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Abstract

Background—Chronic and frequent ethanol (EtOH) intake has been associated with an
increased incidence of several types of cancers including breast, mouth, throat, esophageal,
stomach and colorectal (CRC). The underlying mechanism of this deleterious carcinogenic effect
of alcohol has not been clearly established but inflammation may be one unifying feature of these
cancers. We have recently shown that intestinal mast cells play a central role in intestinal
carcinogenesis. In this study, we tested our hypothesis that mast cell-mediated inflammation is one
underlying mechanism by which chronic alcohol promotes intestinal tumorigenesis.

Methods—APC 2468 mice were fed either an alcohol containing Nanji liquid diet or isocaloric
dextrose containing Nanji diet for 10 weeks and then sacrificed to collect small and large intestine
samples. Assessments of tumor number and size as well as mast cell number and mast cell activity
and histology score for invasion were compared between Control (dextrose fed) and Alcohol fed
APCA468 mice. The effect of alcohol on mast cell mediated tumor migration was also assessed
using an /n vitro migration assay.

Results—Alcohol feeding increased both polyp number and size within both the small and large
intestines of APCA468 mice. Only alcohol fed mice showed evidence of tumor invasion. Chronic
alcohol feeding also resulted in an increased mast cell number and activity in tumor stroma and
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invading borders. /n vitro migration assay showed that alcohol significantly increases mast cell
mediated tumor migration /in vitro.

Conclusions—Our data show that chronic alcohol intake promotes: (1) intestinal tumorigenesis
and tumor invasion in genetically susceptible mice; (2) increases in polyp associated mast cells;
(3) mast cell mediated tumor migration /n vitro. Both our in vivoand /n vitro studies suggest that
mast cell mediated inflammation could be one mechanism by which alcohol promotes
carcinogenesis.
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Introduction

Chronic consumption of alcohol (ethanol) is a major burden to society worldwide with about
4% of deaths and 5% loss of life years attributable to alcohol use (Rehm et al., 2009). About
14 million people in the United States alone abuse alcohol or are alcoholic, which is 1 in
every 13 adults according to the National Institute of Alcohol Abuse and Alcoholism
(NIAAA)(Beaglehole and Bonita, 2009). Alcohol abuse not only causes major
socioeconomic problems, it can also cause major health problems by promoting a wide
range of diseases such as cirrhosis, cardiomyopathy, dementia, neuropathy and
steatohepatitis (Rehm et al., 2009) to name a few. One of the less appreciated but significant
complications of chronic alcohol use is promotion of several epithelial cell cancers including
esophageal, liver, breast and colorectal (CRC) (Boffetta and Hashibe, 2006; Seitz et al.,
2005; Seitz and Stickel, 2007). Recent studies estimate alcohol is responsible for 10% of
cancer cases overall and as much as 17% of colorectal cancer (Boffetta and Hashibe, 2006;
Schutze et al., 2011). Furthermore, Several studies have shown that chronic alcohol
consumption is associated with a more aggressive course with poor prognosis of breast and
colon cancers(Seitz and Stickel, 2007).

CRC is the third most prevalent form of cancer death in men and woman in the US (Siegel
etal., 2011). About 141,000 new cases of CRC were diagnosed in 2011 in the US with an
expected 50,000 CRC related deaths (Siegel et al., 2011). The underlying causes for CRC
risk are not fully understood. However, life style and environmental factors are possible
causes. One common environmental factor in western societies with potential deleterious
effects on the incidence and course of CRC is chronic alcohol consumption (Schutze et al.,
2011). An association between alcohol consumption and the occurrence of colorectal cancer
(CRC) was first reported in 1974 (Breslow and Enstrom, 1974). This initial observation was
later validated by later case—controlled and prospective cohort studies (Kune and Vitetta,
1992), which demonstrated a 1.5- to 3.5-fold increased risk of developing CRC (Scheppach
et al., 1999). Chronic alcohol consumption has also been associated with an increase in the
occurrence of pre-cancerous adenomatous polyps in the colon (Kune and Vitetta, 1992).
Furthermore, alcohol abuse has been linked with tumor progression, the adenoma to
carcinoma sequence (Boutron et al., 1995). A better understanding of how alcohol impacts
carcinogenesis should lead to better understanding of the pathogenesis of colorectal cancer
and possible new avenues for treatment. Indeed, understanding the mechanism by which
chronic alcohol consumption deleteriously impacts CRC can be instrumental for identifying
therapeutic target(s) to prevent CRC not only in alcoholics but also potentially in any
individual susceptible for CRC.

Several mechanisms have been suggested for how alcohol may promote cancers. Ethanol
manifests its effect through diverse means such as the breakdown product of acetaldehyde,
carcinogen inducing co-carcinogen model, DNA adducts, lipid peroxidation, inflammation,
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and elevated oxidative stress/free radicals (Boutron et al., 1995; Leuratti et al., 2002; Seitz
and Stickel, 2007; Seitz and Stickel, 2009; Yokoyama et al., 1998). For example, alcohol
increases mutagenic effects of carcinogens like tobacco by either decreasing their
elimination or by increasing their activity through induction of the cytochrome P450 system.
In addition, alcohol decreases DNA repair through its ability to disrupt protein functions by
causing protein adducts. Furthermore, immuno-suppressive effects of alcohol can blunt host
defense and promote cancer metastasis (Seitz and Stickel, 2007). Alcohol has also been
shown to affect methylation of CpG islands, especially hypomethylation which could result
in abnormal activation of tumor promoting genes with chronic alcohol use (Seitz and
Stickel, 2007). Finally, alcohol promotes NF-kB activation and inflammation and many
cancers like CRC are associated with inflammation (Coussens and Werb, 2002; Kune and
Vitetta, 1992; Pikarsky et al., 2004). However, the mechanisms through which chronic
alcohol use promotes CRC are not fully established.

The colonic mucosa requires balanced inflammation for homeostasis and defense against
microbial pathogens. Mast cells promote innate immunity to protect against microbial
pathogens and parasites and also to fine tune angiogenesis and blood vessel and gut
epithelial barrier permeability. Mast cells also respond to oncogenic signals in the gut and
depletion of mast cells in the APC mice model is protective (Cheon et al., 2011; Gounaris et
al., 2007; Khazaie et al., 2011; Maltby et al., 2009). Alcohol consumption can activate mast
cells (Mendes et al., 2011). However, the role of mast cells in alcohol induced
carcinogenesis in general and specifically in CRC has never been directly examined to our
knowledge. We hypothesized that mast cell mediated inflammation plays a key role in
increasing the incidence and invasiveness of colon cancer after chronic ethanol intake
(Forsyth et al., 2010). To test this hypothesis, we used a mouse model of intestinal polyposis
(APCA468) (Gounari et al., 2005; Gounaris et al., 2007) and fed the mice with a complete
liquid diet containing alcohol or calorie matched dextrose plus ad lib water. We sought to
determine if alcohol would increase the numbers and sizes of intestinal polyps and whether
these increases in polyp measurements were also associated with increases in mast cell
numbers and mast cell activity. Our study shows that chronic alcohol feeding results in: (1)
significant increases in intestinal polyp numbers and polyp sizes and tumor invasiveness in
APCA468 mige; (2) significant increases in mast cell numbers and activation in tumor stroma
and invading borders in these susceptible mice. These are the first data to our knowledge
supporting a role for mast cells in alcohol promotion of intestinal or any other cancer and
could represent a new paradigm for prevention of alcohol-associated cancers.

Materials and Methods

Reagents—Dietary components for the Nanji liquid corn oil diet including mineral mix,
vitamins, and suspending agent were obtained from Dyets Inc. (Bethlehem, PA). Additional
ingredients, including choline, dlI-methionine, lactalbumin, dextrose, were obtained from
Sigma-Aldrich (St Louis, MO). Other reagents, all of analytical grade quality, were also
obtained from Sigma-Aldrich.

Nanji alcohol liquid diet—The basic caloric composition of the ethanol diet was 36%
protein, 35% fat (as corn oil), and 29% carbohydrate dextrose/ethanol (4.5%v/v ethanol).
The caloric composition of the Control diet was the same, except that alcohol calories were
replaced with dextrose in controls. Blood alcohol levels (BAL) were not measured but in
other studies using this diet BAL range was from approximately 50-100mg/dI. The alcohol
administration is based on the Nanji corn or fish oil liquid diet (Donohue et al., 2007; Nanji
etal., 2001; Tipoe et al., 2008) which is adapted from one established by Lieber- Decarli (de
la et al., 2001). Before feeding the alcohol diet at full strength, mice were subjected to a 14-
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day adaptation period during which the alcohol concentration (as a percent of total calories)
was gradually increased from 3.6% on day 1, to 7.2% on day 4, to 10.2% on day 6, to 21.6%
on day 8, and finally to 29.0% (4.5% ethanol by volume) on day 14 and thereafter for 8.0
weeks. Chocolate (Hershey Lite) was included in both the control and alcohol diets to make
them more palatable.

Animals - APC 2468 mice—All animal experiments were carried out at the Center for
Comparative Medicine at Northwestern University Feinberg School of Medicine, Chicago,
IL. The animal protocol used was approved by the Institutional Animal Care and Use
Committee (IACUC) of the Northwestern University Feinberg School of Medicine of
Chicago, and followed the Guidelines for the Use and Care of Laboratory Animals
published by the National Institutes of Health. Only male mice were used to avoid
confounding effects of differences in alcohol metabolism between males and females in
rodents (also true of humans).(Kwo et al., 1998; Tanaka et al., 1993; Thomasson, 1995)

Male, age-matched 6 week old mice were used in all experiments. C57BL/6 and C57BL/6
APCA468 mice (Gounari et al., 2005) were bred at Northwestern University and were
maintained on a Purina rodent chow diet following arrival at the animal research facility.
Mice were bred to build a colony and the offspring phenotype was verified by genotyping
(PCR) as described (Gounari et al., 2005). Littermates were then equally subdivided into 2
groups after maturity. The two experimental groups consisted of APC2468 with alcohol
(EtOH) diet or with dextrose diet (Control). Mice were monitored weekly for calorie intake
and weight.

Immunohistochemistry

Mast cells were stained and quantified for protease content, tryptase (MMCP6) and chymase
(mMCP2), as previously described (Gounaris et al., 2007; Kiernan, 2008). Mouse paraffin
embedded tissue was cut in 5 wm thick sections for staining. Epitope affinity purified
polyclonal sheep anti-mouse mMCP-2 antibody, and rabbit anti-mouse mMCP-6 were used
as described (McNeil et al., 1992; Noli et al., 2003; Pemberton et al., 2003).

Hematoxylin and eosin (H&E) staining of intestinal tissue—~Paraffin slides were
prepared (5 pm) and stained for Hematoxylin & Eosin as previously performed (Gounaris et
al., 2007; Kiernan, 2008).

Chloroacetate esterase staining for presence of mast cells

Mast cell cytoplasm contains metachromatic granules. Metachromasia produces a different
color in a tissue component to the color of the dye solution due to the pH, dye concentration
and temperature of the basic dye. Blue or violet dyes will show a red color shift, and red
dyes will show a yellow color shift with metachromatic tissue elements. Toluidine blue is
blue in solution but stains mast cell granules red-purple (metachromatic staining) and the
background blue (orthochromatic staining). This staining has been used as the standard
method of detecting mast cell granules.

Chloroacetate esterase (CAE) detects and stains red chymotrypsin like serine esterases in the
granules of mucosal mast cells.(Huntley et al., 1985).

Paraffin sections were deparaffinized with xylene (two times, 5 min each) and rehydrated
gradually with 100% ethanol, 95% ethanol, 70% ethanol, and water. The slides were stained
with Naphthol-AS-D chloroacetate and counterstained with hematoxylin Gills 1l as
described earlier(Gounaris et al., 2007). Mast cell quantification consisted of average
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number of mast cells per polyp of 20 random fields for each respective mouse intestine. This
was done blinded in duplicate under 20x magnification.

Toluidine Blue staining to quantify degranulating mast cells—Paraffin sections (5
pLm) were cut and stained to verify mast cell degranulation as previously performed
(Blumenkrantz and Asboe-Hansen, 1974). 20 random fields per mouse intestine were
selected for quantification and performed blinded in duplicate at 20x magnification. Mast
cell number per polyp of each respective group was quantified as noted above.

Experimental Design

BL/6 APCA468 mice were randomly divided into 2 groups (6 EtOH, 6 No EtOH) which
received various treatments consisting of No EtOH (dextrose; paired fed) and EtOH, for a
period of 10 weeks (2 weeks for acclimation of alcohol and 8 weeks for full amount of
alcohol). Our rationale for choosing this alcohol feeding regimen was that we have
previously shown that this 10 week alcohol regimen results in significantly increased
intestinal permeability and intestinal oxidative stress and inflammation in rodent models of
chronic alcohol use (Keshavarzian et al., 2009). The animals were observed daily for clinical
signs and mortality. Body weight and food consumption were measured and recorded
weekly. The ethanol administration is based on the Nanji diet (Donohue et al., 2007; Nanji
et al., 2001; Tipoe et al., 2008) as described above.

Animal tissue—The final weight was recorded, mice anesthetized, and sacrificed to obtain
the following tissue: proximal small intestine, distal small intestine, and colon (Roy et al.,
2002). The small bowel and large bowel (colon) were removed and subjected to macroscopy
and microscopy to measure the number and size of the polyps. Some samples of the
intestines were fixed and paraffin blocked and 5 M sections were stained to quantify mast
cell number, location, and degranulation as described above.

In vitro tumor migration assay—This assay was performed as previously described
(Forsyth et al., 2010). Briefly first, human colon carcinoma cell line DLD-1 cells obtained
from ATCC (CCL221; ATCC Manassas, VA) were cultured in DMEM with 10% FBS and
Penicillin/streptomycin. At the time of assay cells were trypsinized and counted and 1 x 10°
cells were added to the upper well of Falcon PET 12 well tissue culture inserts with 8 pm
pore size (#3182; B&D, Franklin Lakes, NJ). In addition, the human basophilic leukemia
cell line KU-812 (ATCC CRL2099) was also obtained from ATCC. Cells were cultured in
RPMI with 10% FBS as described (Zhu et al., 1998) and differentiated into mast cells using
media supplemented with 0.3mM sodium butyrate (Sigma) for 3 days followed by addition
of 50U/ml recombinant human gamma interferon (R&D Systems) for an additional 3 days as
described (Zhu et al., 1998). To begin the assay 2 x 10° differentiated KU-812 cells were
added to the lower well of the inserts with 1 x 10° DLD-1 cells in the upper well. Alcohol
treated wells contained 0.2% (43mM) alcohol (in both upper and lower wells) added in the
media before cells were added. Thus both cell types were exposed to alcohol as /n vive.
Background Control wells contained only DLD-1 cells in the upper well and no KU-812
cells in the lower well. Migration numbers from these background wells were subtracted
from total migration numbers. After 48h non-migrated cells from the upper wells were
removed by cotton swab and inserts were fixed and remaining (migrated) DLD-1 cells
stained with crystal violet as described (Forsyth et al., 2010). Cells were blindly counted as
cells/field at 200x magnification with three random fields per insert for triplicate inserts for
each condition. Data are means + SE (N= 9 each data point).
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Data analysis

Results

All histology and migration scoring was by observers blinded to the treatment groups.
Student’s T-test and Pearson (Bivariate) 2-tailed test were performed in SPSS statistical
program. Results are expressed as Means = SE. Significance for tests was p<0.01 or p<0.05
as noted.

Chronic alcohol feeding promotes tumorigenesis in APCA468 mice

APCA468 mice were given a chronic alcohol diet as described in Methods in which 29% of
calories (4.5%vl/v ethanol) was supplied as alcohol. There was no evidence of toxicity from
supplementation with alcohol (death or sickness behavior or excessive weight loss). There
was an average of 9.5+0.5 ml of liquid diet consumed in the alcohol fed group per day
which was not significantly different than the 9.2 £ 0.5 ml for the Control group mice. The
weights of the animals did not yield any significant difference between groups during the
treatment period or at the endpoints. The average final weight for the Control group was
31.2 grams vs. 32 grams for the alcohol treated group. Unlike human FAP that affects the
colon, mouse models of polyposis develop mainly small bowel polyposis. Colonic polyps in
APC mice are rare and when they are present do not exceed 5 polyps per colon(Gounaris et
al., 2007; Khazaie et al., 2011). We have not seen any significant increase in colonic polyp
numbers in alcohol fed mice, but this may be due to the fact that the APC mice rarely
develop colonic polyps. The number and size of intestinal polyps (Figures 1a and 1b)
formed were measured after treatment with chronic alcohol at week 10 and compared to
controls. There was a significant increase in the number of intestinal polyps per mouse
formed in alcohol treated mice (Fig. 1a; 63.8 + 6.0 for Control vs. 89.7 + 8 for Alcohol
(EtOH), p< 0.01). Alcohol fed mice also had on average a size distribution of larger polyps
per mouse (Fig. 1b). Polyp sizes in mm were: Alcohol: 0.5 mm = 22.8+2.5, 1.0 mm =
25.1+1.9, 2.0 mm = 38.8+1.9 (**versus Control, p<0.01) and 3.0 mm = 3.0£0.7 (**versus
Control, p<0.01); Control treated polyp sizes were: 0.5 mm = 20+2.6, 1.0 mm = 25.6+2.1,
2.0 mm = 18.2+1.4, and no 3.0 mm = 0.00. Thus, there was significant increase in numbers
of 2.0 mm and 3.0 mm polyps in Alcohol treated mice versus control with approximately
double the number of 2.0 mm polyps in addition to no 3.0 mm polyps in Control treated
mice.

Chronic alcohol feeding results in increased mast cell numbers at the sites of polyps and
increased stromal mast cell activation in APCA468 mice

We wished to determine if chronic alcohol feeding resulted in increased mast cell numbers
at the sites of polyps. The number of mast cells was quantified by Chloroacetate esterase
(CAE) staining (Fig. 2a) and showed a significant increase in chronic alcohol treated
APCA468 mice. Average mast cell number per polyp (Fig. 2b) in the intestine of Control fed
mice was significantly lower (39£1.0) than in Alcohol fed mice, (50.4£1.0; **p<0.01). We
next wished to determine whether there was evidence for greater mast cell activation
(Toluidine blue positive staining mast cells representing degranulation) in mice chronically
fed alcohol. Representative staining for Toluidine blue and high magnification of an
example of degranulating mast cells are shown in Fig. 3a. Stained degranulating mast cells
were largely restricted to the stroma and were significantly increased in alcohol fed mice.
The numbers of both stromal and intraepithelial activated mast cells per polyp was increased
in alcohol fed mice compared to Control fed mice (Fig. 3b). However, intraepithelial mast
cells exhibited no significant difference in degranulation between Control and Alcohol
groups, while stromal mast cells exhibited a significant increase in Toluidine blue stained
degranulating mast cells per polyp in the Alcohol fed mice (21+1.0, **p<0.01) as compared
to Control mice (9.5+1.0)(Fig. 3b).
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Murine MC have historically been divided into two subpopulations, based on histochemical
staining properties, expression of MC proteases, and localization: connective tissue mast
cells (CTMC) versus mucosal mast cells (MMC) (Gounaris et al., 2007; Gurish and Boyce,
2006). In mice, MMC express chymases (mMMCP2) but rarely express tryptase. In contrast,
CTMC typically express chymases (but not the mMCP2) and tryptases (mMMCP6). However,
in our study all mast cells are located in the intestinal mucosa (Intraepithelial) or submucosa
(Stroma). Therefore, we sought to enumerate by immunohistochemistry, the presence of
these different functional types of mast cells defined by their protease expression as either
chymase (mMMCP2; murine mast cell protease 2) or tryptase (MMCP6; murine mast cell
protease 6) expressing MC and to determine their location in polyps as either Intraepithelial
or Stromal (subepithelial). As seen in Figures 4a and 4b, we found there was an increase in
the number of both mast cell types within the polyp microenvironment (Intraepithelial and
Stromal) in alcohol treated mice (Fig. 4a). Most importantly, in alcohol fed mice we
observed a significant increase in tryptase (mMMCP6) mast cells in the stroma. Stromal
tryptase positive mast cells were significantly increased in Alcohol fed mice (25.4+1.0;
***p<0.01) when compared to dextrose Control fed mice (2.0+1.0)(Fig. 4b). However, there
was no significant difference in stromal MMC chymase positive mast cells in the Alcohol
fed mice (1.2+0.5) compared to the dextrose Control fed mice (1.8+0.5)(fig. 4b).

The average number of intraepithelial tryptase positive mast cells per polyp in the Alcohol
fed mice (38.0£1.2; *p<0.01) was also significantly greater than in Control dextrose mice
(26.5£1.2). Intraepithelial MMC chymase positive mast cells were also found to be
significantly greater in Alcohol fed (42+1.8; **p<0.01) compared to dextrose Control mice
(20£1.0). To better understand the possible functional role played by these two mast cell
types, we also calculated the ratio (fold difference) for each cell type using numbers from
Fig. 4b (ratio: Alcohol treated number/Control treated number) for both mMCP6 tryptase
and mMCP2 chymase expressing mast cells in either the Intraepithelial or Stroma locations.
Fig. 4c shows the histogram for these fold difference ratios for these mast cell types with
alcohol treatment. When presented in this fashion the striking conclusion is that by far the
greatest change with alcohol treatment was for increased tryptase (mMMCPG6) expressing mast
cells in the stroma (12.5 fold increase). The less dramatic mast cell fold differences with
alcohol treatment were for stromal chymase (mMCP?2) (ratio of 1.0, no change) and
Intraepithelial: tryptase (mMMCP6) (1.5 fold increase) and chymase (mMCP2) (2.1 fold
increase) (Fig. 4c).

Chronic alcohol fed APC 2468 mice (but not controls) exhibit evidence of
tumor invasion—The inheritance of a defective allele in mouse models of polyposis
results in benign preneoplastic lesions. Invasion is not a typical characteristic of these
APCMIN models, including the APCA468 mice (Gounaris et al., 2007; Halberg et al., 2009;
Yamada and Mori, 2007). We were therefore surprised to observe that three of five Alcohol
fed mice had invasive cancer as shown in representative images in Figure 5a. In contrast,
there was no evidence of invasion in any polyps in dextrose fed Control mice.

Alcohol promoted mast cell mediated tumor migration in vitro—After viewing
the increased intestinal polyp invasion in alcohol fed mice we wished to test if alcohol
stimulation of mast cells could promote colon cancer cell migration 7 vitro. To test this we
modified the cell migration assay we have used previously to show that alcohol promotes
colon cancer cell migration /in vitro (Fig. 5b) (Forsyth et al., 2010). However, while colon
cancer cells were still placed in the top well, in this case the lower well contained the human
basophilic leukemia cell line KU-812 differentiated to become mast cell like with butyrate
and IFN-vy as described (Zhu et al., 1998). Wells (both upper and lower wells contained
alcohol) containing 0.2% alcohol (43mM; 2-3 drinks equivalent) plus mast cells resulted in
significantly more colon cancer migration (150+21; *p< .05 vs. KU-812 cells alone) than

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wimberly et al.

Page 8

KU-812 mast cells alone (106+31) or no cell background control (53+14) thus supporting a
possible mechanism for the observed increased invasion of polyps in alcohol fed mice
through alcohol enhancement of mast cell stimulation of tumor cell migration.

Discussion

In this study we investigated the hypothesis that alcohol may exert a proinflammatory
influence on intestinal tumorigenesis through stimulation of mast cell (MC) numbers and
activity. To do this we combined two validated models: the first is administration of chronic
alcohol to mice through the liquid Nanji diet (Nanji et al., 1994; Tipoe et al., 2008). The
second is the APCA468 model of intestinal tumorigenesis which we have used in previous
studies to demonstrate the tumor promoting role of mast cells (Gounaris et al., 2007). Our
study has several significant findings that support our hypothesis. First our data show that
chronic alcohol feeding resulted in increased numbers of intestinal polyps as well as an
increase in numbers of larger polyps and overall polyp size in the APCA468 mice. Second,
we found that there was evidence in some Alcohol fed mice of tumor invasion, a tumor
characteristic not normally found in the APC2468 mice polyps and not found in any of the
Control dextrose fed APCA468 mice. This mechanism was supported by our /n vitro data for
alcohol enhancement of mast cell stimulated tumor cell migration. Third, we show that
chronic alcohol feeding resulted in increased intestinal mast cell numbers and mast cell
degranulation at the sites of polyps. Taken together, these data support the hypothesis that
alcohol may promote intestinal tumorigenesis and cancer progression through stimulation of
intestinal mast cell numbers and activity.

Rodent mast cells are traditionally divided into mucosal mast cells (MMC; mMCP2,
chymase expressing) and connective tissue mast cells (CTMC; mMCPS6, tryptase
expressing). Because all MC that reside in the intestinal mucosa (intraepithelial) and
submucosa (stroma) are by definition “mucosal” we have chosen to define these functional
MC groups solely by their characteristic mast cell protease expression. A large body of
information in human cancers as well as the APC2468 mouse model of colon cancer
supports a role for mast cells in promoting tumor angiogenesis and invasion (Dalton and
Noelle, 2012; Gounaris et al., 2007). However, the specific roles of mMMCP2 (chymase) and
mMCP6 (tryptase) mast cells in this process are still being defined. Murine mucosal mast
cells rarely express tryptase, which is usually a characteristic of connective tissue mast
cells(Gurish and Boyce, 2006). In the healthy intestine MC are rare but when present tend to
express chymase and are intraepithelial(Khazaie et al., 2011). In APC mice polyposis there
is expansion of chymase positive intraepithelial mast cells in adenomatous polyps and their
ablation leads to attenuation of polyposis(Gounaris et al., 2007; Khazaie et al., 2011).
Recent studies from our lab support a role for stromal tryptase positive MC in promoting
tumor invasion (Khazaie et al., 2011). In support of this model, the most dramatic change in
alcohol treated mice in this study was the over 12 fold increase in the density of stromal
mMCP6 (tryptase) postiive mast cells (Figs.4b and 4c). Such mast cells are not seen in
chow-fed (or dextrose control fed) APC2468 Min mice(Gounaris et al., 2007). Our data
support that alcohol-stimulated expression of tryptase and stromal/submucosal localization
of tryptase positive MC is linked with tumor invasion. Further studies are needed to
definitively identify the roles of chymase and tryptase mast cell types in intestinal cancer
(Dalton and Noelle, 2012).

Our data show that alcohol feeding resulted in both increased polyp invasion as well as
increased size of intestinal adenoma tumor polyps. Two major stages of adenoma have been
identified in the APC Min mouse: microadenomas and macroscopic polyp tumors (Yamada
and Mori, 2007). With regard to macroscopic tumors it has been shown that tumors greater
than 2 mm require neoangiogenesis (the so called angiogenic switch) to progress to a larger
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size such as 3 mm (Rajamanickam et al., 2010; Tosetti et al., 2002). Such promotion of
angiogenesis is consistent with the alcohol-stimulated mastocytosis that we observed and
stimulation of angiogenesis is thought to be a key mechanism for mast cell promotion of
intestinal tumorigenesis and invasion (Khazaie et al., 2011). This mechanism is also relevant
to the increased invasion associated with alcohol-related tumors, since polyp size has been
shown to correlate with cancer progression (and poor prognosis) in both mice
models(Yamada and Mori, 2007) and human patients(Pickhardt and Kim, 2009).

Our previous study provided evidence that mast cell progenitors expand in mouse polyposis
in a lymphocyte-independent manner and localize specifically to the polyp
microenvironment. Indeed, depletion of mast cells significantly reduced polyposis in
APCA468 mice (Gounaris et al., 2007). To our knowledge the only other study on the effect
of chronic ethanol feeding in the APCMiN" mouse (Jackson lab) model was limited to
showing a significant increase in tumorigenesis in the small bowel that supports our findings
(Roy et al., 2002). However, differences in polyp size or a possible role for mast cells were
not addressed. Recent studies /n vitro (Jeong et al., 2005) show alcohol can activate mast
cells and /n vivo studies have found similar effects of chronic alcohol feeding on increased
mast cell numbers and increased MC degranulation in prostate, epididymis and testis in rats
(Mendes et al., 2011) as well as squamous epithelial layers (Coussens et al., 1999). In the
present study, consistent with a role for mast cells in polyposis, we found a significant
increase in the numbers of degranulating as well as chymase and tryptase expressing mast
cells in chronic alcohol-treated animals, supporting alcohol promotion of activated mast
cells in the polyp microenvironment, especially in the stroma where invasion takes place.
(Khazaie et al., 2011).

Mast cells have historically had importance in progression of a wide range of solid tumors
(Khazaie et al., 2011). It is well established that mast cells play a key pro-carcinogenesis
role in many solid tumors including CRC (Maltby et al., 2009). Mast cells degranulate a
wide array of pro-inflammatory chemokines, cytokines, and eicosanoids, (Bacac and
Stamenkovic 2008; Kinet 2007; Wintroub and Soter 1981), Stem cell factor (SCF) attracts
more mast cells, Granulocyte-macrophage colony stimulating factor 1 (GM-CSF1), Vascular
Endothelial Growth Factor (VEGF) promotes angiogenesis, Protease, Tryptase, Histamine,
and Heparin. TNF-a and IL-8 produced by activated mast cells are chemoattractants to
recruit neutrophils that in turn release more reactive oxygen species and more inflammatory
damage to the gut (Marone et al., 2001). Thus, mast cells have a putative multifaceted
involvement in the proinflammatory and pro-angiogenic cascade of events leading to
intestinal tumorigenesis. Mast cell derived immunoregulating substances that might
contribute to promoting tumors include inflammatory cytokines/mediators (IL-1, IL-4, IL-5,
IL-6, PGE2, PGD2, LTBy4, LTC4, PAF, and TNF-a) as well as angiogenic and vascular
permeability factors/proteases (histamine, MMP-2, MMP-9, MCP-1, MCP-2, MCP-4,
MCP-5, MCP-7, and MCP-8)(Khazaie et al., 2011; Maltby et al., 2009).

In summary, our data show that alcohol fed mice had increased intestinal mast cell numbers
and activity that correlated with increased polyp size and polyp number in the APCA468 Min
mouse model of intestinal tumorigenesis. Importantly, we also found that ethanol promotion
of mast cell numbers and activity correlated with histological evidence for increased tumor
cell invasion. This is a remarkable finding because it is well established in the field that the
APCMIn mouse model forms polyps in the intestines that are typically non-invasive (Halberg
et al., 2009; Yamada and Mori, 2007). Future studies will also analyze differences in
secreted cytokines/growth factors in alcohol fed mice to try and identify underlying
mechanisms for alcohol promotion of polyp formation and invasion in the APCA468 mouse
model of colon cancer. This could even include isolation and short term culture of tissue
intestinal mast cells for analysis. Future studies with mast cell inhibitors are underway in our
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lab to further establish a role for mast cells in intestinal tumorigenesis in this model. Our
data suggest that mast cells may represent a novel therapeutic target for prevention of
intestinal tumors especially in those susceptible subjects who chronically consume alcohol.
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Figure 1b

Figure la. Chronic alcohol feeding resultsin increased numbers of intestinal polyp
tumorsin APCA468 mice. After 8 weeks of the Nanji alcohol diet treatment, mice were
sacrificed and the intestines were removed. Polyps were quantified via macroscopic exam as
well as microscopy (Materials and Methods). Intestines were fixed and processed for
paraffin embedding. H&E staining was performed after obtaining 5 um paraffin sections.
There was a significant increase in the number of intestinal polyps in the Alcohol fed
(EtOH) APC 2468 mice versus Control treated. EtOH (N=5) and Control (N=6). All results
are in Means £ SE: EtOH = *95+2.7 vs. Control = 68+3.0, **p< 0.01.
Figure 1b. Chronic alcohol feeding resultsin increased size of intestinal polyp tumorsin
APCA468 mijce, After sacrifice and quantification of the number of polyps, the sizes of
polyps were measured for comparison. Polyps (mm) of 0.5, 1.0, 2.0, and 3.0 were measured
in the EtOH (dark grey) and Control (light grey) groups. The size of polyps in alcohol fed
APC 2468 mjce increased significantly as compared to the Control treated group. There was
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an increase of average number of polyps of the same size (2.0 mm) as well as larger (3.0
mm) polyp formation in alcohol fed mice that were not present in the control. Sizes in mm-
Alcohol: 0.5 mm =22.8+2.5, 1.0 mm = 25.1£1.9, **2.0 mm = 38.8+1.9 versus Control,
p<0.01 and **3.0 mm = 3.0+0.7 versus Control, p<0.01 compared to dextrose Control
treated: 0.5 mm = 20+2.6, 1.0 mm = 25.6+2.1, *2.0 mm = 18.2+1.4, **3.0 mm = 0.00. Data
are means + SE. ** p < .01 vs. the respective Control value.
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Figure 2a. Chloroacetate Esterase (CAE) staining demonstrates increased intestinal polyp
mastocytosis in alcohol fed APCA468 mice. Paraffin embedded intestinal sections were
obtained as described in Methods after chronic alcohol feeding for 8 weeks and stained for
presence of mast cells with CAE. Micrographs of intestinal polyps were obtained to quantify
mast cells. The circled areas are of polyps in representative Control (A) and EtOH treated
(B) mice at 20x. CAE positive stained MC are red in color and indicated by arrows: Control
intraepithelial MC (C) were significantly less than EtOH MC (D) at 40x. Overall, a
significant increase of mast cell numbers occurred in alcohol fed APCA468 mice versus
Controls in the intestinal polyps. Bar line = 30um

Figure 2b. Mast cell numbers areincreased in polyps with alcohol treatment in APCA468
mice. Mast cells were quantified as mast cells/field at 20x magnification as described in
Methods. A significant increase of intestinal mast cell number was found in intestinal polyps
of alcohol treated APC 2468 mice versus dextrose Control mice polyps. Control (dextrose

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 January 01.
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fed) polyp average mast cell number per polyp was significantly lower (39£1.0) as
compared to alcohol fed mice polyps (**50.4+1.0; p<0.01).
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Figure 3a. Chronic alcohol feeding resultsin increased numbers of degranulating MC in
stromal but not epithelial zones of intestinal polyps of APCA468 mice. MC Toluidine Blue
staining revealed MC releasing contents of granules within the microenvironment of the
intestinal polyps, with both intraepithelial and stromal staining. Paraffin embedded tissue
slides (5 wm) were obtained and stained as described in Methods. Representative polyps (A,
C, E, G) have circles with area of interest at 10x and (B, D, F, H) are the areas at 20x.
Intraepithelial MC (D) in alcohol treated mice did not exhibit a significant difference in
number vs. Control (B). However, in the stroma, there was a significant increase in
degranulating MC in the alcohol fed mice (H) as compared to Controls (F). Representative
mast cell degranulation is shown in | and J, at magnification of 40x and 100x respectively.
Bar line = 30pm
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Figure 3b. Chronic alcohol feeding resultsin increased average numbers of
degranulating mast cells as revealed by Toluidine Blue staining of MC in stromal but not
epithelial zones of intestinal polyps of APCA468 mice. Intraepithelial MC showed no
significant difference in staining between Control (1+ 1) and Alcohol fed (2+ 2) groups.
However, Stromal MC showed a significant increase in staining in alcohol fed mice: Control
(9.5+1.0) vs. Alcohol fed mice 21+1.0, **p<0.01.
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Figure 4a. Tryptase and Chymase staining for MC wasincreased in intestinal polyps of
Alcohol fed compared to Control fed APCA468 mice. Mast cells were identified via staining
with Tryptase and Chymase antibodies of paraffin embedded intestinal tissue sections as
described in Methods. Representative images on the left (Control: A, C, I, K, and Alcohol:
E, G, M, O; at magnification of 10x) are of polyps of respective mice and have circles of an
area of concentration. Images on the right of them (Control: B, D, F, H, J, L, N, and P at
magnification of 20x) are highlighted with arrows showing MC positively stained for
tryptase or chymase respectively. Bar line = 30pm

Figure 4b. Numbers of intestinal polyp MC staining for Tryptase and Chymase were
increased in Alcohol fed compared to Control fed APCA468 mice, Numbers of intestinal
tryptase and chymase positive mast cells (MC) in intestinal polyps increased with chronic
alcohol feeding. Intraepithelial Tryptase positive MC: Control (26.5+1.2) was significantly
lower than in the Alcohol fed (dark grey) APCA468 mice (38.0+1.2; *p<0.01). Intraepithelial
Chymase positive MC: Control (light grey) (20£1.0) was significantly lower than the
Alcohol fed APC2468 mice (42+1.8; **p<0.01). Stromal Tryptase positive MC: Control
(2.0+1.0) was significantly lower than the Alcohol fed APCA468 mice (25.4+1.0;
***n<0.01). Stromal Chymase positive MC: There was no significant difference in stromal
chymase positive mast cells in the Alcohol fed mice (1.2+0.5) compared to the dextrose
Control fed mice (1.8+0.5).

Figure 4c. Intestinal polypsin alcohol fed APCA468 mice exhibit a dramatic increasein
stromal tryptase (mM CP6) positive mast cells compared to Control fed mice. In order
to elucidate relative contributions for alcohol promotion of tumorigenesis by subsets of
mouse mast cells we used data from Fig. 4b above to determine the ratio of alcohol/control
mean mast cell number for each mast cell type (chymase/mMCP2 or tryptase/mMCP6) in
either the intraepithelial or stromal tissue locations. Ratios from left to right are
Intraepithelial: 1.5 (tryptase), 2.1(chymase); Stromal: 12.5 (tryptase), 1.0 (chymase).
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Figure 5a. I ntestinal polyps of alcohol fed but not Control APCA468 mice exhibit evidence
of tumor invasion. Polyps stained as described above for H&E and CAE (mast cell marker)
were examined for signs of tumor invasion of the basement membrane. Numerous polyps
from Alcohol fed mice exhibited signs of invasion while no such invasion was found in
Control fed mice polyps. Representative images show: (A) Control fed mouse polyp with no
invasion, 10x. (B) Alcohol fed mouse polyp with invasion (arrow) and dysplasia, 10x. (C)
CAE staining for MC at same invasive polyp shown in B, 20x. Note MC are intraepithelial
(right) as well as stromal (arrows). Bar line = 30 um
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Figure 5b. Alcohal stimulates KU-812 mast cell promotion of DLD-1 colon cancer cell
migration in vitro. The human basophilic leukemia cell line KU-812 was differentiated to
become mast cell like /n vitro as described in Materials and Methods. These cells were
tested in a cell migration assay (modified Boyden chamber) using 8.M Falcon inserts in 12-
well plates (lower well, 2 x 10° cells/well) for their ability to stimulate migration of DLD-1
human colon cancer cells (upper well, 1 x 10° cells/well) + 0.2% alcohol for 48h. Control
wells had no KU-812 in lower well. Data are for migrated cells per high power field (HPF,
200x) visualized with crystal violet staining and are means + SE for 3 random fields in
triplicate wells (N=9) by a blinded counter.
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