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Abstract
Mammalian matrix metalloproteinases (MMPs) which degrade extracellular matrix facilitate colon
cancer cell invasion into the bloodstream and extra-colonic tissues; in particular, MMP1
expression correlates strongly with advanced colon cancer stage, hematogenous metastasis and
poor prognosis. Likewise, muscarinic receptor signaling plays an important role in colon cancer;
muscarinic receptors are over-expressed in colon cancer compared to normal colon epithelial cells.
Muscarinic receptor activation stimulates proliferation, migration and invasion of human colon
cancer cells. I n mouse intestinal neoplasia models genetic ablation of muscarinic receptors
attenuates carcinogenesis. In the present work, we sought to link these observations by showing
that MMP1 expression and activation plays a mechanistic role in muscarinic receptor agonist-
induced colon cancer cell invasion. We show that acetylcholine, which robustly increases MMP1
expression, stimulates invasion of HT29 and H508 human colon cancer cells into human umbilical
vein endothelial cell monolayers – this was abolished by pre-incubation with atropine, a non-
selective muscarinic receptor inhibitor, and by pre-incubation with anti-MMP1 neutralizing
antibody. Similar results were obtained using a Matrigel chamber assay and deoxycholyltaurine
(DCT), an amidated dihydroxy bile acid associated with colon neoplasia in animal models and
humans previously shown to interact functionally with muscarinic receptors. DCT treatment of
human colon cancer cells resulted in time-dependent, 10-fold increased MMP1 expression, and
DCT-induced cell invasion was also blocked by pre-treatment with anti-MMP1 antibody. This
study contributes to understanding mechanisms underlying muscarinic receptor agonist-induced
promotion of colon cancer and, more importantly, indicates that blocking MMP1 expression and
activation has therapeutic promise to stop or retard colon cancer invasion and dissemination.
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1. Introduction
Mammalian matrix metalloproteinases (MMPs), a family of at least 23 zinc-dependent
proteases, are key players in cancer cell migration and invasion [1,2]. Produced as secreted
or membrane-bound pro-enzymes, MMPs are activated by proteolytic cleavage and
classified into subgroups; collagenases, stromelysins, gelatinases, membrane-type-MMPs
and others that cooperatively degrade all components of the extracellular matrix. MMP1, a
collagenase, plays an important role in degrading extracellular matrix substrates, thereby
facilitating colon cancer cell migration and invasion into the bloodstream and extra-colonic
tissues. Hence, it is not surprising that MMP1 expression correlates strongly with advanced
colon cancer stage, hematogenous metastasis and poor prognosis [3,4,5]. Nonetheless, little
is known regarding the regulation of MMP1 expression or activity in colon cancer.

Muscarinic receptor (MR) signaling plays an important role in colon cancer cell
proliferation and survival [6,7,8,9]. Further evidence for the importance of MR signaling in
colon cancer was provided by work using mouse models wherein genetic ablation of type-3
MRs (Chrm3) and inhibition of MR activation with scopolamine butylbromide attenuated
colon neoplasia [10,11]. In human colon cancer cells, we observed that MR agonists
stimulate actin stress fiber formation and colon cancer cell migration and invasion [12].
Collectively, these observations suggested to us that MMPs, particularly MMP1, might play
a key role in MR agonist-induced colon cancer cell invasion. In this context, it is relevant
that we previously showed that MR agonists robustly stimulate MMP gene transcription;
notably, acetylcholine treatment stimulated a 40- to 50-fold increase in MMP1 expression
[13]. In control experiments, the half-life of MMP1 mRNA (~16 h) was not altered by MR
agonist treatment, thereby confirming that these agents stimulate MMP1 expression at the
transcriptional level [13].

Death from colon cancer is largely due to metastatic disease; cancer limited to the bowel is
readily treated by surgery [14]. Given the importance of colon cancer invasion and the
possible therapeutic potential of blocking MMP1 expression and activation, we investigated
the role of MMP1 in mediating MR agonist-induced colon cancer cell invasion. To enhance
the likelihood that our observations were generalizable, i.e. not idiosyncratic to one cell line,
we used two well-characterized human colon cancer cell lines (HT29 and H508 cells) and
two validated approaches to measure cell invasion, including a novel, physiologically-
relevant electrical cell impedance sensing assay. Using these approaches, we demonstrate
that MR agonists stimulate MMP1-dependent invasion of human colon cancer cells and that
blocking MMP1 activation has therapeutic potential.

2. Materials and methods
2.1. Materials

Acetylcholine (ACh), atropine and deoxycholyltaurine (DCT) were from Sigma-Aldrich (St.
Louis, MO). Anti-MMP1 neutralizing antibody was from R&D Systems (Minneapolis,
MN). All other chemicals were obtained from Sigma-Aldrich or Fisher.

2.2. Cell culture
HT29 human colon cancer cells were grown in McCoy's 5A medium supplemented with
10% fetal bovine serum. H508 human colon cancer cells were grown in RPMI 1640
supplemented with 10% fetal bovine serum. Adherent cultures were passaged weekly at
subconfluence after trypsinization. Cultures were maintained in incubators at 37°C in an
atmosphere of 5% CO2 and 95% air.
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2.3. Matrigel chamber invasion assay
Assays were performed using BD Biocoat Matrigel Invasion Chambers (BD Biosciences,
Bedford, MA) as described previously [12]. HT29 human colon cancer cells were
trypsinized and resuspended in serum-free McCoy's 5A medium, placed in the upper
chamber (5 × 104 cells/chamber) and treated with indicated agents or vehicle (control).
McCoy's 5A medium containing 10% FBS was placed in the lower chamber. Cells were
incubated for 24 h in a humidified atmosphere with 95% air and 5% CO2 at 37°C. Invasive
cells were fixed and stained using Hema 3 stain (Fisher). Non-invasive cells in the upper
chamber were removed by wiping with a cotton swab. Cells on the lower surface of the
insert which had penetrated Matrigel were counted in five randomly-selected high power
fields (HPF) using a light microscope. Each experiment was performed in triplicate.

2.4 Electrical cell impedance sensing (ECIS) invasion assay
ECIS was performed as described previously [15]. Briefly, human umbilical vein endothelial
cells (HUVEC) were plated (2.5 × 105 cells/well) on small gold electrodes (diameter, 250
μm) at the bottom of tissue culture wells To measure cell micromotion, in- and out-of-phase
voltages across electrodes were recorded each second. Colon cancer cell movement into the
HUVEC monolayer was measured by fluctuations in resistance recorded and analyzed using
ECIS software (Applied BioPhysics, Troy, NY). After adding colon cancer cells (5 X 104

cells/well), invasion into the HUVEC monolayer reduced resistance because HUVEC cell-
to-cell attachments were disrupted; this was confirmed by light microscopy.

2.5. Scratch-wound assay
Cell migration was measured using a monolayer wound closure assay as described
previously [12]. Briefly, H508 colon cancer cells were grown as confluent monolayers in 6-
well plates in RPMI 1640 supplemented with 10% fetal bovine serum. Cell monolayers were
wounded by scraping with a disposable 200-μl pipette tip, washed twice with fresh serum-
free medium, and incubated in serum-free medium in the absence or presence of test agents.
Using an Axiovert 200 microscope (Carl Zeiss) (total magnification, 100X), rates of
migration of cells at the anterior edges of wounded monolayers were determined from serial
photographs taken 4 and 8 h after wounding. Measurements (12/field) were taken by an
investigator masked to treatment. Results were expressed as mean ± SE distance migrated
(arbitrary units). Cell proliferation, a potential confounding variable, was inhibited by pre-
incubating cells for 1 h with mitomycin C (10 μg/ml) [12].

2.6. Quantitative real-time PCR (qPCR)
Measurement of MMP1 mRNA levels by qPCR was performed as described previously [13].
Cells were subcultured in six-well plates (106 cells/well). After 24 h incubation at 37°C,
cells were serum-starved overnight in RPMI 1640 media and washed once with RPMI 1640
before adding test agents. Total cellular RNA was isolated using Trizol reagent (Invitrogen).
First-strand cDNAs were synthesized using the Superscript III First Strand Synthesis System
for RT-PCR (Invitrogen) and qPCR performed using 7900HT Fast System (ABI) with
Power SYBR Green master mix (ABI), 20 ng primer and cDNA synthesized from 50 ng
total RNA. PCR conditions were 5 min at 95°C, 35 cycles at 95°C for 15 sec, 60°C for 20
sec, 72°C for 40 sec and a final cycle at 95°C for 15 sec, 60°C for 15 sec and 95°C for 15
sec. PCR data were analyzed using ABI instrument software SDS 2.1 and relative levels of
mRNA expression were calculated according to the standard ΔΔCt method. Specificity of
amplifications was confirmed by melting-curve analysis. Expression values were normalized
by comparison with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers used
(all 5′-3′) were - MMP1 forward primer sequence: aactgccaaatgggcttg, MMP1 reverse primer
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sequence: ccgtgtagcacattctgtcc; GAPDH forward primer sequence: ccccatggtgtctgagcg,
GAPDH reverse primer sequence: cgacagtcagccgcatctt.

2.7 Statistical analysis
Bar graphs show mean ± SE of at least three independent experiments. Statistical analysis of
cell migration data between control and treatment groups was performed using Student's un-
paired t-test and by ANOVA with post tests (Tukey test) (SigmaPlot, Systat Software, San
Jose, CA). Statistical significance is shown by the number of asterisks (*P < 0.05; **P <
0.01). P < 0.05 was considered statistically significant.

3. Results
3.1. Acetylcholine stimulates MMP1-dependent human colon cancer cell invasion

Recently, using a scratch-wound cell migration assay, we showed that the classical MR
agonist acetylcholine (ACh) strongly stimulated migration of H508 human colon cells [12].
ACh-induced cell migration was mediated by a complex mechanism involving MMP7-
catalyzed release of HBEGF, post-EGFR signaling via ERK and PI3K/AKT, and activation
of RhoA and ROCK [12]. In the course of that work, preliminary experiments showed that
ACh also stimulates HT29 human colon cancer cell invasion in Matrigel chambers [12].
Based on the rationale in the Introduction, in the following experiments we pursued a line of
investigation seeking to identify a mechanistic role for MMP1 activation in MR agonist-
induced colon cancer cell invasion.

Using Matrigel chamber invasion assays, we examined the effects of adding anti-MMP1
neutralizing antibody on ACh-induced actions of HT29 human colon cancer cells. Our
published work showed that the effects of ACh in this assay are blocked by pre-incubation
with a non-selective MR antagonist, atropine [12]. As shown in Fig. 1A, ACh stimulated a
3-fold increase in HT29 cell invasion. Pre-incubation with 10 μg/ml anti-MMP1 antibody
strikingly attenuated ACh-induced HT29 cell invasion (Fig. 1A). In control experiments,
this concentration of anti-MMP1 antibody alone did not alter HT29 cell invasion (not
shown). These findings provided the first direct evidence that ACh-induced colon cancer
cell invasion is mediated by activation of MMP1.

We confirmed this important finding by examining the actions of a different human colon
cancer cell line, H508 cells, using electrical cell impendance sensing (ECIS) – a more
physiologically relevant cell invasion assay [15]. Moreover, we thought it important to
generalize our observations to more than one human colon cancer cell line and, because of
their larger size, H508 cells do not readily transit Matrigel inserts. Hence, using ECIS, an
assay that depends less on cell size, offered the benefits of allowing us to study H508 cell
invasion and provided a complementary invasion assay to confirm results observed in
Matrigel chambers.

As shown in Fig. 1B, in the absence of additions, HUVEC monolayer resistance remained
relatively stable over the course of the 26-h experiment. Adding H508 cells caused only
minor fluctuations in resistance until the addition of 100 μM ACh; starting approximately 4
h after addition of ACh we observed progressive reduction in HUVEC monolayer resistance
such that 20 h after adding ACh resistance was approximately 10% basal (Fig. 1B). Pre-
incubating H508 cells with 1 μM atropine, a non-selective MR inhibitor, blocked ACh-
induced H508 cell invasion into the HUVEC monolayer – there was no change in resistance
(Fig. 1B). Likewise, pre-incubation with 10 μg/ml anti-MMP1 neutralizing antibody
abolished the effects of ACh on cell invasion (Fig. 1B). In the absence of stimulation with
ACh, atropine and anti-MMP1 antibody did not alter resistance in wells when H508 cells
were added to the HUVEC cell monolayer (Fig. 1B). Moreover, in control experiments
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wherein H508 cells were not added, ACh, atropine and anti-MMP1 antibody did not alter
HUVEC monolayer resistance (not shown).

As additional confirmation of these striking results, we repeated these experiments using
HT29 cells instead of H508 cells in the ECIS assay. Approximately 2 h after adding ACh we
observed a transient modest increase in resistance of unknown cause followed by a
progressive reduction in monolayer resistance similar to that observed with H508 cells (Fig.
1C). Eighteen hours after adding ACh, HUVEC monolayer resistance was approximately
20% basal. Again, as shown in Fig. 1C, pre-incubation with atropine and anti-MMP1
antibody completely blocked ACh-induced HT29 cell invasion into the HUVEC monolayer.
In the absence of stimulation with ACh, atropine and anti-MMP1 antibody did not alter
resistance in wells when HT29 cells were added to the HUVEC cell monolayer (Fig. 1C). In
control experiments wherein HT29 cells were not added, ACh, atropine and anti-MMP1
antibody did not alter HUVEC monolayer resistance (not shown). Finally, in parallel
experiments, light microscopy was utilized to verify that changes in resistance were indeed
associated with colon cancer cell invasion into monolayers. Collectively, these novel
observations support the conclusion that ACh-induced colon cancer cell invasion is
dependent on activation of both MR and MMP1.

3.2. Deoxycholyltaurine (DCT), a dihydroxy secondary bile acid, stimulates human colon
cancer cell migration

Our previous work indicates that in human colon cancer cells dihydroxy secondary bile
acids associated with the development of neoplasia in animal models and humans [16,17]
interact functionally with MR [7,18]. To determine whether bile acids have similar effects
on human colon cancer cells as ACh, we started by investigating the actions of DCT on cell
migration [12]. As shown in Fig. 2A, in a scratch-wound migration assay within 4 to 8 h
after incubation with DCT we observed 4- to 6-fold increased H508 cell migration compared
to control incubations with vehicle alone. The responses with DCT were of similar
magnitude to those observed with the same concentration of ACh (Fig. 2A). These initial
findings stimulated us to determine whether the bile acid also had similar effects as ACh on
MMP1 expression and colon cancer cell invasion.

3.3. DCT stimulates MMP1 expression in human colon cancer cells
As anticipated, in H508 cells a maximal concentration of DCT stimulated time-dependent,
10-fold increased MMP1 mRNA levels (Fig. 2B and C). The response with DCT was not of
the same magnitude as the 40-fold increase in MMP1 mRNA levels observed with ACh
(Fig. 2B). Nonetheless, these findings showed that the bile acid was capable of stimulating a
robust increase in MMP1 expression. Thus, we proceeded to determine whether the bile acid
stimulated colon cancer cell invasion and whether this was MMP1-dependent.

3.4. DCT stimulates MMP1-dependent human colon cancer cell invasion
As shown in Fig. 2D, adding the bile acid stimulated reproducible, greater than 2-fold
increased HT29 cell invasion; an effect of similar magnitude to that observed with ACh
(Fig. 1A). Moreover, pre-incubating colon cancer cells with 10 μg/ml anti-MMP1 antibody
significantly attenuated DCT-induced HT29 cell invasion to near basal levels (Fig. 2D).
These findings provide strong evidence that a bile acid that is abundant in the fecal stream
and is associated with increased colon cancer risk stimulates MMP1-dependent cancer cell
invasion.
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4. Discussion
In this study we investigated the actions of MR agonists on the invasive properties of human
colon cells. We focused these studies on ACh, a classical MR agonist previously shown to
stimulate human colon cancer migration in a scratch-wound assay and to selectively increase
MMP expression, including that of MMP1, a collagenase associated with progression of
human colon cancer. In addition to commonly-used Matrigel chamber invasion assays, we
used a more physiologically relevant ECIS assay to show that ACh stimulates invasion of
both HT29 and H508 human colon cancer cells into HUVEC monolayers. As anticipated,
these effects were abolished by pre-incubation with atropine, a non-selective MR inhibitor.
However, the more salient observation is that pre-incubating cells with anti-MMP1
neutralizing antibody also completely blocked the actions of ACh. Similar results were
obtained with DCT, an amidated dihydroxy bile acid associated with colon neoplasia in
animal models and humans, and previously shown to function by muscarinic mechanisms
[7,18].

This study contributes to understanding the mechanisms underlying muscarinic agonist-
induced promotion of colon cancer and, more importantly, indicates that a monoclonal
antibody that blocks MMP1 activation shows promise as a therapeutic agent to stop or retard
colon cancer invasion and dissemination. Chemical inhibitors of MMP1 and agents that
specifically block MMP1 gene expression are likely to have similar effects on colon cancer
cell invasion. Translational clinical studies of these agents must first await successful studies
in animals using either murine intestinal neoplasia or xenograft models. Of course, in
addition to demonstrating efficacy these studies must also show that off-target effects of
such agents do not cause harm.

The results of this study demonstrate that agents that block MR and MMP1 activation
prevent MR agonist-induced human colon cancer cells invasion. These findings highlight
key roles in colon neoplasia for MR agonist-induced MMP1 gene expression and colon
cancer cell invasion. Notably, these studies indicate that although it may be challenging,
developing drugs to target MMP1 gene expression and activation in colon cancer is a
therapeutic strategy worthy of further investigation to prevent invasion and metastasis, the
primary causes of colon cancer morbidity and mortality.
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Highlights

• Muscarinic receptor agonists stimulated robust human colon cancer cell
invasion.

• Anti-matrix metalloproteinase1 antibody pre-treatment blocks cell invasion.

• Bile acids stimulate MMP1 expression, cell migration and MMP1-dependent
invasion.
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Fig. 1.
Acetylcholine (ACh) stimulates MMP1-dependent human colon cancer cell invasion. A:
HT29 colon cancer cells were incubated for 24 h with ACh (100 μM), alone or in cells pre-
incubated for 30 min with anti-MMP1 antibody (10 μg/ml), and invasion was measured
using BD Biocoat Invasion Chambers with Matrigel inserts. Values represent mean ± SE (3
separate experiments). Anti-MMP1 antibody alone did not alter basal HT29 cell invasion
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(not shown). HPF, high power field. **, P < 0.01, Student's paired t-test. B: Electrical cell
impedance sensing (ECIS) shows ACh-induced H508 colon cancer cell invasion of HUVEC
monolayers. At the time shown, ACh (100 μM) was added to H508 cells, with or without
pre-incubation for 30 min with atropine (1 μM) or anti-MMP1 antibody (10 μg/ml), and
invasion into the HUVEC monolayer was determined by measuring trans-HUVEC
monolayer resistance. ACh-induced H508 cell invasion into the HUVEC monolayer was
blocked by both atropine and anti-MMP1 antibody. In additional control experiments, the
agents tested had no effect on HUVEC monolayer resistance in the absence of added H508
cells (not shown). C: ECIS experiments were conducted with HT29 cells instead of H508
cells using the same experimental approach and controls described for Fig. 1B. For both
H508 and HT29 cells, resistance (ohms) of the HUVEC monolayer over the course of the
experiments (mean of duplicates at each time point) was representative of three separate
experiments.
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Fig. 2.
Deoxycholyltaurine (DCT), a dihydroxy bile acid that interacts functionally with muscarinic
receptors, stimulates colon cancer cell migration and MMP1-dependent invasion. A: DCT
(100 μM) stimulates H508 cell migration in a scratch-wound assay. Cells were plated at
confluence before linear wounding. Photomicrographs were taken before adding test agents
and at 4 and 8 hours after adding ACh and DCT. Values for ACh and DCT were greater than
vehicle (control) at both time points (N > 3 expts; *, P < 0.05; **, P < 0.01, ANOVA with
Tukey's test). B: Comparison of DCT- and ACh-induced MMP1 mRNA expression in
human colon cancer cells. qPCR was performed using cDNA synthesized from total RNA
prepared from H508 cells after incubation with MR agonists. MMP1 mRNA levels were
measured after 4 h incubation with maximal concentrations of DCT (50 μM) and ACh (100
μM). Mean ± SE from at least 3 experiments. C: Time course for DCT-induced MMP1
expression. qPCR was performed using cDNA synthesized from total RNA prepared from
H508 cells incubated for the times indicated with DCT (50 μM). Mean ± SE from at least 3
experiments. D: HT29 colon cancer cells were incubated for 24 h with DCT (100 μM), alone
or in cells pre-incubated for 30 min with anti-MMP1 antibody (10 μg/ml). Cell invasion was
measured using BD Biocoat Invasion Chambers with Matrigel inserts. Values represent
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mean ± SE (3 separate experiments). Anti-MMP1 antibody alone did not alter basal HT29
cell invasion (not shown). HPF, high power field. **, P < 0.01, Student's paired t-test.
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