral neuropathy (CIPN). Mice were treated with Hsp90 

inhibitors (17-AAG, KU-32) by the intracerebroventricular, intrathecal, or intraperitoneal 

routes, and pain behaviors were evaluated following analgesic drug treatment. Hsp90 

inhibition in the brain or systemically completely blocked morphine and oxymorphone anti-

nociception in CIPN; this effect was partly mediated by decreased ERK and JNK activity 

and was not altered by chronic treatment. Additionally, Hsp90 inhibition had no effect on 

gabapentin-induced anti-nociception. Furthermore, we found the alpha isoform of Hsp90 

to be responsible for these effects in the brain. These results demonstrate that Hsp90 

inhibitors can block opioid anti-nociception in cancer-related pain, suggesting that Hsp90 

inhibitors for cancer therapy could negatively impact opioid treatment efficacy. 

 

INTRODUCTION 

Cancer-related pain is a highly prevalent symptom experienced by cancer patients. 

Cancer-induced bone pain (CIBP), one of the most common and difficult to treat types of 

cancer pain, is exhibited by roughly 33% of cancer patients who develop bone 



metastases.1 Likewise, chemotherapy-induced peripheral neuropathy (CIPN) presents in 

68% of patients undergoing chemotherapy treatments.2 Due to the lack of effective 

prevention strategies for these types of pain, suffering patients are often left with no 

choice but pain management, an approach that comes with its own set of limitations and 

shortcomings. As a first approach, patients are typically treated with non-opioids like 

tricyclic antidepressants or gabapentinoids, but this is often only effective for mild pain; 

consequently, patients with moderate to severe pain are regularly prescribed opioids.3 

 

Heat shock protein 90 (Hsp90) is a ubiquitous signaling regulator currently undergoing 

assessment for its potential role in cancer therapeutics. Hsp90 makes up 2-3% of cellular 

protein content under normal conditions and 4-5% under heat stress conditions. Hsp90 

is a homodimer that has ATP-dependent open and closed conformations.4 There are four 

different isoforms of Hsp90: 1) Hsp90α which is cytoplasmic and inducible, 2) Hsp90β 

which is cytoplasmic and constitutive, 3) Grp94 which is found in the endoplasmic 

reticulum, and 4) TRAP1 which is mitochondrial.5 Hsp90 has several roles as a molecular 

chaperone, but often acts by facilitating protein folding, preventing misfolding, and 

correcting appropriate structure after cellular stress, all of which encourages proper 

conformation for activity of its targets.4 Several of the proteins it assists in folding are 

oncoproteins and as a result the development of Hsp90 inhibitors to prevent tumor growth 

has become a prominent anticancer strategy.6 

 

In addition to Hsp90’s role in tumor growth, Hsp90 has been recently identified as a 

regulator in various pain pathways. We previously found that Hsp90 regulates mu-opioid 

receptor (MOR) signaling via an ERK activation mechanism, where inhibition of Hsp90 in 

the brain significantly decreased anti-nociception in both paw-incision and HIV 

neuropathic pain models.7 Outside of our work, Hsp90 has only been evaluated in two 

other pain models, and its role specifically in MOR signaling is only discussed in two other 

papers.8, 9, 10, 11 This means that while there are many studies and trials assessing the 

role of Hsp90 inhibitors in tumor growth, there have been no thorough examinations of 

how Hsp90 inhibitors may affect pain management specifically in cancer patients. Based 

on our previous work, if Hsp90 inhibition were to have the same effect on opioid anti- 



nociception in cancer-related pain models that it does in the pain models we explored, 

then using Hsp90 inhibitors for cancer treatment could also potentially suppress analgesia 

typically experienced from opioids. This is a serious concern considering how many 

patients experience pain; one study found that 67% of cancer patients are affected by 

pain,12 while another found that this number jumps to 75% in patients being treated for 

advanced or metastatic cancer.13 

 

In this study, we evaluated the effects of Hsp90 inhibition on opioid anti-nociception in 

vivo in the cancer-related pain models of CIBP and CIPN, using the selective Hsp90 

inhibitors 17-AAG and KU-32. We found that Hsp90 inhibition causes a partial reduction 

of anti-nociception in CIBP, but almost completely blocks anti-nociception in CIPN when 

the Hsp90 inhibitor is administered either in the brain or systemically. We also confirmed 

that Hsp90 acts partially through both ERK and JNK mechanisms in CIPN and is assisted 

by the co-chaperone Cdc37. The results of this study indicate that Hsp90 does have a 

role in opioid anti-nociception in cancer-related pain, and the use of Hsp90 inhibitors as 

cancer therapeutics without further evaluation of the extent of that role could have 

detrimental implications for patients who use opioids to manage their pain. 

 

MATERIALS AND METHODS 

Materials 

17-AAG, U0126, SP600125, gedunin, celastrol, DAMGO, and paclitaxel were purchased 

from Tocris. KU-32, Hsp90 isoform inhibitors (KU-A, KU-B, KU-C), and Aha1 co- 

chaperone inhibitor (KU-D) were supplied by Dr. Brian Blagg from the University of Notre 

Dame. Morphine, oxymorphone, and gabapentin were obtained from the NIDA Drug 

Supply Program, Mallinckrodt, and Fisher Scientific respectively. 17-AAG, KU-32, U0126, 

SP600125, gedunin, celastrol, and KU-A through KU-D were prepared as stock solutions 

in DMSO. Final concentrations of these treatments were prepared based on previous 

experiments and the literature at 0.5 nmol for 17-AAG (50 mg/kg for ip 17-AAG) and 

SP600125, 0.1 nmol for KU-32 and KU-A through KU-D, 5μg for U0126, and 10 nmol for 

gedunin and celastrol. Morphine, oxymorphone, and gabapentin were prepared fresh in 

USP saline at concentrations of 1 mg/mL, 0.01 mg/mL, and 3 mg/mL respectively. 



Paclitaxel was stored as a stock solution in 1:1 cremophor:ethanol, and prepared at a 

final concentration of 0.2 mg/mL in saline. Antibodies used in this project for Western blot 

analysis were phospho-ERK and total-ERK (Cell Signaling). 

 

Western Blot and Blot Analysis 

CD1 male mice were treated icv with 0.5 nmol 17-AAG or vehicle (10% DMSO in water). 

24 hours later, they were icv injected again with 0.1 nmol DAMGO, a MOR-specific 

agonist, or vehicle. 10 minutes later, brain periaqueductal grey (PAG) tissues were 

harvested, lysed, and quantified with a BCA protein quantitation assay. The protein was 

run on Tris-Glycine gels and transferred to a nitrocellulose membrane using a wet transfer 

system at 30V for at least one hour. The blots were blocked in 5% nonfat dry milk in TBS 

and incubated overnight in phospho-ERK (pERK) and total-ERK (tERK) primary 

antibodies in 5% BSA in TBST on a rocker at 4°C. The following day, blots were incubated 

with secondary antibody (LiCor IRDye 800 and 680) in 5% nonfat dry milk in TBST for 

one hour, washed and placed in TBS, then imaged with a LiCor Odyssey infrared imaging 

system. The resulting imaged bands were quantified using Scion Image, and pERK signal 

was normalized to tERK signal. The normalized signal was then further normalized to the 

vehicle/vehicle control treated mice. 

 

Animals 

All experiments were performed in accord with the NIH Care and Use of Laboratory 

Animals handbook, and all procedures were approved by the University of Arizona 

Institutional Animal Care and Use Committee. Male and female CD-1 (ICR) mice for CIPN 

experiments and female Balb/c mice for CIBP experiments from 4-8 weeks of age were 

obtained from Charles River Laboratories. Upon arrival at our animal housing facilities, 

mice were allowed to recover and acclimate for a minimum of 5 days before experimental 

use. Mice were housed five to a cage in the University of Arizona facilities on a 12 hour 

light/dark cycle with ad libitum access to food and water. All experimental treatments were 

blinded for behavioral assays. 

 

 



CIPN with Mechanical Allodynia 

Mechanical allodynia was used to evaluate pain in the CIPN model. Baselines for 

mechanical allodynia threshold were measured in both male and female CD-1 mice with 

von Frey filaments using the up-down method and four measurements after the first 

response.14 For all mechanical allodynia testing, mice were placed in a raised plastic box 

with a wire mesh floor which allowed for access to their right hind paw with the von Frey 

filaments. For the von Frey analysis, no difference was found between the right and left 

hind paws, so the right hind paw was used for consistency in all studies. To induce the 

CIPN pain model, male or female CD1 mice were treated ip with 2 mg/kg paclitaxel on 

days 1, 3, 5 and 7. On day 7 following the paclitaxel injection, the mechanical allodynia 

baseline was re-evaluated. For all icv treatments, mice were anesthetized with 2% 

isoflurane in air and a 5 mm incision was made at the scalp. The icv injection for the given 

treatment was then completed using a 10 μL Hamilton syringe at a 5 μL volume, 1 mm 

posterior and 1 mm lateral to the bregma at a depth of 2.5 mm. The incision was closed 

with tissue glue. For 17-AAG it treatments, mice were manually restrained and 0.5 nmol 

of 17-AAG in 5 μL was injected at a 45 degree angle between the L5 and L6 vertebrae 

using a 30G needle attached to a 10 μL Hamilton syringe. For 17-AAG ip treatments, 

mice were treated ip with 50 mg/kg 17-AAG. All 17-AAG, KU-32, KU-A through KU-D, 

gedunin, and celastrol treatments were given on day 7 and mice recovered in their home 

cages for 24 hours. All U0126 and SP600125 treatments were given on day 8 and mice 

recovered in the raised plastic box for 15 minutes. 

 

Following the 24 hour recovery period, the mechanical threshold was determined again 

for a final baseline value. Mice with only a 15 minute recovery period did not undergo a 

baseline re-evaluation. After the given recovery period was over, mice were then treated 

sc with morphine, oxymorphone, or gabapentin depending on the experiment. After drug 

treatment, mechanical threshold was evaluated every 20 minutes for one hour and every 

30 minutes for a second hour. The recorded data was first analyzed using the Dixon 

software for the von Frey up-down method, and further statistical analysis was completed 

using GraphPad Prism, where a 2 Way ANOVA with Fisher’s Least Significant Difference 



post-hoc test was used to determine if a given treatment was significantly different from 

vehicle-treated (significance defined as p < 0.05). 

 

CIPN Chronic Hsp90 Inhibition and Morphine Treatment 

The CIPN model was induced in the same manner as described in the previous section 

after an initial mechanical threshold baseline evaluation. On the 7th day after beginning 

paclitaxel treatment the behavioral baseline was again assessed, following which mice 

were treated ip with 50 mg/kg 17-AAG or vehicle (10% DMSO) and returned to their home 

cages for 24 hours. A mechanical threshold baseline was taken after 24 hours and mice 

were then treated sc with 10 mg/kg morphine. Following this treatment, mechanical 

threshold was assessed throughout a two hour time course. Once the time course was 

completed, the mice were again injected ip with the same dose of 17-AAG. 24 hours after 

this second 17-AAG treatment, the behavioral baseline was re-evaluated followed by 

subsequent treatment with 10 mg/kg morphine and another behavioral time course. This 

process of chronic treatment was continued for a total of four days. Data was analyzed in 

the same manner as the previous section. 

 

CIBP with Mechanical Allodynia, Flinching, and Guarding 

A mechanical allodynia baseline was measured using the same procedure described 

above. Flinching and guarding behaviors were also measured for all CIBP experiments. 

Flinching was recorded as the number of times a mouse flinched its afflicted paw in a 

given two minute period, while guarding was measured as the number of seconds a 

mouse spent holding its injured paw up to its body during the same two minute period.15 

X-rays of the right femur for each mouse were imaged using a Faxitron X-ray machine as 

a baseline for bone appearance. 

 

To induce the CIBP pain model, female Balb/c mice were first immobilized with an ip 

injection of 0.3 mL ketamine. Once mice were immobile, they were injected sc with 1 mL 

of saline and 0.25 mL of 1 mg/kg gentamicin, and eye ointment was administered with a 

q-tip. They were then anesthetized with 2% isoflurane and the right hind leg was prepared 

for surgery with iodine and 70% ethanol. A 2 cm incision was made laterally in the skin 



near the right femur, and the knee joint was exposed through this opening. The muscle 

midline was then separated using tweezers, and once the bone could be felt the muscle 

was flipped over and behind the femur so that the condyle was exposed. A hole was then 

drilled into the center of the femur condyle. Using a Hamilton syringe, 80,000 cells/5μL of 

murine mammary adenocarcinoma 66.1 cells were injected into the intramedullary space 

of the femur through the drilled hole. The hole was then sealed using dental amalgam 

mixed in resin. The bone and muscle were then pushed back into place, and the 

separated muscle was closed using 5-0 PGA sutures. The skin incision was closed using 

an autoclip. Mice were placed on a heating pad until mobile and were monitored once a 

day for three days to ensure full recovery from the surgery. 

 

7 days after the surgery, mechanical threshold, flinching, and guarding were evaluated to 

observe development of pain and surgical autoclips were removed. 13 days after the 

surgery, behavioral baselines were again evaluated. Following this evaluation, mice were 

treated either icv or it with 0.5 nmol 17-AAG or vehicle (10% DMSO), as described 

previously. 24 hours after this treatment, another behavioral baseline was recorded, 

following which mice were injected sc with 10 mg/kg morphine. Mechanical threshold, 

flinching, and guarding were evaluated every 30 minutes for two hours. The resulting data 

was analyzed using GraphPad Prism as described previously. After mice were sacrificed, 

their femurs were X-rayed again to confirm the development of bone cancer. 

 

RESULTS 

Hsp90 Inhibition in Chemotherapy-Induced Peripheral Neuropathy 

To begin our assessment of the role of Hsp90 in morphine-induced anti-nociception in 

cancer related pain models, we evaluated the effect of inhibiting Hsp90 in the brain, 

systemically, and in the spinal cord in the CIPN pain model. On day 7 after the CIPN 

model was induced with paclitaxel treatment, mice were injected by the given 

administration route with 17-AAG (0.5 nmol for it and icv, 50 mg/kg for ip). 24 hours later 

after re-evaluating mechanical threshold, mice were injected sc with 10 mg/kg morphine 

and mechanical threshold was evaluated for two hours. Figure 1A shows that in CIPN, 

icv treatment with 17-AAG completely blocks the anti-nociceptive effects of morphine. 



Figure 1B shows that systemic treatment with 17-AAG greatly reduces morphine-induced 

anti-nociception, while Figure 1C shows that it treatment with 17-AAG does not affect 

morphine anti-nociception in the CIPN model. For all administration routes, development 

of the pain model was observed by day 7 and no differences were found between vehicle 

and 17-AAG treated mice prior to morphine treatment. To confirm that the effect on anti- 

nociception was in fact the result of Hsp90 inhibition, we tested an alternative Hsp90 

inhibitor (KU-32) that binds to a different site on Hsp90 in CIPN. Figure 1D shows that 

icv treatment with KU-32 has the same effect on morphine-induced anti-nociception as 

icv treatment with 17-AAG (seen in Figure 1A). 

 

ERK and JNK Inhibition in CIPN 

To begin exploring the mechanism through which Hsp90 acts in MOR signaling, we 

evaluated how ERK activation is altered by Hsp90 inhibition. To do so, we treated mice 

icv with 0.5 nmol of 17-AAG or vehicle, and 24 hours later treated icv with 0.1 nmol 

DAMGO (a high efficacy, potency, and selectivity MOR agonist) or vehicle. Ten minutes 

after the second icv injection, we harvested PAG tissue and analyzed expression of pERK 

and tERK via Western blot. The quantified results are shown in Figure 2A, which 

indicates that in normal mice treatment with DAMGO leads to stimulation of ERK 

phosphorylation, while in 17-AAG treated mice DAMGO activation of ERK 

phosphorylation is blocked. A representative blot for this study is shown in Figure 2B. 

 

The lack of ERK phosphorylation with DAMGO treatment upon Hsp90 inhibition suggests 

that ERK could be a good potential target to evaluate for the mechanism of this system, 

so we decided to assess the result of inhibiting ERK on anti-nociception. Figure 2C shows 

that icv injection with 5μg of U0126, a MEK inhibitor that prevents ERK activation, causes 

a partial reduction in morphine-induced anti-nociception, but does not reduce it to the 

same extent that Hsp90 inhibition does as seen in Figures 1A and 1D. This indicates that 

the effect of Hsp90 on the MOR signaling pathway in CIPN is only partially modulated 

through ERK activity. 

 



Following up on this result, we aimed to determine what other kinase activity might 

mediate Hsp90’s role in MOR signaling. To begin this investigation, we evaluated the 

effects of inhibiting ERK and JNK independently as well as in conjunction with one 

another. These studies were conducted in the same manner as the icv Hsp90 inhibition 

studies, with the only experimental setup difference being that morphine treatment was 

administered 15 minutes after the ERK and/or JNK inhibitor treatment instead of the 24 

hour time course used in the Hsp90 studies. The result of the JNK and ERK inhibition 

study is shown in Figure 2D, which illustrates that inhibiting JNK results in the same 

partial reduction of anti-nociception as ERK inhibition alone. Additionally, inhibiting ERK 

and JNK together did not lead to a further loss in anti-nociception than inhibiting either 

kinase alone. This suggests that both ERK and JNK are responsible for partial modulation 

of Hsp90 in MOR signaling, but together do not account for its full effect on signal 

transduction. 

 

Hsp90 Isoform Inhibition in CIPN 

To further elucidate the molecular details of Hsp90 in cancer related pain, we evaluated 

which isoform(s) of Hsp90 were responsible for the effect of Hsp90 on anti-nociception in 

the brain. Dr. Brian Blagg from the University of Notre Dame provided us with isoform 

specific inhibitors for Hsp90⍺, Hsp90β, and Grp94, (KU-A, KU-B, and KU-C respectively) 

so we decided to investigate these three isoforms initially. The same general experimental 

procedure was used as for Figure 1A, with the exception that icv treatment was 

performed with 0.1 nmol of the given isoform specific inhibitor instead of 17-AAG. As seen 

in Figure 3A, icv inhibition of Hsp90⍺ causes almost a full reduction of morphine-induced 

anti-nociception. Figure 3B shows that inhibiting Hsp90β in the brain has no effect on 

anti-nociception, and Figure 3C shows that inhibiting Grp94 in the brain also has no effect 

on anti-nociception. These results suggest that Hsp90⍺ is involved in MOR signal 

transduction in the brain in CIPN while Hsp90β and Grp94 are not. 

 

 

 

 



Hsp90 Co-Chaperone Inhibition in CIPN 

Another important aspect of the mechanism by which Hsp90 acts in MOR signaling 

involved determining which co-chaperones of Hsp90 are involved. To do so, we evaluated 

the effects of inhibiting three different co-chaperones of Hsp90 in the brain in the CIPN 

pain model. First we evaluated the co-chaperone Cdc37 with the same experimental set- 

up as Figure 1A, replacing icv 17-AAG treatment with icv injection of 10 nmol celastrol, 

an inhibitor of Cdc37. Figure 4A shows that inhibiting Cdc37 causes a significant 

reduction in anti-nociception after morphine treatment. Next we evaluated co-chaperones 

p23 and Aha1, again using the same experimental set-up with icv injection of 10 nmol 

gedunin, a p23 inhibitor, or 0.1 nmol KU-D, an Aha1 inhibitor. Figures 4B and 4C show 

that inhibition of p23 and Aha1 respectively has no effect on anti-nociception. This would 

suggest that Cdc37 acts as a co-chaperone for Hsp90 in MOR signal transduction in CIPN 

while p23 and Aha1 do not. 

 

Hsp90 Inhibition in CIPN with Morphine Alternatives 

To confirm that the observed effects are specific to the MOR signaling pathway, we 

evaluated Hsp90 inhibition in CIPN with an additional mu-opioid receptor agonist, 

oxymorphone, and a non-opioid analgesic, gabapentin. These studies used the same 

general experimental set-up used for Figure 1B with systemic Hsp90 inhibition, except 

morphine treatment was replaced by either 0.1 mg/kg oxymorphone or 30 mg/kg 

gabapentin sc. In Figure 5A, female mice treated with systemic 17-AAG and 

oxymorphone showed the same reduction in anti-nociception that treatment with 

morphine shows. Figure 5B shows the same effect in male mice, and Figure 5C shows 

the combined results of oxymorphone treatment post-Hsp90 inhibition for male and 

female mice. These results show that the effect of Hsp90 inhibition is not specific to 

morphine alone and extends to at least one other MOR agonist. The results also show 

that there are no significant sex differences for the basic finding in this study that Hsp90 

inhibition blocks opioid anti-nociception in CIPN. In Figure 5D, mice treated with systemic 

17-AAG and gabapentin showed no difference in anti-nociception from vehicle treated 

mice. This would suggest that the effect of Hsp90 inhibition on anti-nociception in CIPN 

is in fact specific to MOR signaling. 



 

Chronic Hsp90 Inhibition and Morphine Treatment in CIPN 

In terms of clinical relevance, we were interested in the effects of chronic Hsp90 inhibition 

combined with chronic morphine treatment. To carry out this study, we followed the 

protocol outlined in the Methods section for chronic treatment. Figures 6A, 6B, 6C, and 

6D show the results for day one, day two, day three, and day four of chronic treatment 

respectively. While the vehicle treated mice experienced a reduction in anti-nociception 

over the four days as a result of the chronic morphine treatment, the Hsp90 inhibited mice 

experienced a full loss of anti-nociception on the first day that did not change throughout 

the four days of treatment. This suggests that the impact of Hsp90 inhibition on opioid 

anti-nociception in CIPN does not change with chronic treatment. 

 

Hsp90 Inhibition in Cancer-Induced Bone Pain 

In addition to the CIPN pain model, we were interested in assessing how Hsp90 inhibition 

impacts anti-nociception in an additional cancer-related pain model, CIBP. The model 

was induced in female Balb/c as described in the Methods, and both spontaneous 

(flinching, guarding) and evoked (mechanical threshold) pain behaviors were measured 

after it or icv treatment with 0.5 nmol 17-AAG and sc morphine. The behavioral results for 

icv treatment with 17-AAG shown in Figure 7A show that Hsp90 inhibition in the brain did 

not affect evoked or spontaneous pain behaviors in CIBP. Figure 7B shows that it 

treatment with 17-AAG partially reduced evoked morphine-induced anti-nociception in 

CIBP, but had no effect on the spontaneous flinching and guarding behaviors. These 

results emphasize that the impact of Hsp90 inhibition is not only dependent on the route 

of administration (brain, spinal cord, systemic), but also on the pain type. 

 

DISCUSSION 

Hsp90 Structure and Function in Cancer 

Hsp90 is a ubiquitous signaling molecule that acts as a chaperone for many different 

targets. Structurally, it is a homodimer with Figure 8A showing one subunit in red and the 

second subunit in blue. Figure 8B shows the E. coli Hsp90 dimer in its unbound, open 

conformation. Upon binding of the client protein and ATP, Hsp90 shifts to the closed 



conformation illustrated in Figure 8C. Each subunit of Hsp90 consists of three primary 

regions illustrated in Figure 8B where blue represents the N-terminus, tan represents the 

middle “linker” region, and red represents the C-terminus. Hsp90’s N-terminus acts as the 

site of ATP binding and is a common Hsp90 inhibitor binding site, its middle region is 

often the site of client protein binding, and its C-terminus is commonly associated as the 

site where homodimerization occurs.16 Through knowledge of Hsp90’s structure, we can 

begin to understand how it is able to assist folding and provide shelter for a client protein 

during cellular stress events as a result of the closed conformation. This protective 

function contributes to the interest in Hsp90 as a cancer therapy target where loss of 

Hsp90 could encourage oncoprotein degradation. 

 

Hsp90 Inhibition can Block Anti-Nociception in CIPN 

Due to the development of Hsp90 inhibitors as cancer therapeutics and our previously 

observed results of inhibiting Hsp90 on anti-nociception, we were interested in how Hsp90 

inhibition would affect morphine-induced anti-nociception in cancer related pain models. 

The model we investigated in the most depth was CIPN due to its high prevalence in 

patients subjected to chemotherapy treatment.2 Our previous work suggested that Hsp90 

inhibition has different effects on morphine anti-nociception dependent upon where the 

treatment is administered, with Hsp90 inhibition in the brain blocking anti-nociception and 

Hsp90 inhibition in the spinal cord enhancing anti-nociception in a post-surgical paw 

incision model. Based on these findings, we first decided to evaluate the CIPN model by 

inhibiting Hsp90 in the brain, the spinal cord, and systemically. As demonstrated in Figure 

1, in this pain model inhibiting Hsp90 in the spinal cord has no effect on anti-nociception 

while inhibiting it in the brain and systemically blocks anti-nociception. This strengthens 

our hypothesis that Hsp90 in different regions acts differentially in MOR signaling. It also 

showed that Hsp90 inhibition results in differential effects based on the pain model under 

investigation, as the spinal cord results seen in the CIPN and paw incision pain models 

were not the same. Overall, these results indicate that Hsp90 inhibitors, when 

administered in the brain or systemically, do prevent morphine from inducing anti- 

nociception in at least one type of cancer-related pain. This preliminarily suggests that 

Hsp90 inhibitors as cancer therapeutics could potentially affect the efficacy of opioids 



such as morphine as a method for pain management in cancer patients, warranting 

further investigation of this system. 

 

JNK and ERK Partially Modulate Hsp90 Activity in MOR Signaling in CIPN 

To further our understanding of the mechanism behind Hsp90 activity in MOR signal 

transduction, we began with an evaluation of ERK inhibition in CIPN. We had previously 

identified ERK as having potential involvement with Hsp90 in this pathway through 

Western blot analysis of pERK expression upon Hsp90 inhibition. This data, shown in 

Figure 2A, indicates that treatment with the MOR-specific agonist DAMGO normally 

results in stimulation of ERK phosphorylation. Mice who are treated with an Hsp90 

inhibitor prior to DAMGO treatment have an elevated baseline in ERK phosphorylation, 

but do not experience any further phosphorylation upon DAMGO treatment. Behavioral 

analysis in Figure 1 confirms that the change in pERK baseline upon Hsp90 inhibition 

does not change the baseline anti-nociceptive state, as the mechanical threshold is 

identical for mice after Hsp90 inhibitor or vehicle treatment but prior to MOR agonist 

treatment. This behavioral data in combination with the Western blot data suggests that 

it is the stimulation of ERK phosphorylation upon MOR agonist treatment that is required 

for anti-nociception, and Hsp90 inhibition prevents this stimulation. 

 

To confirm this behaviorally, we assessed the inhibition of ERK activity on morphine- 

induced anti-nociception. To do so, we icv injected a MEK inhibitor that prevents ERK 

activation and evaluated mechanical threshold. Figure 2C shows that inhibition of ERK 

activation causes a partial reduction in anti-nociception compared to vehicle treated mice, 

but not the same full reduction seen from Hsp90 inhibition in the brain. From this, we 

determined that in CIPN, Hsp90 inhibition blocks anti-nociception partially through an 

ERK mechanism, but ERK alone does not account for the full effect of Hsp90 inhibition in 

MOR signaling. 

 

To determine what other kinase activity might be involved in the anti-nociceptive response 

to Hsp90 inhibition, we selected JNK as an additional potential target since JNK is known 

to become activated upon morphine treatment.17 We were interested in the effect of JNK 



inhibition alone on anti-nociception in cancer related pain, but we also wanted to know if 

JNK and ERK inhibition together could account for the entirety of the effect seen from 

Hsp90 inhibition. Therefore, we decided to assess mechanical threshold in mice that had 

been subjected to ERK inhibition alone, JNK inhibition alone, and ERK and JNK inhibition 

in conjunction in the brain. The results of this seen in Figure 2D show that while JNK 

inhibition also partially reduced anti-nociception in this model to the same extent as ERK 

inhibition, JNK and ERK inhibition together did not have a combinatorial effect and 

reduced anti-nociception to the same extent as inhibiting the activity of either kinase 

alone. This would suggest that Hsp90 inhibition acts partially through ERK and JNK 

modulation, but also through at least one other unknown pathway. It also suggests that 

ERK and JNK act in series to each other rather than in parallel pathways that converge 

on anti-nociceptive targets. 

 

Isoform Hsp90α, but not Hsp90β or Grp94, Blocks Anti-Nociception 

Another important consideration in this study was the involvement of the different Hsp90 

isoforms. In the cytoplasm, Hsp90α is expressed inducibly and Hsp90β is expressed 

constitutively. Grp94 is found in the endoplasmic reticulum, and TRAP1 is found in the 

mitochondria. Some studies in cancer research have investigated the roles of the different 

Hsp90 isoforms in terms of their contribution to the cancer phenotype, with one study 

suggesting that in small cell lung cancer (SCLC), Grp94 and TRAP1 are strongly 

expressed in SCLC tumors, while Hsp90α and Hsp90β were found in a much smaller 

number of the tumors evaluated.18 This could suggest that the involvement of Hsp90 in 

cancer is isoform specific, and that if the isoform producing the anti-nociceptive 

phenotype differs from the isoform producing the cancer phenotype then isoform specific 

inhibitors can be used to produce one effect without the other. 

 

We evaluated inhibition of three of the isoforms, Hsp90α, Hsp90β, and Grp94, in the CIPN 

model. TRAP1 was not investigated in our study due to a lack of availability of a TRAP1 

specific inhibitor. The results shown in Figure 3 suggest that inhibition of Hsp90α alone 

results in loss of anti-nociception, while inhibition of the other two isoforms has no effect 

on anti-nociception. From this we concluded that Hsp90α is responsible for Hsp90 activity 



in MOR signaling while Hsp90β and Grp94 are not. Since Hsp90α was not implicated in 

the tumors in the SCLC study, our results suggest that treatment with, for example, a 

Grp94 isoform specific inhibitor could promote anti-cancer effects in some circumstances 

without affecting pain management for patients. As we have already seen, Hsp90 has 

different effects on anti-nociception in different pain models, and as such likely also has 

varying effects in cancer depending on the type of cancer in question. Acknowledging 

this, our results suggest that it may be possible, with more information on the specifics of 

Hsp90’s involvement in a given cancer type, to produce isoform specific Hsp90 inhibitors 

as therapeutics that target the cancer without targeting the MOR signaling pathway.  

 

Inhibition of Hsp90 Co-Chaperone Cdc37 Prevents Morphine Anti-Nociception  

In addition to the different isoforms of Hsp90, there are also numerous co-chaperones for 

Hsp90 that help it conduct its various functions.19 We were interested in which of these 

co-chaperones could be promoting Hsp90 activity in MOR signaling to gain a better 

understanding of the underlying mechanism. We began by assessing three co- 

chaperones in the brain: Cdc37, p23, and Aha1. As shown in Figure 4, we found that 

inhibiting Cdc37 resulted in a partial reduction of morphine-induced anti-nociception, 

while inhibiting p23 and Aha1 had no effect on anti-nociception. This suggests that Cdc37 

may be acting as a co-chaperone for Hsp90 in MOR signaling, which further enhances 

our understanding of the molecular details of this process. 

 

Inhibition of Hsp90 is Specific to Mu-Opioid Signaling 

In addition to understanding the mechanism of Hsp90’s effect on anti-nociception, we 

also wanted to confirm that our observed effects were in fact specific to MOR signal 

transduction. To test this, we first used an alternate mu-opioid agonist, oxymorphone, to 

see if it produced the same effect upon Hsp90 inhibition. We then used a non-opioid, 

gabapentin, to see if it would not produce the effect. The results of this seen in Figure 5 

show that after treatment with an Hsp90 inhibitor, oxymorphone treatment does not elicit 

anti-nociception while gabapentin does. This confirms that inhibition of Hsp90 changes 

the anti-nociceptive state in response to mu-opioid agonists specifically, which suggests 

that patients on Hsp90 inhibitors to treat cancer could still use a non-opioid or even a non-



MOR targeting opioid to effectively manage their pain. This would be valuable information 

for healthcare providers as Hsp90 inhibitors approach clinical trials since it indicates that 

non-MOR-agonist analgesics should be used in particular for cancer patients on this type 

of treatment. 

 

Chronic Hsp90 Inhibition Results in Full, Sustained Loss of Anti-Nociception 

Hsp90 inhibitors as cancer therapeutics would likely need to be administered on 

somewhat of a sustained basis as opposed to a one-time treatment, and patients 

experiencing neuropathic pain typically need chronic pain management due to the lasting 

nerve damage. Because of this, we were interested in the result of chronic Hsp90 inhibitor 

treatment with chronic morphine treatment. Figure 6 shows that chronic Hsp90 inhibition 

results in a sustained loss of morphine-induced anti-nociception. This suggests that 

patients on a long-term Hsp90 inhibitor treatment would not experience any recovery of 

anti-nociception over time. 

 

Hsp90 Inhibition in CIBP 

Lastly, we wanted to evaluate the effects of inhibiting Hsp90 on anti-nociception in a 

second cancer-related pain model. We chose cancer-induced bone pain (CIBP) since it 

is one of the most common and difficult to treat types of cancer pain, meaning patients 

are more likely to be prescribed opioids to manage their pain. Just as for the CIPN model, 

we decided to begin our CIBP study by evaluating the effect of inhibiting Hsp90 in the 

brain and the spinal cord. In addition to evaluating the mechanical threshold evoked 

behavior, we also assessed the spontaneous behaviors of flinching and guarding which 

are known to be exhibited by mice in the CIBP model. This allowed us to add another 

layer to our investigation of Hsp90’s role in MOR signaling by observing if both evoked 

and spontaneous pain behaviors were subjected to the loss of anti-nociception upon 

Hsp90 inhibition. As seen in Figure 7A, inhibiting Hsp90 in the brain has no effect on 

evoked or spontaneous pain behaviors, while Figure 7B shows that inhibiting Hsp90 in 

the spinal cord has no effect on spontaneous pain behaviors but results in a partial loss 

of anti-nociception in the evoked mechanical threshold. This recapitulates our previous 

observation that Hsp90 has different effects on anti-nociception in different pain models. 



While we did see an effect in the spinal cord, we did not further investigate this pain model 

as spinal injections of Hsp90 inhibitors are unlikely to be developed clinically. 

 

Conclusion 

Ultimately, we have shown that Hsp90 inhibitors can prevent the anti-nociception typically 

experienced from mu-opioid agonists in at least two types of cancer-related pain. We 

demonstrated that in at least one pain model, this effect appears to result from the Hsp90 

isoform Hsp90α assisted by co-chaperone Cdc37 acting through an ERK and JNK 

dependent mechanism. In addition, we established that the effect is specific to MOR 

signal transduction and is sustained in chronic Hsp90 inhibitor treatment. All of this 

information suggests that Hsp90 inhibitors as cancer therapeutics could have a 

detrimental impact on the ability of patients to manage their pain, but further exploration 

of this system could help inform how to effectively manage pain with the use of these 

cancer treatments and prevent unnecessarily prolonged pain in cancer patients. 

 

FIGURE LEGEND 

Figure 1: Hsp90 inhibitors in the brain and systemically (but not in the spinal cord) 

decrease morphine-induced anti-nociception in CIPN. 

CIPN pain model was induced with 2 mg/kg paclitaxel ip every other day for 7 days, mice 

were treated icv, it, or ip with the Hsp90 inhibitor 17-AAG or vehicle (10% DMSO). After 

24 hours, mice were treated sc with 10 mg/kg morphine. Mechanical threshold was 

assessed prior to treatment to establish a baseline, and then periodically for two hours 

after morphine treatment. *, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. same time- 

point by 2 Way ANOVA with Fisher’s Least Significant Difference post-hoc test. Data is 

reported as mean +/- SEM with sample sizes of mice per group noted on each graph. A) 

Mice injected icv with 17-AAG or vehicle, B) mice injected ip with 17-AAG or vehicle, and 

C) mice injected it with 17-AAG or vehicle. Additionally, mice were treated icv with D) a 

second Hsp90 inhibitor, KU-32, to confirm that the observed effects were truly the result 

of Hsp90 inhibition. 

 

 



Figure 2: Hsp90 in MOR signaling is partially modulated through both ERK and JNK 

activation. 

A) Mice were icv injected with 0.5 nmol 17-AAG or vehicle. 24 hours later, they were icv 

injected with 0.1 nmol DAMGO or vehicle. 10 minutes later, the PAG region of the brain 

was harvested and analyzed by Western blot. Resulting quantification of pERK 

normalized to tERK is shown for each treatment condition. B) Representative blots for 

each treatment in A are shown. C) CIPN pain model was induced and mice were treated 

icv with 5μg of the MEK inhibitor U0126. 15 minutes later mice were treated sc with 10 

mg/kg morphine to determine if Hsp90 altered anti-nociception through an ERK 

mechanism. D) CIPN pain model was induced, mice were treated icv with either 5μg of 

ERK inhibitor U0126, 0.5 nmol of JNK inhibitor SP600125, both, or vehicle (10% DMSO). 

15 minutes later, mice were treated sc with 10 mg/kg morphine. Mechanical threshold 

assessment following morphine treatment is shown. All data reported as mean +/- SEM 

with sample sizes of mice per group noted on each graph. For A, *, **, ***, **** = p < 0.05, 

0.01, 0.001, 0.0001 vs. vehicle/vehicle by 2 Way ANOVA with Fisher’s Least Significant 

Difference post-hoc test. For C and D, *, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. 

same time point by 2 Way ANOVA with Fisher’s Least Significant Difference post-hoc 

test. 

 

Figure 3: Hsp90 alpha isoform is responsible for the loss of anti-nociception. 

CIPN pain model was induced and mice were treated icv with 0.1 nmol of one of the three 

isoform specific inhibitors of Hsp90 for 24 hours, followed by 10 mg/kg morphine sc. All 

data reported as mean +/- SEM with sample sizes of mice per group noted on each graph. 

*, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. same time-point by 2 Way ANOVA with 

Fisher’s Least Significant Difference post-hoc test. Mechanical threshold assessment is 

shown for A) treatment with Hsp90⍺ inhibitor KU-A, B) treatment with Hsp90β inhibitor 

KU-B, and C) treatment with Grp94 inhibitor KU-C. 

 

 

 

 



Figure 4: Hsp90 in MOR signaling is assisted by the co-chaperone Cdc37, but not 

p23 or Aha1. 

Assessment of how inhibition of three of Hsp90’s co-chaperones affects morphine anti- 

nociception. CIPN pain model was induced, mice were injected icv with one of the three 

co-chaperone inhibitors or vehicle. 24 hours later, 10 mg/kg morphine was injected sc. All 

data reported as mean +/- SEM with sample sizes of mice per group noted on each graph. 

*, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. same time-point by 2 Way ANOVA with 

Fisher’s Least Significant Difference post-hoc test. Mechanical threshold assessment is 

shown for treatment with A) 10 nmol of Cdc37 inhibitor celastrol, B) 10 nmol of p23 

inhibitor gedunin, and C) 0.1 nmol of Aha1 inhibitor KU-D. 

 

Figure 5: The effect of Hsp90 inhibition on anti-nociception is specific to MOR 

signaling and does not appear to have sex differences. 

CIPN pain model was induced and mice were injected ip with 50 mg/kg 17-AAG. 24 hours 

later, mice were treated sc with 0.1 mg/kg oxymorphone or 30 mg/kg gabapentin and 

mechanical threshold was assessed for two hours. All data reported as mean +/- SEM 

with sample sizes of mice per group noted on each graph. *, **, ***, **** = p < 0.05, 0.01, 

0.001, 0.0001 vs. same time-point by 2 Way ANOVA with Fisher’s Least Significant 

Difference post-hoc test. A) Female mice treated with oxymorphone. B) Male mice treated 

with oxymorphone. C) Combined male and female mice treated with oxymorphone. D) 

Mice treated with gabapentin. 

 

Figure 6: Chronic morphine treatment does not alter the effect of Hsp90 inhibition 

on anti-nociception. 

Assessment of chronic treatment with 17-AAG and chronic treatment with morphine. After 

the CIPN model was induced, mice were treated ip with 50 mg/kg 17-AAG and 24 hours 

later treated sc with 10 mg/kg morphine. After two hours of assessing mechanical 

allodynia, 17-AAG treatment was administered again and then 24 hours later morphine 

treatment was re-administered. This process was repeated at these time differences for 

four days. All data reported as mean +/- SEM with sample sizes of mice per group noted 

on each graph. *, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. same time-point by 2 



Way ANOVA with Fisher’s Least Significant Difference post-hoc test. A) Mechanical 

threshold assessment 24 hours after the first 17-AAG treatment and immediately after the 

first morphine treatment. B) Mechanical threshold for the second day of morphine 

treatment, C) third day of morphine treatment, and D) fourth day of morphine treatment. 

 

Figure 7: Hsp90 inhibition in the spinal cord partially reduces evoked morphine 

anti-nociception in CIBP. 

CIBP pain model was induced as described in the Methods section. Mechanical threshold 

along with flinching and guarding were assessed 7 days after the surgery, and then again 

on the 13th day after the surgery. Flinching was measured as the number of times a 

mouse flinched its affected paw within a two minute period, while guarding was measured 

as the number of seconds a mouse spent holding its affected paw up to its body during 

the same two minute period. All data reported as mean +/- SEM with sample sizes of mice 

per group noted on each graph. *, **, ***, **** = p < 0.05, 0.01, 0.001, 0.0001 vs. same 

time-point by 2 Way ANOVA with Fisher’s Least Significant Difference post-hoc test. A) 

On the 13th day post-surgery, mice were treated icv with 0.5 nmol 17-AAG or vehicle 

(10% DMSO) and allowed to recover for 24 hours. After 24 hours, another behavioral 

baseline was taken and mice were subsequently treated sc with 10 mg/kg morphine. The 

three pain behaviors were then assessed every 30 minutes for two hours. The quantified 

results for mechanical threshold, flinching, and guarding are shown. B) On the 13th day 

after surgery, mice were treated it with 0.5 nmol 17-AAG or vehicle and 24 hours later 

were treated sc with 10 mg/kg morphine. Pain behaviors were measured in the same 

manner as described for A and the resulting quantifications of these behaviors are shown. 

 

Figure 8: Hsp90 structure. 

A) General structure of the Hsp90 dimer, shown with one subunit in red and the second 

subunit in blue. B) Crystal structure of a side-view of Hsp90 with its two chains in the 

open, unbound conformation. C) Crystal structure of Hsp90 in its closed, bound 

conformation. 
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