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Abstract

An elderly man with long-standing, non-resectable pheochromocytoma rapidly developed rectal

adenocarcinoma despite close endoscopic surveillance. We determined that the patient’s colorectal

cancer over-expressed M3 subtype muscarinic receptors, whereas his pheochromocytoma

expressed choline acetyltransferase, an enzyme required to produce acetylcholine, a muscarinic
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receptor agonist. These findings suggested that acetylcholine release from the pheochromocytoma

stimulated rapid growth of the rectal neoplasm. As proof-of-principle, we demonstrate here that

culture media conditioned by pheochromocytoma cells stimulates proliferation of a human colon

cancer cell line, an effect attenuated by atropine, a muscarinic receptor inhibitor. Our observations

provide both clinical and laboratory evidence that muscarinic receptor agonists promote the

growth of colorectal neoplasia.

The development of colorectal cancer, the second most common cause of cancer death in the

United States, is associated with the accumulation of somatic gene mutations that promote

cell dysplasia.1,2 Environmental factors augment and accelerate transition of normal colon

epithelial cells to adenomas and adenocarcinomas. For example, diets high in fat and meat

content increase fecal bile acids and colon cancer risk.3 Muscarinic receptors, primarily

subtype three (M3R), are expressed widely in the gastrointestinal tract and over-expressed in

colon cancer.4 Conjugated bile acids may interact functionally with M3R, thereby

stimulating colon cancer cell proliferation.5–7 Moreover, human colon cancer cells

commonly express choline acetyltransferase (ChAT) and release acetylcholine, which can

result in autocrine stimulation of colon cancer cell proliferation.8 Collectively, these

findings provide evidence that muscarinic receptor agonists may be important growth factors

in colon cancer. Indeed, in mouse models of intestinal neoplasia, deficiency of CHRM3, the

gene encoding M3R, robustly attenuates intestinal tumor formation,9,10 whereas treatment

with a muscarinic receptor agonist promotes tumorigenesis.11

Here we describe a man with a long-standing unresectable pheochromocytoma who, despite

close endoscopic surveillance, developed invasive rectal adenocarcinoma in an exceedingly

short time after removal of a rectal adenoma. The rapidity of rectal cancer development in

this patient is distinctly unusual. Studies of the natural history of colorectal polyps indicate

that normally little or no growth is observed over several years of surveillance.12,13 Prior

work demonstrating that pheochromocytoma cells can synthesize acetylcholine,14 suggested

to us that acetylcholine production and release from our patient’s pheochromocytoma was

likely to have played a role in stimulating rapid growth of the rectal cancer.

CASE

In the late 1970’s, an African-American man born in 1932 was diagnosed with a right

adrenal pheochromocytoma when he presented with palpitations, headache and diaphoresis.

In 1982 he underwent right adrenalectomy and nephrectomy, and was well until 1993 when

these symptoms returned. In 1995, he was hospitalized at the Johns Hopkins University

Medical Center in hypertensive crisis with blood pressures as high as 300/180 mmHg. He

was diagnosed with recurrent pheochromocytoma but declined surgery. Symptoms were

initially controlled with adrenergic blockade, but recurred. In 2003, he was evaluated at the

Baltimore VA Medical Center; CT and PET scans demonstrated a 5 × 4 cm mass in the right

renal fossa and aortocaval region, consistent with recurrent pheochromocytoma. In 2004, he

was referred to the National Institutes of Health where resection of the pheochromocytoma

was unsuccessful due to tumor infiltration into the inferior vena cava – only an incisional

biopsy was performed.
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Also in 2004, the patient underwent colonoscopy at the Baltimore VA Medical Center for

evaluation of a positive fecal occult blood test. A 1-cm rectal polyp (Figure 1, A) was

removed by snare electrocautery. Histological examination revealed a tubular adenoma with

a focus of high-grade dysplasia. Six months later, sigmoidoscopy revealed residual rectal

polyp tissue versus scar (Figure 1, B), which was removed and identified histologically as

tubular adenoma without high-grade dysplasia. Three months later, repeat sigmoidoscopy

with biopsies of the prior polypectomy site (Figure 1, C) revealed no residual adenomatous

tissue. In 2007, 28 months after the unremarkable sigmoidoscopy and biopsies, he developed

rectal bleeding. Colonoscopy revealed a 3- to 4-cm moderately well-differentiated rectal

adenocarcinoma (Figure 1, D), stage T2N0. He was treated with neoadjuvent chemotherapy

and radiation followed by a low-anterior resection, and 6 years later has no evidence of

recurrence.

METHODS

Immunohistochemistry and Real-Time PCR

Immunohistochemistry—Five-micrometer sections were obtained from formalin-fixed,

paraffin-embedded sections of pheochromocytoma, tubular adenoma prior to development

of cancer, colorectal cancer prior to anti-cancer therapy, and normal colorectal tissue

removed at the time of surgical resection. Additional sections were obtained from five

archival pheochromocytoma pathology specimens. Pheochromocytoma sections were

stained for ChAT using goat anti-ChAT affinity purified polyclonal antibody (Millipore)

according to the manufacturer’s protocol. Sections derived from the colorectal polyp,

colorectal cancer, and normal colon were stained for M3R using purified rabbit anti-M3R

polyclonal antibody (Alomone Labs) according to the manufacturer’s protocol. Sections

were examined under light microscopy and photographed using a Nikon 80i photo-

microscope.

Quantitative real-time PCR—RNA was extracted from formalin-fixed, paraffin-

embedded samples of colorectal cancer obtained by endoscopic biopsy prior to anti-cancer

treatment and non-cancerous colorectal tissue obtained from uninvolved areas of the surgical

resection specimen. Total RNA was extracted using the RNeasy FFPE kit (Qiagen). RNA

purity and integrity were determined by the A260/280 ratio and the RNA integrity number

(RIN) from an Agilent 2100 Bioanalyzer. Equal amounts of RNA were converted to cDNA

with M-MLV reverse transcriptase (Promega). Specific primers for all five muscarinic

subtypes and the housekeeping gene GAPDH were used for SYBR green qRT-PCR,

measuring cycle thresholds on an Applied Biosystems 7500 real-time PCR system. Results

were analyzed using the 2−ΔΔCt comparative method with GAPDH as control.15

Conditioned Media Experiments

Cell culture—T-75 culture flasks coated with type IV collagen (BD Biosciences) were

seeded with ~5×106 PC-12 rat pheochromocytoma cells (ATCC # CRL-1721) and grown in

RPMI-1640 media (GIBCO BRL) supplemented with 10% heat-inactivated horse serum

(ATCC), 5% fetal bovine serum (ATCC) and 100 ng/mL nerve growth factor (Sigma-

Aldrich) to promote a neuronal phenotype. Growth media were renewed every two to three
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days. H508 human colon cancer cells (ATCC # CCL-253) were grown in RPMI-1640

supplemented with 10% FBS. Media were renewed every two to three days, and cells were

passaged weekly at sub-confluence after trypsinization. Cell cultures were maintained in

incubators at 37°C in an atmosphere of 5% CO2 and 95% air.

Conditioned Media—Serum-free RPMI-1640 with potassium concentration adjusted to

55 mM and 10 μM eserine hemisulfate added served as the basis of all test media. After 8

days growth, adherent PC-12 cells were washed with 10 mL serum-free media and

incubated for 10 min with 10 mL of test media. To test its effect on H508 cell proliferation,

the resulting ‘conditioned media’ was used immediately.

Cell Proliferation Assay—H508 cells were seeded in 96-well plates (Corning Glass

Works, Corning, NY) at ~10% confluence and allowed to attach for 24 h. Cells were washed

with serum-free media and serum starved for 2 h before incubation with 200 μL of

conditioned or control media (15 wells per test condition). In parallel experiments, cells

were pre-incubated with 5 μM atropine for 30 min before incubation with unconditioned or

conditioned media containing 5 μM atropine. After adding test media, cells were incubated

for 5 days at 37°C in an atmosphere of 5% CO2-95% air without further additions. After 5-

day incubation, cell proliferation was measured by adding 20 μL CellTiter 96 Aqueous One

solution (Promega) to each well. After three to four h incubation at 37°C, absorbance was

measured at 490 nm using a 96-well microtiter plate reader (SpectraMax384). Data were

analyzed using the two-tailed Student’s t-test (GraphPad Prism, version 5).

RESULTS

Immunohistochemical staining of our patient’s pheochromocytoma tissue revealed strong

staining for ChAT (Figure 2, B), the principal enzyme required for acetylcholine production.

ChAT staining was also detected in two of five additional archival pheochromocytomas

from other patients (Figure 2, C and D).

Expression of all five muscarinic receptor subtypes was identified by qRT-PCR in our

patient’s colorectal cancer as well as in adjacent normal colon. However, for only CHRM3,

the gene encoding M3R, expression was greater (2.95-fold) in the cancer compared to

normal colon (Figure 3, A). Because there were no meaningful differences in expression of

the other four muscarinic receptor genes when comparing cancer to normal colon (fold-

change range 0.74 – 1.28), we focused on expression of M3R.

Immunohistochemical staining for M3R in tissue samples from our patient revealed weak

staining in normal colorectal mucosa (Figure 3, B1), strong staining in endoscopic biopsies

of his tubular adenoma obtained prior to progression to cancer (Figure 3, B2), and

intermediate staining in endoscopic biopsies of his moderately well-differentiated colorectal

cancer (Figure 3, C). Notably, M3R staining in the cancer was less intense than that

observed in the polyp, but substantially greater than that observed in normal colon (Figure 3,

B2 and B3).
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To provide additional evidence that acetycholine release from pheochromocytoma cells

could stimulate human colon cancer cell proliferation, we used pheochromocytoma cells that

were previously shown to synthesize and release acetylcholine.14 We found that adding

PC-12 pheochromocytoma cell ‘conditioned media’ to H508 human colon cancer cells

stimulated a 130% increase in cell proliferation compared to otherwise identical, but

unconditioned, media (P<0.001). Moreover, adding atropine significantly attenuated the

proliferative effects of ‘conditioned media’ (P<0.001) (Figure 4). In control experiments,

addition of atropine to unconditioned media resulted in a small, but significant (P<0.01)

reduction in H508 cell proliferation; however, this reduction was substantially less than that

observed when atropine was added to conditioned media (P<0.001) (data not shown). We

concluded that H508 cell proliferation was driven, in part, by acetylcholine release from the

pheochromocytoma cells.

DISCUSSION

Genetic and environmental factors modulate the development and rate of progression of

colorectal cancer. Whereas previous in vitro and in vivo animal studies identified a role for

muscarinic receptor signaling in modulating progression of colorectal neoplasia,9,16–18 this

unusual case and the experimental data presented herein provide compelling evidence that

acetylcholine is an important growth factor in human colorectal cancer. We have

demonstrated that our patient’s pheochromocytoma expressed the principal enzyme required

for acetylcholine production; that his colorectal cancer over-expressed CHRM3, the gene

encoding M3 muscarinic receptors; and that, compared to his normal colon epithelium, both

his colorectal polyp and cancer over- expressed M3R protein. It is of interest that M3R

expression was greater in the polyp than the cancer; this finding suggests that muscarinic

receptor activation may also play a role in progression of colon dysplasia to cancer, a

hypothesis that we will pursue in future studies.

Collectively, these findings provide a plausible explanation for ultrarapid growth of

colorectal cancer in our patient; acetylcholine, and possibly other growth factors, produced

and released into the blood stream from the pheochromocytoma stimulated rapid growth of

the colon cancer. Our in vitro experiments provide additional support for this hypothesis; we

demonstrated that bioactive agents released by pheochromocytoma cells stimulate colon

cancer cell proliferation. Inhibition of this effect by atropine identifies acetylcholine as one

of these bioactive agents.

We acknowledge that the present work has limitations. PC12 cells, used to condition media,

derive from a rat pheochromocytoma cell line (human pheochromocytoma cell lines are

unavailable). Moreover, other bioactive products released from the pheochromocytoma (e.g.

catecholamines such as epinephrine and norepinephrine) may have contributed to rapid

progression of colorectal cancer. Others have shown in vitro that catecholamines stimulate

migration and proliferation of human colon cancer cell lines.19,20 On-going treatment of our

patient with alpha- and beta-adrenergic blockers may have minimized the effects of these

agents. Additionally, we were unable to measure acetylcholine levels in our patient’s serum.

Hydrolysis by serum cholinesterases of acetylcholine released by the pheochromocytoma

may have attenuated the impact on colorectal neoplasia. Nonetheless, release of bioactive
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agents by other hormone-secreting tumors has been shown to exert potent pro-neoplastic

effects at distant sites despite degradation by serum enzymes. For example, despite rapid

degradation of gastrin by serum endopeptidases, continuous release of gastrin from

gastrinomas maintains increased steady-state serum gastrin concentrations that drive

transformation of gastric enterochromaffin-like cells into gastric carcinoid tumors.

This unique case highlights the important role of muscarinic receptor activation in colorectal

cancer. In view of increasing efforts to target multiple pro-neoplastic pathways

simultaneously and to personalize cancer treatment, our findings suggest that in conjunction

with standard therapies, a subset of colorectal cancer patients might benefit from addition of

anti-cholinergic agents, primarily those directed selectively at blocking M3 receptor

activation.

CONCLUSION

Inspired by the exceptional case of a patient with an unresectable pheochromocytoma who

rapidly developed colorectal cancer, our observations and experimental findings implicate

muscarinic receptor agonists in the progression of human colorectal neoplasia.
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Figure 1. Endoscopic Findings
Panel A shows our patient’s rectal polyp prior to initial polypectomy. Panel B displays the

site six-months later when additional polypectomy revealed residual adenoma. Panel C

shows a polypectomy scar after an additional three months. Multiple biopsies obtained at

this time showed no adenomatous tissue. Panel D demonstrates the rectal adenocarcinoma

found 28 months after the unremarkable sigmoidoscopy with biopsy (white arrows outline

the proximal tumor margin).
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Figure 2. Histopathological and Immunohistochemical Evaluation of Pheochromocytoma
Histopathological evaluation of the pheochromocytoma showed connective tissue with

clusters and isolated pleomorphic tumor cells with abundant and granular cytoplasm (Panel

A, H&E stain). Immunohistochemical staining for choline acetyltransferase (ChAT) shows

strong cytoplasmic staining of most tumor cells in this field (Panel B, anti-ChAT stain). Two

of five additional archival specimens stained positively for ChAT (Panels C & D, anti-ChAT

stain). ChAT = choline acetyltransferase.
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Figure 3. M3 muscarinic receptor (M3R) gene and protein expression
Panel A shows muscarinic receptor subtype gene expression in our patient’s colorectal

cancer compared to adjacent normal colon tissue. The dashed line represents equivalence.

Results were obtained by real-time PCR using the 2−ΔΔCt comparative method using

GAPDH as the relative control. Panel B shows immunohistochemical staining for M3R (see

Methods) and reveals weak staining in normal colon mucosa (Panel B1) whereas robust

staining is observed in a fragment of the tubular adenoma removed by endoscopic biopsy

prior to progression to cancer (Panel B2). Staining for M3R in an endoscopic biopsy of the

moderately well-differentiated colorectal cancer (Panel B3) was less intense than that

observed in the polyp (Panel B2) but substantially greater than that observed in normal

colon (Panel B1). M3R = muscarinic receptor subtype 3.
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Figure 4. Results of Conditioned Media Experiments
Media exposed to PC-12 pheochromocytoma cells (‘conditioned media’) stimulates

proliferation of H508 human colon cancer cells. H508 cell proliferation was determined by

absorbance at 490 nm as described in Methods. The proliferative effects of ‘conditioned

media’ were significantly attenuated in the presence of 5 μM atropine. Data represent means

and standard errors from three independent experiments. At = atropine.
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