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Abstract

BACKGROUND & AIMS—Many colon cancers produce the hormone progastrin, which signals
via autocrine and paracrine pathways to promote tumor growth. Transgenic mice that produce
high circulating levels of progastrin (hGAS) have increased proliferation of colonic epithelial cells
and are more susceptible to colon carcinogenesis than control mice. We investigated whether
progastrin affects signaling between colonic epithelial and myofibroblast compartments to
regulate tissue homeostasis and cancer susceptibility.

METHODS—Colonic myofibroblast numbers were assessed in hGAS and C57BL/6 mice by
immunohistochemistry. Human CCD18Co myofibroblasts were incubated with recombinant
human progastrin (rhPG)(1-80) for 18 hours, and proliferation was assessed in the presence of
pharmacologic inhibitors. The proliferation of human HT29 colonic epithelial cells was assessed
after addition of conditioned media from CCD18Co cells incubated with progastrin. The effects of
the insulin-like growth factor (IGF)-1 receptor antagonist AG1024 were investigated in cultured
HT29 cells and on the colonic epithelium of hGAS mice compared with mice that did not express
transgenic progastrin (controls).

RESULTS—The colonic mucosa of hGAS mice contained greater numbers of myofibroblasts
that expressed a—smooth muscle actin and vimentin than controls. Incubation of CCD18Co
myofibroblasts with 0.1 nmol/L rhPG(1-80) increased their proliferation, which required
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of protein kinase C and phosphatidylinositol-3 kinase. CCD18Co cells secreted IGF-I1

in response to rhPG(1-80), and conditioned media from CCD18Co cells that had been incubated
with rhPG(1-80) increased the proliferation of HT29 cells. The colonic epithelial phenotype of
hGAS mice (crypt hyperplasia, increased proliferation, and altered proportions of goblet and
enteroendocrine cells) was inhibited by AG1024.

CONCLUSIONS—Progastrin stimulates colonic myofibroblasts to release IGF-11, which
increases proliferation of colonic epithelial cells. Progastrin might therefore alter colonic epithelial
cells via indirect mechanisms to promote neoplasia.
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Mouse Model; Colon Cancer; PKC; PI3K

The colonic epithelium is organized into crypts that rapidly self-renew via stem cells, which
are believed to be located at or near the crypt base.! Tissue self-renewal is precisely
regulated to maintain normal homeostasis and avoid malignant transformation. Under
normal conditions, colonic epithelial stem cells self-renew asymmetrically and daughter
cells divide further in the transit-amplifying region in the bottom two-thirds of the crypt.
Cells then differentiate into secretory (goblet, enter-oendocrine) or absorptive (colonocyte)
lineages as they migrate up the crypt axis until they are shed into the lumen. Surrounding the
colonic crypts are sheaths of mesenchymal cells, including myofibroblasts, which participate
in regulating homeostasis through reciprocal signaling with the epithelial compartment.
Myofibroblasts produce Wnt signals? and several growth factors, such as hepatocyte growth
factor and insulin-like growth factors (IGFs),3 which increase colonic epithelial cell
proliferation. Factors that disrupt homeostasis in this niche may therefore render the colon
more susceptible to development of cancer.

Progastrin is a precursor of the fully processed hormone gastrin and is produced by
cotranslational cleavage of the precursor molecule preprogastrin (reviewed in Dockray et
al%). Amidated forms of gastrin are produced mainly by G cells in the gastric antrum, where
they function as gastric acid secretagogues. Gastrin precursors are also biologically active;
in particular, they disrupt colonic mucosal homeostasis and are involved in development of
colon cancer. Preprogastrin is expressed by many colon cancers,® but because these tumors
lack the enzymes required to process progastrin to amidated forms,6-8 immature gastrins
such as progastrin and glycine-extended gastrin (G-Gly) are secreted, leading to high local
and circulating concentrations of these hormones.® Progastrin is mitogenic to colonic cell
lines1%:11 and increases colonic epithelial proliferation in progastrin-overexpressing (hGAS)
mice.12-14 hGAS mice have colonic crypt hyperplasia, increased numbers of colonic goblet
cells, and increased susceptibility to colonic tumor development after treatment with the
carcinogen azoxymethane, 1516 possibly as a result of persistent epithelial mitosis following
DNA-damaging stimuli.13

We therefore hypothesized that progastrin regulates colonic homeostasis and carcinogenesis
susceptibility by exerting effects on the myofibroblast compartment of the colonic mucosa
in addition to its well-documented effects on epithelial cells. We have assessed colonic
myofibroblast numbers in hGAS mice and have used a human colonic myofibroblast cell
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line (CCD18Co) to investigate the effect of exogenous recombinant human progastrin
(rhPG) (1-80) on myofibroblasts in vitro. Various pharmacologic agents were used to
investigate the signaling pathways involved.

Materials and Methods

Animals

Ten- to 12-week-old C57BL/6 mice (Charles River Laboratories, Margate, Kent, England)
and hGAS micel? on the C57BL/6 genetic background were maintained at the University of
Liverpool in England. Animals were fed a commercially prepared diet, given water ad
libitum, and maintained on a 12:12-hour light/dark cycle. All experiments were performed
with UK Home Office (Animals Scientific Procedures Act 1986) and local ethical
committee approval.

Treatment With AG1024

Groups of 5 sex-matched hGAS and C57BL/6 mice aged 10 weeks were treated with 3
injections of 30 ug AG1024 (Merck Chemicals Ltd, Nottingham, England) in 15% dimethyl
sulfoxide (DMSO) or vehicle control intraperitoneally at 0, 24, and 48 hours and were killed
52 hours after the first injection.

Tissue Preparation and Scoring

Colons were fixed in 4% formalin and embedded in paraffin. Four-micrometer sections of
distal colon were stained with H&E for morphological assessment or Alcian blue/periodic
acid-Schiff for goblet cell identification or underwent immunohistochemistry for
chromogranin A (CgA), Ki67, or DCAMKL-1. Fifty hemi-crypts per mouse were assessed
for the number of mitotic, goblet, Ki67-positive, CgA-positive, and DCAMKL-1-positive
cells. Data are presented as positive cells per hemi-crypt or on a cell positional basis.13

Immunohistochemistry

CgA and DCAMKL-1 immunohistochemistry was performed using an EnVision Plus Kit
(Dako UK Ltd, Cambridge-shire, England). Sections were subjected to heat-mediated
antigen retrieval (10 mmol/L citric acid buffer), incubated for 1 hour at room temperature
with rabbit anti-CgA (1/1000; Abcam, Cambridge, England) or rabbit anti-DCAMKL-1
(1/50; Cambridge Bioscience Ltd, Cambridge, England), washed and incubated with biotin-
labeled anti-rabbit polymer and 3,3’-dia-minobenzidine chromogen, and counterstained with
hematoxylin. Ki67 immunohistochemistry was also performed following heat-mediated
antigen retrieval, but after overnight incubation with rat anti-Ki67 primary antibody (1/20;
Dako) at 4°C, the signal was detected with a biotin-conjugated rabbit anti-rat secondary
antibody (1/200; Dako), Vectastain ABC (Vector Laboratories, Peterborough, England), and
3,3’-diaminobenzidine chromogen (Sigma-Aldrich Company Ltd, Gillingham, England).

For evaluation of myofibroblast cell numbers, sections were incubated with rabbit anti—a—
smooth muscle actin (SMA) antibody (1/100; Abcam) in 10% normal goat serum and/or
guinea pig anti-vimentin antibody (1/50; Fitzgerald Industries International, North Acton,
MA) in 1% bovine serum albumin overnight at 4°C. Sections were then incubated with
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Texas Red—conjugated anti-rabbit and/or fluorescein isothiocyanate—conjugated anti—guinea
pig immunoglobulins (Jackson ImmunoResearch Laboratories, Cambridgeshire, England)
(1/200 or 1/600 dilutions, respectively) and mounted with Vectashield containing 4/,6-
diamidino-2-phenylindole (DAPI) nuclear counterstain (Vector Laboratories Ltd). Three
fields of view (40x objective lens) per mouse were scored for total number of mucosal cells
(by DAPI-stained nuclei) and for positively stained mucosal cells using a fluorescence
microscope (BX51; Olympus Microscopy, Essex, England). Data are presented as the mean
percentage of a-SMA-or vimentin-positive cells per total number of mucosal cells.

CCD18Co Cell Culture

The human colonic myofibroblast cell line CCD18Co (American Type Culture Collection,
Manassas, VA) was cultured at 37°C with 5% CO» in Eagle’s modified essential media
(LGC Standards, Teddington, England) containing 10% fetal calf serum (FCS) (Gibco
Invitrogen Ltd, Paisley, Scotland), 0.5% 2 mmol/L L-glutamine (Sigma-Aldrich), and
penicillin/streptomycin (Sigma-Aldrich). Cells were detached using trypsin/EDTA (Sigma-
Aldrich) and seeded at 1000 cells/well in 96-well plates. Media was changed to serum-free
media at 24 and 48 hours to synchronize the cell cycle. At 72 hours, cells were treated with
rhPG(1-80),17 gastrin-17 (G-17), G-Gly, or 50 mmol/L phorbol myristate acetate (PMA), a
known inducer of protein kinase C (PKC), for 18 hours. Cells were also pretreated for 20
minutes before addition of 0.1 nmol/L rhPG(1-80) with the cholecystokinin-2 receptor
(CCK-2R) inhibitor YM022 (10 nmol/L; Tocris Bioscience, Bristol, England), PKC
inhibitor RO-32-0432 (1 umol/L; Calbiochem, Nottingham, England), mitogen-activated
protein kinase (MAPK) inhibitors PD98059 (20 pmol/L; Calbiochem) and U0126 (10
pumol/L; Cell Signaling Technology, Beverly, MA), or the phosphoinositide 3-kinase (PI3K)
inhibitor LY 294002 (20 umol/L; Calbiochem). Serum-free media and media containing 10%
FCS were used as negative and positive controls.

Generation of Conditioned Media From CCD18Co Cells

CCD18Co cells were grown for 24 hours and media was replaced with serum-free media.
This process was repeated 24 hours later and 72 hours after initial plating (48 hours after
being in serum-free media). Cells were then treated with 0.1 nmol/L rhPG(1-80) in fresh
serum-free media or serum-free media alone (negative control). Conditioned media was
collected 18 hours posttreatment and centrifuged at 1000 rpm for 5 minutes to remove cells.

Protein Extraction and Western Blotting

Conditioned media was harvested from CCD18Co cells on 3 separate occasions and proteins
were concentrated and desalted using Amicon Ultra-15 centrifugal filter units, 3kDa
(Millipore UK Ltd, Watford, England). Samples were electrophoresed, transferred onto
nitrocellulose membranes, and blocked with 5% nonfat milk. Blots were probed with goat
anti-human IGF-11 (1/1250; R&D Systems, Abingdon, England), followed by horseradish
peroxidase—conjugated rabbit anti-goat secondary antibody (1/2000; Dako), and the signal
was detected using Supersignal (Thermo Scientific, Runcorn, England) and a ChemiDoc
imaging system (Bio-Rad, Hertford-shire, England).

Gastroenterology. Author manuscript; available in PMC 2014 July 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

DUCKWORTH et al. Page 5

HT29 Cell Culture

The human colonic epithelial cell line HT29 (American Type Culture Collection) was
cultured using the same conditions as for CCD18Co cells. Seventy-two hours after plating
(the last 48 hours in serum-free media), cells were treated with 0.1 nmol/L rhPG(1-80) or
various types of conditioned media, either in the presence or absence of the IGF-1R inhibitor
AG1024 (Merck) at 3.2 umol/L. Serum-free media and media containing 10% FCS were
used as negative and positive controls.

Primary Culture of Murine Colonic Myofibroblasts

Colonic myofibroblasts were isolated and cultured from 2 C57BL/6 and hGAS mice aged 6
weeks.18 Briefly, colons were rinsed, cut into small pieces, and placed in Dulbecco’s
modified Eagle medium with 10% fetal bovine serum, EDTA, and dithiothreitol. After
shaking and filtering through a 100-um filter, tissue fragments were digested using type |
collagenase (Gibco Life Technologies, Grand Island, NY) and deoxyribonuclease | (Roche,
Basel, Switzerland), washed, filtered again, and cultured until almost confluent. One
thousand viable cells per well were plated in 96-well plates, media was changed to serum-
free media on day 2, and proliferation was assessed using the ViaLight Cell Proliferation
BioAssay Kit (Lonza Biologics, Slough, England). Differences in proliferation between
wild-type and hGAS colonic myofibroblasts were determined on 2 separate occasions.
Secretion of IGF-I into the media from C57BL/6 myofibroblasts with and without
stimulation by 0.1 nmol/L rhPG(1-80) for 18 hours was quantified by enzyme-linked
immunosorbent assay (Abcam; Ab100695).

Assessment of Cell Proliferation In Vitro

Changes in cell proliferation were assessed using the ViaLight Plus Cell Proliferation/
Cytotoxicity Kit (Lonza Biologics), which produces luminescence proportional to adenosine
triphosphate levels. Each treatment was tested in 8 wells of a 96-well plate, and each
experiment was repeated on at least 3 separate occasions. Data are presented as the mean
increase in relative luminescence units (RLUs) compared with serum-free media + the
standard error of the mean.

Nested Reverse-Transcriptase Polymerase Chain Reaction

RNA was extracted from CCD18Co, HT29, and AGSgr!® (a human gastric cancer cell line
stably transfected with the gastrin/CCK-2R) cells using TRI Reagent (Sigma-Aldrich),
purified using the RNeasy Mini Kit (Qiagen, Crawley, England) and reverse transcribed
using the Transcriptor First-Strand cDNA Synthesis Kit (Roche). Nested polymerase chain
reaction (PCR) was performed using primers for the gastrin/CCK-2R as previously
described: external forward (sense), 5-TTGGAGCTGGCCATTAG-3’; external reverse
(anti-sense), 5’-CACTGTCGCCGTCAAAG-3’; internal forward (sense), 5’-
ATGCTCATCATCGTGGTC-3; internal reverse (antisense), 5’
AGAGATAAGCCCGTAGGC-3.20 PCR product was visualized on an agarose gel using a
ChemiDoc imager (Bio-Rad, Hertfordshire, England).
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Quantitative Real-Time PCR

A modified Weiser technique?! was used to detach colonic epithelial cells from a minimum
of 6 sex-matched 10-to 12-week-old C57BL/6 and hGAS mice. Cells were washed with
phosphate-buffered saline and RNA was extracted using a High Pure Tissue RNA Kit
(Roche) followed by reverse transcription using a QuantiTect Reverse Transcription Kit
(Qiagen). Quantitative reverse-transcription (RT)-PCR was performed using a Light Cycler
480 (Roche) and the QuantiTect SYBR Green primer assay for Lgr5 (NM_010195) and
GAPDH (NM_008084). Reactions were performed at 95°C for 15 minutes, followed by 40
cycles of 94°C for 15 seconds, 55°C for 30 seconds, and 72°C for 30 seconds. Relative
quantification was performed using the comparative Ct method.

Statistical Analyses

Results

A 2-tailed, 2-sample Student t test assuming unequal variance, or a 2-way analysis of
variance with either Bonferroni or Tukey correction where appropriate, was used to
determine significant differences between mouse groups and cell line treatments. The
Mann-Whitney U test was used to assess primary myofibroblast cultures. The modified
median test was used to determine significant differences at individual cell positions.22
Significance was defined as P < .05 by t test, analysis of variance, or Mann-Whitney U test
and by differences at >3 consecutive cell positions by modified median test.

Numbers of Colonic Pericryptal Myofibroblasts Are Increased in hGAS Mice

To investigate whether progastrin has any effect on the myofibroblast compartment of the
colonic mucosa, we assessed the numbers of colonic mucosal myofibroblasts in hGAS mice.
Because hGAS mice display colonic crypt hyperplasia,12 we assessed the total number of
positively stained cells as a percentage of the total number of mucosal cells (counted by
DAPI-stained nuclei) to account for changes in crypt length. hGAS mice showed a mean of
13.7% £ 0.7% a-SMA—positive cells compared with 10.8% + 0.3% in C57BL/6 mice
(Figure 1A and B). Similarly, hGAS mice showed 16.3% + 0.8% vimentin-positive cells
compared with 13.6% + 0.5% in C57BL/6 mice (Figure 1C and D). To define a difference in
the myofibroblast compartment, we further assessed the colocalization of a-SMA with
vimentin and found a significant increase in dual-labeled cells in hGAS (7.7% + 0.6%)
compared with C57BL/6 mice (5.3% + 0.6%; Figure 1E and F). Less that 1% of a-SMA- or
vimentin-positive cells in both hGAS and C57BL/6 mice expressed the proliferation marker
Ki67 (data not shown). This phenotype persisted in animals housed in a different animal
facility at Columbia University in New York, suggesting that it is not influenced by bacterial
flora or diet (data not shown).

CCD18Co Cells Proliferate in Response to Exogenous rhPG(1-80) But Not G-17 or G-Gly

Because an increased circulating concentration of progastrin was associated with increased
numbers of colonic mucosal myofibroblasts in vivo, we next used an in vitro approach to
investigate whether progastrin caused any direct effects on colonic myofibroblast cells.
CCD18Co cells showed a significant increase in proliferation after incubation with 10%
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FCS compared with serum-free media alone (73% increase, P < .01). Administration of
rhPG(1-80) resulted in a “bell-shaped” dose-response curve with increased cell proliferation
observed after treatment with 0.1 nmol/L (86%, P <.01), 0.25 nmol/L (40%, P <.01), and 1
nmol/L (53%, P <.01) rhPG(1-80) (Figure 2A). However, G-17 or G-Gly at 0.1 nmol/L, 1
nmol/L, or 10 nmol/L did not affect CCD18Co cell proliferation (Figure 2B). We also
assessed the proliferation of colonic myofibroblasts in primary culture from C57BL/6 and
hGAS mice and observed a significant increase in proliferation of hGAS compared with
C57BL/6 myofibroblasts (Figure 2D). We confirmed that the majority (~70%) of primary
stromal cells coexpressed a-SMA and vimentin, suggesting that myofibroblasts were the
most abundant cell population (Supplementary Figure 1).

Previous studies involving hGAS mice have suggested that their colonic phenotype may
involve a signaling pathway that includes the gastrin/CCK-2 receptor.2% We therefore
assessed whether CCD18Co myofibroblasts (or HT29 cells) expressed this receptor and
determined by nested RT-PCR that they did not (Figure 2C).

rhPG(1-80) Induces Proliferation of CCD18Co Cells via the PKC and PI3K Pathways

CCD18Co cells pretreated with the PKC (RO-32-0432) or PI3K (LY-294002) inhibitors
before treatment with 0.1 nmol/L rhPG(1-80) showed significant reductions in cell
proliferation compared with cells treated with 0.1 nmol/L rhPG(1-80) alone. CCD18Co cell
proliferation was not altered significantly by pretreatment with the CCK-2R inhibitor
YMO022 or the ERK inhibitors PD-98059 or UO126 before addition of 0.1 nmol/L rhPG(1-
80) (Figure 3A). To confirm the role of PKC in progastrin-mediated signaling, CCD18Co
cells were treated with the PKC activator PMA. Cell proliferation was significantly
increased after treatment with 50 mmol/L PMA, suggesting that activation of PKC increases
proliferation in these cells (Figure 3B).

rhPG(1-80) and CCD18Co-Conditioned Media Induce Proliferation of HT29 Cells

Like CCD18Co cells, human colonic epithelial HT29 cells showed a significant increase in
proliferation after treatment with 10% FCS compared with serum-free media. A similar
increase was observed after treatment with 0.1 nmol/L rhPG(1-80). Although 0.1 nmol/L
rhPG(1-80) alone and conditioned media from CCD18Co cells both significantly increased
HT29 proliferation, a greater increase in proliferation was observed when CCD18Co cells
were treated for 18 hours with 0.1 nmol/L rhPG(1-80) and the resulting conditioned media
was used to stimulate HT29 cells (Figure 4A). This effect was probably due to rhPG(1-80)—
induced IGF signaling, because addition of the IGF-1R inhibitor AG1024 to rhPG(1-80)—
treated, CCD18Co-conditioned media reduced HT29 proliferation to approximately the
same levels as those seen after treatment with 10% FCS, 0.1 nmol/L rhPG(1-80), or non—
rhPG(1-80)-treated CCD18Co-conditioned media (Figure 4A). Because CCD18Co cells
have previously been shown not to secrete IGF-124 and because we determined that primary
myofibroblast cultures from C57BL/6 mouse colon treated with or without 0.1 nmol/L
rhPG(1-80) did not secrete IGF-1 (data not shown), we hypothesized that IGF-11 may have
been responsible for these enhanced proliferative effects. We therefore analyzed conditioned
media from CCD18Co cells by Western blot. Greater amounts of IGF-I1 were found in the
media from rhPG(1-80)-treated CCD18Co cells (2.44-fold) compared with the media from
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myofibroblasts that had been incubated in serum-free media. Mature IGF-I1 was found at
very low abundance in untreated and rhPG(1-80)-treated CCD18Co cells and no difference
in expression was observed (Figure 4B).

AG1024 Reduces Colonic Hyperplasia, Epithelial Cell Proliferation, DCAMKL-1 Protein

Expression,

and Lgr5 Gene Expression in hGAS Mice

Because IGF-11 has previously been shown to enhance the proliferation of HT29 cells2%:26
and was secreted in greater abundance into the media from CCD18Co cells treated with
rhPG(1-80) (Figure 4B), we hypothesized that the observed increase in colonic epithelial
mitosis in hGAS mice (Figures 5A and 6C) was also mediated by signaling via IGF-1R. We
therefore administered the IGF-1R antagonist AG1024 to hGAS and C57BL/6 mice and
assessed distal colonic crypt length (Figure 6A), mitotic figures per hemi-crypt (Figure 6C),
Ki67-positive cells per hemi-crypt (Figure 6D), DCAMKL-1-positive cells per hemi-crypt
(Figure 6B), and relative expression of Lgr5 transcripts (Figure 7) 52 hours after drug
administration.2” As previously described,13:1523 cell number per hemi-crypt, mitotic
figures per hemi-crypt, number of DCAMKL-1—positive cells per hemi-crypt, and Lgr5
expression were significantly increased in the colons of DMSO-treated hGAS mice
compared with C57BL/6 mice (Figures 5-7 and Supplementary Figure 2). Administration of
AG1024 to hGAS mice, however, resulted in significant reductions in the number of total
cells, mitotic cells, DCAMKL-1-positive cells, and Lgr5 messenger RNA (mRNA)
transcripts in the colon compared with DMSO-treated hGAS mice. All of these parameters
were reduced to levels similar to those observed in C57BL/6 mice treated with either DMSO
or AG1024 (Figures 5A and C, 6A-C, and 7 and Supplementary Figure 3). Quantification of
colonic epithelial cell proliferation by Ki67 immunohistochemistry also showed a similar
trend to that seen for mitotic index, but this did not reach statistical significance (Figures 5B
and 6D). Thus, AG1024 reversed the increased colonic epithelial proliferation observed in
hGAS animals, possibly as a result of inhibiting the effects of IGF-I1 secreted from colonic
myofibroblasts as a result of progastrin stimulation.

Administration of AG1024 Results in Reversal of Colonic Goblet Cell Hyperplasia and
Endocrine Cell Hypoplasia in hGAS Mice

As previously observed in hGAS mice on the FVB/N genetic background,12:28 hGAS mice
on the C57BL/6 genetic background treated with DMSO (Figures 5D and 6E and
Supplementary Figure 2A) showed a significant increase in colonic epithelial goblet cell
numbers compared with C57BL/6 mice. Fewer colonic enteroendocrine cells were also
observed in hGAS mice, suggesting that there is an alteration in differentiation toward all
cell types in the secretory cell lineage (Figures 5E and 6F and Supplementary Figure 2B).
Treatment of hGAS mice with AG1024 for 52 hours resulted in a significant reduction in
colonic goblet cell numbers compared with hGAS mice treated with DMSQ. The numbers
of colonic goblet cells were similar to those observed in C57BL/6 mice treated with either
DMSO or AG1024 (Figures 5D and 6E and Supplementary Figure 3A). Although hGAS
mice treated with DMSO showed reduced enteroendocrine cell numbers compared with
C57BL/6 mice as assessed by CgA immunohistochemistry, no significant changes in
enteroendocrine cell numbers were detected in either strain after administration of AG1024
(Figures 5E and 6F and Supplementary Figure 3B). These results therefore suggest that
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altered epithelial cell differentiation in hGAS colonic crypts may also be partially mediated
by progastrin-induced IGF signaling.

Discussion

We assessed how transgenic progastrin over-expression affects the myofibroblast
compartment of murine colonic mucosa, and we confirmed that hGAS mice that have been
backcrossed onto the C57BL/6 genetic background retained the procarcinogenic colonic
phenotype of crypt hyperplasia and increased colonic epithelial mitosis (Figures 5 and
6).12-15.23 \We showed increased numbers of colonic goblet cells as previously
described228 and also found decreased numbers of colonic enteroendocrine cells (Figures
5E and 6F). The differentiation of intestinal secretory cell lineages is predominantly
regulated by the expression of transcription factors including Math1, KIf4, and
neurogenin3.1 Progastrin has previously been shown to alter colonic KIf4 expression, and
this may be responsible for the altered numbers of colonic goblet cells observed.28 Factors
responsible for reduced numbers of enteroendocrine cells in the hGAS colon are not yet
known, but the altered expression of Lgr-5 and DCAMKL-1 in these animals1°23 suggests
that an altered colonic stem cell niche may contribute.

Because pericryptal myofibroblasts signal in a paracrine manner with colonic epithelial cells
via secretion of a wide variety of cytokines, growth factors, chemokines, and inflammatory
mediators,® we hypothesized that progastrin may affect colonic homeostasis and thus
susceptibility to colon cancer at least partly via effects on colonic myofibroblasts. We found
a significant increase in the proportion of colonic pericryptal myofibroblasts in hGAS mice
(Figure 1) and hypothesized that progastrin acts as a growth factor for these cells, causing
them to secrete other growth factors that in turn increase the proliferation of adjacent
epithelial cells.

We developed our in vivo observations by investigating the direct effects of progastrin on a
human colonic myofibroblast cell line in vitro and showed that CCD18Co proliferation was
significantly increased after treatment with 0.1 nmol/L rhPG(1-80) (Figure 2A). Human
patients with colorectal cancer have previously been shown to have circulating progastrin
concentrations in the range of 0.015 to 0.132 nmol/L.? To elucidate the molecular
pathway(s) involved in rhPG(1-80)—induced proliferation, we pretreated CCD18Co cells
with pharmacologic inhibitors of CCK-2R, PKC, MAPK, or PI3K. Significant decreases in
proliferation were observed with RO-32-0432 and LY 294002 (Figure 3A), suggesting that
progastrin increases CCD18Co cell proliferation by signaling via activation of PI3K and
PKC. Progastrin(6—80) has been shown to exert antiapoptotic effects in epithelial cell lines
in vitro, and inhibition of MAPK and PI3K pathways attenuated this antiapoptotic
effect.29:30 However, inhibition of the MAPK pathway in our studies did not attenuate
progastrin-mediated myofibroblast proliferation. Because pharmacologic inhibition of
CCK-2R did not result in decreased proliferation (Figure 3A) and because we did not detect
the presence of this receptor in CCD18Co cells by nested RT-PCR (Figure 2B), it is unlikely
that signaling via the CCK-2 receptor is responsible for the effects of progastrin on
myofibroblasts in vitro. In addition, CCK-2R antagonists have not previously been shown to
inhibit progastrin-induced proliferation in epithelial cell lines.10:31 Recently, we have shown
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that progastrin required the presence of the CCK-2 receptor in vivo to exert pro-proliferative
and antiapoptotic effects and cause progenitor cell expansion in the colon; however, the
nature of the interaction between progastrin and this receptor remains to be determined.23
Although biotinylated progastrin shows strong binding to several colonic cell lines, this was
not CCK-2R dependent.1” Indeed, the identity of a progastrin receptor remains an issue of
intense investigation. Recent studies have suggested that Annexin A2,32:33 ferric ions,3* and
charged glycosaminoglycans!’ are involved.

To assess interactions between myofibroblasts and epithelial cells in progastrin-related
signaling, we treated HT29 cells with rhPG(1-80) and observed increased proliferation in
response to 0.1 nmol/L (Figure 4A). rhPG(1-80) 0.1 to 1.0 nmol/L has previously been
shown to promote proliferation of pluripotent rat intestinal cell lines.3° Proliferation was
also increased after treatment of HT29 cells with media conditioned for 18 hours by
CCD18Co cells, suggesting that colonic myofibroblasts secrete factors that are mitogenic to
colonic epithelial cells. Because treatment with AG1024 did not further reduce HT29 cell
proliferation when progastrin was absent, additional factors may be secreted from colonic
myofibroblasts that control progastrin-independent proliferation (Figure 4A). Similar
signaling pathways have also been observed in the gastric mucosa, where myofibroblasts
reciprocally signal with the epithelium via the IGF pathway.3¢ The IGF family consists of
IGF-I, IGF-II, the IGF-1R receptor, and 6 IGF-binding proteins (IGFBP1-6), which
sequester IGFs and therefore block activation of IGF-1R.37 The pathway has well-described
roles in stimulating colonic cell proliferation and inhibiting apoptosis and has been
implicated in the development of colorectal3® as well as several other cancers. IGF family
members have also been shown to promote intestinal cell differentiation in vitro.3°

In view of the role of the IGF family in epithelial-myofibroblast signaling in the stomach,
we treated HT29 cells with conditioned media from rhPG(1-80)-treated CCD18Co cells in
the presence of the IGF-1R inhibitor AG1024 and showed that HT29 proliferation was
attenuated to the level observed after treatment with CCD18Co-conditioned media alone
(Figure 4A). Blockade of IGF-1R in HT29 cells using a monoclonal antibody has also been
shown to inhibit proliferation.*0 Additionally, we have shown increased IGF-11 secretion
after rhPG(1-80) treatment of CCD18Co myofibroblasts (Figure 4B). Further to these
observations in vitro, we showed in hGAS mice in vivo that AG1024 reduced epithelial cell
proliferation, Lgr5 gene expression, DCAMKL-1 labeling, and goblet cell numbers to levels
similar to those observed in the distal colon of DMSO- or AG1024-treated C57BL/6 mice
(Figures 5-7). We propose that this is likely to be due at least in part to AG1024 inhibiting
the progastrin-induced release of IGF-11 from pericryptal myofibroblasts (or its liberation
from IGFBPs), thus suppressing the proliferation of colonic epithelial cells. In view of the
altered numbers of DCAMKL-1 and differentiated cell types and altered gene expression of
Lgr5 observed in AG1024-treated hGAS mice, it is distinctly possible that these effects arise
as a result of alterations in cells that occupy the colonic stem cell niche.

In conclusion, elevated serum concentrations of progastrin resulted in colonic crypt
hyperplasia, increased colonic mitosis, goblet cell hyperplasia, enteroendocrine cell
hypoplasia, and increased numbers of pericryptal myofibroblasts in hGAS mice. rhPG(1-80)
0.1 nmol/L stimulated the proliferation of CCD18Co myofibroblast cells via PKC and PI3K
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pathways and resulted in IGF-11 secretion. Inhibition of IGF-1R signaling decreased
progastrin-stimulated colonic epithelial proliferation in vitro and in vivo. These data

therefore suggest important roles for progastrin in the regulation of colonic homeo-stasis and

carcinogenesis via regulation of mesenchymal-epithelial signaling.
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Figure 1.
Immunofluorescence images of (A) a-SMA, (C) vimentin, and (E) both (indicated by

arrows) a-SMA (red) and vimentin (green) in the colonic mucosa of C57BL/6 (left panel)
and hGAS (right panel) mice. Mean percentage of (B) a-SMA-positive, (D) vimentin-
positive, and (F) dual-labeled cells per total mucosal cells. n = 6 mice/ group. **P < .01, *P
<.05 by Student t test.

a-SMA-positive cells %
o]

C57BL/6 hGAS

18 4 *

Vimentin-positive cells % O
]

C57BL/6 hGAS

M

*

T

Dual positive cells %
O =~ N WhHh O ON ®©®©

C57BL/6 hGAS

Gastroenterology. Author manuscript; available in PMC 2014 July 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

DUCKWORTH et al.

Page 15

Proliferative response following different rhPG concentrations
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Increase in RLUs (indicative of proliferation) compared with serum-free media in CCD18Co
cells 18 hours after treatment with (A) 0.01 to 10 nmol/L rhPG(1-80) or (B) 0.1 to 10
nmol/L G-17 or G-Gly. (C) Nested RT-PCR showing first-and second-round PCR for the
gastrin/CCK-2 receptor in AGSgg, HT29, and CCD18Co cells. (D) Luminescence units of
primary myofibroblast cultures of C57BL/6 and hGAS colon. *P < .05, **P < .01, and ***P
<.001 compared with serum-free media by Student t test for cell lines and ***P < .001 by
Mann-Whitney U test for primary culture.
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Figure 3.
(A) Increase in RLUs (indicative of proliferation) compared with serum-free media in

CCD18Co cells 18 hours after treatment with 10% serum, 0.1 nmol/L rhPG(1-80) alone, or
0.1 nmol/L rhPG(1-80) after pre-treatment with YM022, RO-32-0432, PD-98059,
LY-294002, or U0126. (B) Increase in RLUs compared with serum-free media in CCD18Co
cells 18 hours after treatment with 10% serum, 0.1 nmol/L rhPG(1-80), or 50 mmol/L PMA.
*P <.05, **P < .01, ***P < .01 by Student t test compared with serum-free media.
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(A) Increase in RLUs (indicative of proliferation) compared with serum-free media in HT29
cells 18 hours after treatment with 10% serum, 0.1 nmol/ L rhPG(1-80), CCD18Co-
conditioned media 18 hours after rhPG(1-80) treatment, CCD 18Co-conditioned media
alone, and CCD18Co-con-ditioned media 18 hours after treatment with rhPG(1-80) in the
presence of AG1024 or CCD18Co-conditioned media in the presence of AG1024. (B)
Western blot showing mature IGF-11 expression in CCD18Co cells and secretion by
CCD18Co cells into the media with or without rhPG(1-80).**P < .01 and ***P < .001
compared with serum-free media by Student t test.
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Figure5.
Photomicrographs showing representative (A) H&E, (B) Ki67, (C) DCAMKL-1, (D) Alcian

blue/periodic acid-Schiff (AB/PAS), and (E) CgA staining in C57BL/6 and hGAS distal
colon after treatment with DMSO or AG1024 as indicated. Scale bars =50 pm.
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Figure®6.
(A) Cell number, (B) DCAMKL-1-positive cells, (C) mitotic figures, (D) Ki67-positive cells,

(E) goblet cells, and (F) CgA-positive cells per hemi-crypt in DMSO- or AG1024-treated
C57BL/6 (black) or hGAS (white) distal colon. n =5 mice/group. *P < .05, **P < .01, ***P
<.001 by 2-way analysis of variance with Bonferroni post hoc test.
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Figure?7.
Quantitative real-time PCR analysis of relative Lgr5 mRNA expression in epithelial cell-

enriched preparations from C57BL/6 (black) and hGAS (white) mice treated with DMSO or
AG1024. n = 6 sex-matched mice/group. *P < .05 by 2-way analysis of variance and Tukey
post hoc test.

Gastroenterology. Author manuscript; available in PMC 2014 July 09.



