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Abstract

We examined the association between endogenous opioid B-endorphin, cancer progression and
pain in a transgenic mouse model of breast cancer, with a rat C3(1) simian virus 40 large tumor
antigen fusion gene (C3TAg). C3TAg mice develop ductal epithelial atypia at 8 weeks,
progression to intra-epithelial neoplasia at 12 weeks, and invasive carcinoma with palpable tumors
at 16 weeks. Consistent with invasive carcinoma at 4 months of age, C3TAg mice demonstrate a
significant increase in hyperalgesia compared to younger C3TAg or control FVBN mice without
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tumors. Our data show that the growing tumor contributes to circulating g-endorphin. As an
endogenous ligand of mu opioid receptor, B-endorphin has analgesic activity. Paradoxically, we
observed an increase in pain in transgenic breast cancer mice with significantly high circulating
and tumor-associated p-endorphin. Increased circulating B-endorphin correlates with increasing
tumor burden. B-endorphin induced the activation of mitogenic and survival-promoting signaling
pathways, MAPK/ERK 1/2, STAT3 and Akt, observed by us in human MDA-MB-231 cells
suggesting a role for g-endorphin in breast cancer progression and associated pain.

Keywords
B-endorphin; breast cancer; pain; morphine; opioid

Introduction

Pain is the most devastating symptom of cancer, which impairs the quality of life, shortens
survival and persists even with cancer treatment.[1, 2] With individuals living longer, pain
control is critical to improve health related quality of life. Opioids are the mainstay of
treatment for severe cancer pain.[3, 4] Use of opioids for pain dates back to 850 BCE in 7he
/liad and The Odyssey by Homer. Since then, significant advancement has been made in
understanding the pharmacology of analgesic opioids, and their potential for addiction.
However, the role of endogenous opioids in normal physiology and pathobiology remains an
enigma.

Endogenous opioid peptides Leu- and Met-enkephalin were recognized in the brain much
before the discovery of opioid receptors.[5] Enkephalins, dynorphins, and p-endorphin
cleaved from large molecule pro-peptides proenkephalin, prodynorphin and
proopiomelanocortin (POMC), respectively, were subsequently recognized in the central
nervous system (CNS).[6-8] B-endorphin acts through binding with mostly mu opioid
receptor (MOR) in the CNS.[4, 9] However, peripheral (and local) analgesia can be
modulated by increased levels of B-endorphin in the peripheral tissue,[10-12] supportive of
its role in non-CNS tissues. In general, endogenous opioids interact with G-protein-coupled
receptors: mu- (MOR), delta- (DOR), kappa- (KOR) and nociceptin opioid receptors (NOR).
[13]

Of concern, MORs are also present on endothelial cells and in human tumors (peripheral
MORS) including lung,[14-16] prostate[17] and breast[18] cancers. Compelling pre-clinical
studies show that MOR activation stimulates mitogen-activated protein kinase/extracellular
signal regulated kinase 1/2 (MAPK/ERK1/2) and Akt, the mitogenic and survival signaling
pathways, respectively, leading to cell proliferation and cancer progression.[3, 16, 19-21]
Additionally, MOR co-activates the receptor tyrosine kinases (RTKs) for vascular
endothelial growth factor receptor 2 (VEGFR?2), epidermal growth factor receptor (EGFR)
and platelet derived growth factor receptor beta (PDGFR-B), which play a critical role in
cancer progression and metastasis.[14, 16, 19, 22, 23] Complementary to the basic
observations, morphine, a MOR agonist, promotes cancer progression, whereas MOR
antagonists inhibit cancer progression in mouse models.[16, 19, 23-25] Consistent with pre-
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clinical findings, we found that higher opioid requirement is associated with poorer cancer-
related outcomes and shorter survival in retrospective studies of prostate and lung cancer
patients receiving opioids to treat pain. [17, 26]

Intriguingly, independent of opioid use, increased MOR-immunoreactivity (MOR-ir) in the
tumors was associated with earlier time to progression and shorter progression-free survival
and overall survival in prostate cancer patients [17] and increased metastasis in lung cancer
patients.[20] However, a major gap in knowledge exists regarding the cause of constitutive
activation of MOR in tumors, independent of pharmacological opioids. It is likely that
increased endogenous ligand B-endorphin may be activating tumor MOR. Therefore, we
hypothesized that p-endorphin may be associated with increased tumor burden and pain. We
tested our hypothesis in transgenic mice with a rat C3(1) simian virus 40 large tumor antigen
fusion gene (called C3TAg mice), which demonstrate the evolutionary spectrum of human
infiltrating ductal breast carcinoma.[27] In C3TAg mice, morphine promoted tumor growth
but not tumor initiation.[25] Of note, MOR expression in C3TAg mice was observed on
larger growing tumors but not on the very small, early tumors, suggesting that the tumor
microenvironment contributes to MOR expression much like other mitogenic growth factor
receptors such as VEGFR2. We also examined the evolution of pain in this tumor model,
which has translational potential to simulate the development of pain in human breast
cancer. We demonstrate the development of pain in C3TAg mice with age, consistent with
the advancement of tumor progression, and correlation of increasing p-endorphin with
increasing tumor burden.

Materials and Methods

Mice

Female transgenic C3TAg mice which show the evolutionary spectrum of human infiltrating
ductal breast carcinoma were used. [27-29] These mice express rat C3(1) simian virus 40 T-
antigen fusion gene, which leads to the development of invasive mammary carcinoma in
females and prostate cancer in males.[27] In this model, female mice develop multifocal
mammary hyperplasia by about 3 months of age, which advances to adenocarcinoma by ~6
months of age and shows critical features of human basal-like triple negative breast cancer.
[30, 31] Tumors metastasize hematogenously to multiple organs including lung, liver and
heart with the end of survival at ~6 months of age. Female FVBN mice — the genetic
background strain for C3TAg — were used as controls. We have used this model in previous
studies for morphine-induced tumor progression via pericyte and mast cell activation.[25,
32] Animal use protocols were reviewed and approved by the Institutional Animal Care and
Use Committee.

Human breast cancer cells

We used human MDA-MB-231 breast cancer cells, a highly-invasive model of triple-
negative human breast cancer lacking estrogen receptor (ER), progesterone receptor (PR),
and HER2 (human epidermal growth factor receptor 2).[33, 34] Cells were cultured in
Dulbecco’s Modified Eagle Medium containing 10% fetal bovine serum and maintained at
37°C in 5% CO,.
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Analysis of hyperalgesia in mice

Mice were acclimatized to each test protocol in a quiet room at constant temperature and
tested for evoked and spontaneous hyperalgesia measures, including, thermal- (heat and
cold), mechanical-, and deep tissue-hyperalgesia (grip force). All mice were familiarized
with each testing procedure by performing a set of repeat measurements before collecting
baseline measurements, as previously described.[35, 36]

Mechanical hyperalgesia: Paw withdrawal frequency (PWF) evoked by calibrated von
Frey (Semmes-Weinstein) monofilaments (Stoetling Co., Wood Dale, IL) applied to the
plantar surface of each hind paw, was measured.

Grip force: Peak forepaw grip force was measured using a computerized grip force meter
(SA Maier Co., Milwaukee, WI). Mice held by the tail were made to pull on a wire-mesh
connected to a force gauge with their forepaws, and the peak force (in g) exerted was
recorded. Deep tissue hyperalgesia was defined as a decrease in the grip force.

Thermal hyperalgesia

Heat sensitivity: Using the Hargreaves’ apparatus (PAW Thermal Stimulator System, Dept.
of Anesthesiology, University of California, San Diego CA) a radiant heat stimulus was
applied to the plantar surface of the hind paw and paw withdrawal latency (PWL) to the
nearest 0.1 second was automatically recorded. A 20 s inter-stimulus cutoff was used to
prevent tissue damage.

Cold sensitivity: For cold sensitivity, mice were placed on a cold plate at 4°C (UGO Basile
Model 35100, Collegeville, PA) and the paw withdrawal frequency (PWF) over a period of 2
minutes was determined.

Measurement of p-endorphin

Mouse blood was collected by cardiac puncture and transferred to tubes containing EDTA
(Cat. No. EDTA-K2, Terumo Medical Corporation, Elkton, MD) and aprotinin (0.6 TIU/ml
of blood, Cat. No. A6279, Sigma-Aldrich, St Louis, MO). The blood samples were
centrifuged at 2000 rpm for 15 minutes at 4°C to separate plasma/supernatant. Tumors were
collected from six month old C3TAg mice with tumors and control mammary tissue were
collected from three month old C3TAg mice, which did not develop any tumors. Tissue
lysates were prepared from the tumor and control tissue as described by us earlier using a
cocktail of protease inhibitors.[23] Peptides were extracted from plasma and tissue lysates
with SEP-COLUMN containing 200 mg of C18 (Phoenix Pharmaceuticals, Burlingame,
CA) per the manufacturer’s protocol. Peptide samples were freeze-dried after extraction.
Concentration of B-endorphin in peptide preparation was measured by enzyme
immunoassay (EIA)(Phoenix Pharmaceuticals) per the manufacturer’s protocol.
Fluorescence was measured using a microplate reader (Synergy HT, Biotek Instruments,
Winooski, VT) at 360 nm for excitation and 460 nm for emission. Quantity of p-endorphin
in samples was determined with Gen5 software (BioTek Instruments). All analyses and
calibrations were performed in duplicate using suitable negative and positive controls.

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.
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Western blot analysis

MDA-MB-231 breast cancer cells were serum starved for 6 hours and stimulated with 1 nM
human B-endorphin (Fisher Scientific, Waltham, MA) or sterile PBS. Cell lysates were
prepared as previously described using a cocktail of protease inhibitors. [23] Protein lysates
containing 30 pug of protein were separated on a 3-15% gradient SDS-PAGE gel and then
transferred to a polyvinylidene fluoride membrane (Immobilon; Millipore, Bedford, MA).
Protein bands were detected using 1:500 phospho-Akt, 1:500 Akt, 1:1000 phospho-STAT3,
1:1000 STATS3, 1:1000 phospho-MAPK/ERK1/2, and 1:1000 MAPK/ERK1/2; all from Cell
Signaling Technology, Danvers, MA). Alkaline phosphatase-conjugated secondary
antibodies (1:5000, Jackson ImmunoResearch, West Grove, PA) and ECF system
(Amersham Bioscience, Buckinghamshire, UK) were used to detect chemiluminescent
signals on a Storm 860 Phosphorimager (Molecular Dynamics, Sunnyvale, CA). Protein
bands were quantitated by densitometric analysis using ImageJ Software (National Institutes
of Health, Bethesda, MD).

Statistical analysis

Results

We analyzed the data using Student’s two-tailed t-test, Pearson correlation, or One-way
analysis of variance (ANOVA) with Bonferroni’s post-hoc multiple comparisons test, as
necessary, using Prism 8 software (Graphpad, San Diego, CA). Data are expressed as mean
+ SEM. P<0.05 is considered significant.

Evolution of hyperalgesia in transgenic C3TAg mice

C3TAg mice develop ductal epithelial atypia at 8 weeks, progression to intra-epithelial
neoplasia at 12 weeks (resembling human ductal carcinoma /7 s/tu), and invasive carcinoma
with grossly palpable tumors at 16 weeks.[27] At approximately 6 months of age mice die
because of universal development of multifocal mammary adenocarcinomas.[27] The
evolution of pain in this mouse model may therefore represent the evolution of pain in
human breast cancer. We evaluated temporal evolution of hyperalgesia in C3TAg and control
FVBN mice with increasing age. Control FVBN mice from approximately 1 to 5 months of
age did not exhibit hyperalgesia on any of the behavioral measures (Fig. 1A-D). Similarly,
younger 1 to 2.3-month old C3TAg mice did not display hyperalgesia. However, 4 and 5.4-
month old C3TAg mice with palpable tumors demonstrate significantly elevated mechanical,
deep tissue and thermal (heat and cold) hyperalgesia compared to 5.4 month old FVBN
control mice (P<0.0001) as well as compared to younger C3TAg mice at 1 or 2.3 months of
age (P<0.0001, Fig. 1A-D). Between the 4 and 5.4-month old C3TAg mice, thermal
hyperalgesia (both cold and heat) is significantly higher in 5.4-month old mice, however,
neither mechanical nor deep tissue hyperalgesia show significant differences. Therefore,
hyperalgesia develops progressively with tumor progression and metastasis. We did not
observe a significant difference in the body weight between control and C3TAg mice.

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.
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Circulating B-endorphin increases with tumor burden in C3TAg mice

We observe that B-endorphin increases with age in the plasma, with a 3-fold increase at 5
months compared to 2-month old C3TAg mice (P<0.05, Fig. 2A). Plasma p-endorphin in 5-
month old C3TAg mice is 4-fold higher compared to aged FVBN mice (P<0.01, Fig. 2A).
Correspondingly, tumor burden in C3TAg mice increases with age.[25] Of note, we find that
circulating p-endorphin has a significant, positive correlation with tumor burden in C3TAg
mice (P<0.01, r2=0.85, Fig. 2B). Thus, these data indicate that plasma p-endorphin may be
released from the tumors. Therefore, we next examined directly whether tumors of C3TAg
mice express B-endorphin.

Tumors of mice express B-endorphin

We observe significantly higher g-endorphin (more than 5-fold) levels present in the tumor
lysate of 6-month old C3TAg mice compared to mammary tissue from 3-month old mice
without tumors (P<0.01, Fig. 3). Thus, tumor B-endorphin may be contributing to circulating
levels of B-endorphin in the plasma of older mice, with increased tumor burden compared to
younger C3TAg mice.

B-endorphin stimulates mitogenic and survival-promoting signaling in human breast
cancer cells

Cell survival and mitogenic signaling promoting PKB/Akt, JAK/STAT and MAPK/ERK
pathways are known to contribute to cancer progression, metastasis, and drug resistance.
[37-41] We incubated human MDA-MB-231 breast cancer cells with vehicle or 1 nM §-
endorphin for 5-, 30- or 60-mins and analyzed the phosphorylation of Akt, STAT3 and
MAPKI/ERK signaling pathways. Relative to their respective total protein, we observed a
time-dependent increase in the phosphorylation of each of the signaling pathways (Fig. 4A-
C). p-endorphin significantly stimulated the phosphorylation of mitogenic MAPK/ERK and
STAT3 after 30- and 5-minutes of incubation, respectively (P<0.05 and P<0.001,
respectively vs. vehicle); and that of survival-promoting PKB/AKkt after 5 min of incubation,
which is sustained until 30 min (P<0.05). Thus, B-endorphin stimulates mitogenic and
survival promoting signaling in human breast cancer cells.

Discussion

Most of the work on pain, opioids and cancer either investigates the impact of analgesic
opioids on cancer biology or focuses on opioids and pain. In this novel study we have
initiated the investigation on all three together as would happen in a clinical setting. We have
found that circulating p-endorphin as well as pain increase with age in C3TAg mice
consistent with the development of invasive carcinoma. The tumors from C3TAg mice
exhibit significantly increased levels of B-endorphin compared to p-endorphin levels in
mammary gland tissue extracted from mice without tumors, supporting the increase in
circulating p-endorphin correlative to tumor burden. Also, B-endorphin-treatment of human
MDA-MB-231 breast cancer cells led to the activation of mitogenic and survival-promoting
signaling pathways known to promote cancer progression and metastases. To our
knowledge, this is the first report on endogenous B-endorphin as a potential contributor of
breast cancer progression and a biomarker of cancer progression and pain.

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.
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Most of the emphasis on the association of opioids with cancer pain or biology has targeted
opioid receptors, mostly MOR.[3, 21, 42-44] Even though B-endorphin has the potential for
activating MOR, hence the endogenous functional modulation of pain and cancer, but it has
remained under-appreciated. p-endorphin mediates analgesic activity via MOR in the CNS
and also in the periphery.[45-47] Mitogen-activated protein kinase (MAPKSs: ERK1/2, p38
and JNK) and STAT3 have been suggested to contribute to p-endorphin expression in the
inflammatory cells including leukocytes and glial cells in the periphery and the CNS,
respectively.[48-52] Therefore, in the well-known inflammatory microenvironment of the
tumor, inflammatory leukocytes may release p-endorphin, thus raising its levels as we
observed in the tumors of C3TAg mice. B-endorphin has analgesic ability by binding to the
MORs in the CNS. [53] However, in a human study including multiple solid tumor cohorts,
high amounts of circulating p-endorphin correlated with more severe pain, and oxycontin
treatment reduced pain as well as p-endorphin levels.[54] Increased MOR and DOR were
expressed in human lung cancer tissue compared to adjacent normal tissue.[15] Therefore,
peripheral and central p-endorphin expression may have opposite analgesic effects in cancer
pain, perhaps due to the activation of tumor MOR leading to cancer progression. In low-back
pain patients, low endogenous opioid function quantified by pharmacological OR blockade
of pain response, was found to be associated with greater analgesic effect of morphine. [55]
Thus, endogenous B-endorphin appears to be a critical determinant of pain, analgesic
response to opioid therapy and cancer progression.

C3TAg mice do not develop bone metastases and perineural invasion is not known in these
mice. However, previously our laboratory found that the tumors in C3TAg mice express
inflammatory cytokines and neuropeptides, including substance P (SP) and interleukin-6
which are further exacerbated with morphine treatment.[25] SP is a soluble factor which is
involved in the transmission and maintenance of chronic pain via its neurokinin receptor 1
(NK1R),[56] in addition to promoting cancer progression.[57] NK1R antagonists have been
suggested for therapeutic potential to treat breast cancer including triple negative breast
cancer which presents overexpressed NK1R.[58] Therefore, it is likely that SP and other
cytokines released by the tumors contribute to pain, but the possibility of perineural invasion
may co-exist, which requires investigation.

Our observation of increased p-endorphin release from tumors in older C3TAg mice is
correlative of our earlier observation of higher MOR-immunoreactivity (ir) in advanced
tumors compared to smaller tumors.[25] Such high MOR-ir may lead to consequent
activation of the mitogenic signaling by intratumoral p-endorphin. On the other hand, in
chronic pain, sustained increase of p-endorphin may desensitize MOR in the CNS, and
therefore pain may continue to increase irrespective of increase in circulating g-endorphin.
This appears to be the case because higher resting stage circulating B-endorphin levels are
associated with increased mechanical sensitivity in older adults with chronic osteoarthritis
pain.[59] In contrast, MOR expressed on newer cells formed continuously in advancing
tumors will be sensitive to B-endorphin and continue to promote growth.

Sex differences in pain and analgesia are well-known,[60] with women experiencing more
pain compared to men, due to hormonal variability and heightened inflammatory response in
women.[59, 61-63] Male-specificity of endogenous analgesic systems have been observed in

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.
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preclinical studies.[47, 50, 64] Moreover, response of opioid receptor subtypes to different
chemical stimuli in the brain regions have been demonstrated to be sex-specific.[65, 66]
Therefore, as breast cancer predominantly affect females, it is possible that ongoing gender-
specific stimulation of the endogenous opioid system and subsequent expression of -
endorphin may be reflective of effects of gonadal hormones. POMC - the precursor of -
endorphin — has exhibited characteristics of sexual dimorphism. Interestingly, a recent study
demonstrated that POMC helps to maintain tumor-initiating properties of cancer stem cells
isolated from human breast cancers.[67] Hence, involvement of POMC and consequent f3-
endorphin expression in breast cancer is conceivable. Our data in a transgenic mouse model
showing the positive correlation between circulating p-endorphin and tumor burden supports
the role of POMC in human breast cancer patients.

We observed stimulation of Akt, STAT3 and MAPK/ERK in human MDA-MB-231 breast
cancer cells by p-endorphin. Activation of PI3BK/Akt/mTOR, JAK/STAT and MAPK/ERK
pathways contribute to cell survival, growth, tumorigenesis, metastasis, cell cycle
progression, cellular motility and drug resistance.[37-41] Together, the MAPK/ERK, PI3K/
mTOR/Akt and JAK/STAT3 pathways promote cancer progression and metastasis and drug
resistance while simultaneously stimulating peripheral (dorsal root ganglia, DRG) and
central (spinal) nociceptive signaling, neuronal hypersensitivity, central sensitization,
chronic pain and morphine tolerance,[68-76]. These pathways are activated in DRG neurons
and the spinal dorsal horn in neuropathic pain models.[72-77] Pain is the most common
problem in cancer, which can persist even with increasing cancer treatment options and
following tumor excision in a phenomenon described as Postmastectomy Pain Syndrome.[1,
78] Moreover, persistence of pain is an outcome of neuronal hypersensitivity due to
peripheral and/or central sensitization following nerve injury and/or inflammation.[79, 80]
This may continue even after withdrawal of the source of injury due to neuronal
sensitization continuing to discharge signals and release neurotransmitters such as SP from
the central nervous system (CNS) to the periphery in an antidromic manner, thus promoting
a vicious cycle of nerve activation and pain.[81-85] Therefore, the increased pain sensitivity
concomitant to increased circulating B-endorphin with increasing tumor burden that we
observed suggests B-endorphin induces activation of signaling pathways that promote cancer
progression and pain.

The increased B-endorphin levels observed in tumors may contribute to sustained activation
of tumor MORs. Blockade of tumor MOR with peripherally-acting mu-opioid receptor
antagonists (PAMORAS) may potentially disrupt the vicious cycle of MOR activation and
tumor progression and attenuate pain. Methylnaltrexone (MNTX) and naloxegol are two
PAMORAs with antagonist activity approved by the FDA for opioid-induced constipation
(OIC), since they do not impact opioid mediated analgesia.[86] The effect of PAMORAS on
cancer progression has not been examined in a clinical setting, but in a post-hoc analysis of
patients with advanced malignancies, MNTX use and improvement in OIC were associated
with longer overall survival.[21] It is possible that longer survival upon MNTX treatment
could be due to the blockade of p-endorphin-induced MOR signaling which may prevent
cancer progression.

Neurosci Lett. Author manuscript; available in PMC 2022 January 23.
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Earlier studies by us in this mouse model showed that larger tumors express higher MOR
compared to smaller tumors.[25] In the present study, we have observed that plasma -
endorphin increases correlative to tumor burden, and tumors from older C3TAg mice express
significantly higher B-endorphin compared to breast tissue from younger C3TAg mice.
Based on this study and our previous study, there appears to be an association between MOR
and B-endorphin in cancer, which is being examined in human cancers by our and other
groups. Intriguingly, independent of opioid use, increased MOR-immunoreactivity (ir) in the
tumors was associated with earlier time to progression and shorter progression-free survival
and overall survival in prostate cancer patients,[17] and increased metastasis in lung cancer
patients.[20] Retrospective clinical studies suggest tumor MOR as a molecular biomarker of
poor prognosis including cancer progression and reduced survival in multiple types of
human cancer including lung, prostate, laryngeal squamous cell carcinoma, and
hepatocellular carcinoma.[17, 20, 26, 87-90] In 2 randomized placebo-controlled trials of
several hundred cancer patients, response to MNTX was associated with increased overall
survival, which could be due to limiting cancer progression via tumor MOR antagonism.[21]
This could be the case because co-treatment with MNTX in docetaxel-treated mice
xenografted with a human gastric cancer cell line, significantly prolonged survival and
decreased visceral pain-related hunching behavior, in addition to reducing metastasis,
compared to docetaxel alone treatment.[91] In this study, MNTX was effective in preventing
resistance to chemotherapy in several human cancer cell lines expressing opioid growth
factor (OGF)/ Met-enkephalin. Both, B-endorphin and Met-enkephalin are encoded by the
same POMC gene and it is likely that both are simultaneously expressed in a highly active
tumor microenvironment with a concomitant upregulation in their opioid receptors. Indeed,
overexpression of MOR in human bronchoalveolar carcinoma cells led to increased primary
tumor growth and lung metastases compared to vector control cells in nude mice. [19]
Elegant /n vitro studies showed that treatment with MNTX or silencing of MOR on Lewis
lung carcinoma (LLC) cells, inhibited their invasion and anchorage-independent growth.[16]
LLC tumor growth was suppressed in MOR knockout mice compared to wild type, and
continuous infusion of MNTX reduced LLC tumor growth and lung metastasis.[16] Pre-
clinical findings and retrospective analysis of human cancers thus suggest the contribution of
MOR with cancer progression, metastasis, survival and pain, but the factor(s) activating
MOR endogenously remained unknown. Our observations indicate that overexpression of
endogenous pB-endorphin in the tumors may be activating MOR, thus supporting the
potential of MNTX to antagonize endogenous MOR activity leading to improved outcomes
in cancer, which needs to be tested in clinical trials.

Together, our data show that pain persists despite high endogenous B-endorphin levels in
C3TAg mice, correlative with tumor burden and previously observed high expression of
MOR on advancing tumors. Thus, circulating p-endorphin and tumor MOR would be
indicative of cancer severity and associated pain and serve as prognostic biomarkers of pain
in breast cancer.
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Highlights

. Transgenic mice with breast cancer show hyperalgesia with cancer
progression

. Increase in circulating p-endorphin correlates with tumor burden in transgenic
mice

. Tumors in transgenic mice with breast cancer express $-endorphin

. B-endorphin stimulates mitogenic signaling in human breast cancer cells

. B-endorphin may serve as a biomarker of pain and breast cancer progression
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Figure 1: Hyperalgesia increases with age in transgenic mice with breast cancer.
(A) Paw withdrawal frequency (PWF) in response to von Frey filament to test mechanical

hyperalgesia. Higher PWF demonstrates more hyperalgesia. (B) Grip force to test
musculoskeletal/deep tissue hyperalgesia. Lower grip force demonstrates more hyperalgesia.
(C) Paw withdrawal latency (PWL) in response to a radiant heat stimulus applied to the
plantar surface of the hind paw to test heat hyperalgesia. Lower PWL demonstrates more
hyperalgesia. (D) Paw withdrawal frequency (PWF) over a period of 2 minutes when placed
on a cold plate at 4°C. Higher PWF demonstrates more hyperalgesia. (E) Body weight of
mice used for hyperalgesia measurements. Data are shown as mean + SEM. Statistical
analysis: One-way ANOVA/Bonferroni’s post-hoc analysis. A-D, ** P<0.0001 vs. 1.0-
month old C3TAg; $$ P<0 .0001 vs. 2.1 months old C3TAg, ## P<0.0001 vs. 5.2 months old
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FVBN. FVBN, wild type genetic background mice and C3TAg, transgenic mice with breast
cancer.
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Figure 2: Constitutive increase in circulating f-endorphin with increasing tumor burden in
transgenic mice with breast cancer.

(A) B-endorphin was analyzed in the plasma from C3TAg mice without tumors at 1.8
months and 5.2 month old with tumors and from control FVBN mice at 7.8 months of age.
Plasma B-endorphin is significantly higher in 5.2 month old C3TAg mice with tumors
compared to 1.8 month old C3TAg mice or FVBN mice without tumors. Notably, no
significant difference in plasma B-endorphin concentration was observed between FVBN
and 1.8 month old C3TAg mice. (B) Plasma and tumors were obtained from C3TAg mice at
5.2 months of age. Each value represents the plasma p-endorphin and correlative tumor
weight from each mouse. Plasma B-endorphin increases with increasing tumor weight in
C3TAg mice. Statistical analysis: (A) One-way ANOVA/Bonferroni’s post-hoc analysis; (B)
Pearson’s correlation.
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Figure 3: Increased B-endorphin expression in tumors of older transgenic breast cancer mice
compared to control breast tissue from younger mice.

Breast tumors from ~6 month old C3TAg mice and non-tumor breast tissue from ~3 month
old C3TAg mice were analyzed for B-endorphin expression. Significantly higher g-
endorphin concentration was observed in the tumors compared to non-cancerous mammary
tissue. Data are shown as mean £ SEM. Statistical analysis: Student’s two-tailed t-test.
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Figure 4: B-endorphin stimulates mitogenic and survival promoting signaling in human MDA-
MB-231 breast cancer cells.

In vitro human MDA-MB-231 breast cancer cells were incubated with 1 nM B-endorphin for
indicated time or with vehicle. Compared to total protein, phosphorylated signaling
molecules are shown at 5, 30 or 60 minutes after p-endorphin stimulation: (A) Phospho- to
total-MAPK/ERK1/2, (B) Phospho- to total-STAT3 and, (C) Phospho- to total-Akt. Each
image represents 3 separate and reproducible experiments. Data are shown as mean = SEM.
Statistical analysis: Student’s two-tailed t-test. * P<0.05 and *** P<0.001, compared to
vehicle.
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