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Abstract
Background & Aims—Inflammatory bowel disease increases the risks for colon cancer and
colitis-associated cancer (CAC). Epithelial cell-derived matrix metalloproteinase (MMP)9
mediates inflammation during acute colitis and the cleavage and activation of the transcription
factor Notch1, which prevents differentiation of progenitor cells into goblet cells. However,
MMP9, also protects against the development of CAC and acts as a tumor suppressor. We
investigated the mechanisms by which MMP9 protects against CAC in mice.

Methods—C57/B6 wild-type mice were given a single dose of azoxymethane and 2 cycles of
dextran sulfate sodium (DSS). Mice were also given the γ-secretase inhibitor DAPT or DMSO
(control) during each DSS cycle; they were sacrificed on day 56. We analyzed embryonic
fibroblasts isolated from wild-type and MMP9−/− mice and HCT116 cells that were stably
transfected with MMP9.
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Results—Wild-type mice were more susceptible to CAC following inhibition of Notch1 by
DAPT, demonstrated by increased numbers of tumors and level of dysplasia, compared with
controls. Inhibition of Notch1 signaling significantly reduced protein levels of active Notch1, p53,
p21WAF1/Cip1, Bax-1, active caspase-3, as well as apoptosis, compared with controls. Similar
results were observed in transgenic HCT116 cells and embryonic fibroblasts from MMP9−/−
mice, upon γ-radiation–induced damage of DNA.

Conclusion—MMP9 mediates Notch1 signaling via p53 to regulate apoptosis, cell-cycle arrest,
and inflammation. By these mechanisms, it might prevent CAC.
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colorectal cancer; mouse model; extracellular matrix; IBD; tumor development

Introduction
Matrix metalloproteinases (MMPs) are extra cellular matrix degrading Zn2+ dependent
endopeptidases that play an important role in ulceration and tissue remodeling 1. MMPs
share common functional domains and activation mechanisms 2, 3, 4. In comparison to other
MMPs, MMP9 is distinguished by i) its absence from normal epithelia, ii) its acute
upregulation in response to inflammatory stimuli (LPS, dsDNA, fMLP, adhesion molecules,
chemokines and cytokines) and iii) in being the terminal member of the MMP family
activated by other MMPs including MMP1, 2, 3, 7 and TIMP2. Further, of the MMPs,
MMP9 has been shown to be consistently elevated in inflammatory bowel disease (IBD) and
is the predominant MMP that is upregulated in several animal models of colitis as well as in
patients with IBD 1, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15. Both MMP2 and MMP9 activity have been
detected in lower crypt epithelial cells surrounding degraded matrix as well as underlying
ulcerations 8, 9, 16. We and others have demonstrated that genetic ablation of MMP9
protected mice from chemical (DSS- and TNBS-) as well as bacteria-(Salmonella)-induced
colitis 13, 15, 17, 18. Our studies also demonstrated that epithelial, but not immune cell
derived, MMP9 mediates inflammation 13. In addition to its role in regulating inflammation,
MMP9 also plays an important role in epithelial cell differentiation by mediating the
preferential differentiation of progenitor cells to enterocytes 19. Specifically, MMP9
mediates proteolytic cleavage/activation of the transcription factor Notch1, which modulates
the differentiation of progenitor cells into goblet cells.

IBD, which includes ulcerative colitis (UC) and Crohn’s Disease (CD), are chronic,
incurable inflammatory diseases 20, 21. UC and CD are characterized by continuous or
discontinuous mucosal inflammation, respectively, with inflammatory cell infiltration,
epithelial cell destruction, connective tissue defects and ulceration of the mucosa of the
major portion of intestine and/-or colon. Colitis-associated cancer (CAC) is an important and
deadly complication of IBD. The lifetime risk of developing CAC in patients with IBD is
15–40% and accounts for approximately 15% of mortality in IBD patients. Surprisingly, the
pathogenesis of CAC is poorly understood.

Given its role in intestinal inflammation and differentiation, we examined the role of MMP9
in the development of CAC. We have demonstrated that epithelial cell-derived MMP9, in
contrast to its role in mediating tissue damage during acute colitis, plays a protective role in
the development of CAC 22. Thus, the overall goal of this study is to comprehend the
underlying mechanism of the tumor suppressive function of MMP9 in CAC.
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Materials and Methods
Animal models

See supplementary section.

Induction of colitis associated cancer and inhibition of Notch1 by pharmacological
inhibitor in animals

See supplementary section.

Protein extraction and Western blot analysis
See supplementary section.

Histological assessment of colitis
Swiss rolls of mouse colons were fixed in formalin. Sections were stained with hematoxylin
and eosin. Microscopic sections were analyzed and histological scoring was performed as
described by Cooper et. al. 23, 24.

Endoscopic assessment of colitis
See supplementary section.

Terminal deoxynucleotidyl transferase–mediated dUTP nick end (TUNEL) labeling staining
As described previously 22, paraffin sections of colon were deparaffinized and stained for
apoptotic nuclei (TUNEL).

Isolation of mRNA and quantitative PCR
Total RNA was isolated from mucosal stripping of mouse colons using the RNeasy Kit
(Qiagen, Valencia, CA) as per manufacturer’s instruction. Total RNA was then reverse
transcribed using the RevertAid first strand cDNA synthesis kit (Fermentas, Glen-Burnie,
MD). As described previously 25, quantitative real-time PCR was performed for TNF-α, IF-
γ, IL-1β and IL-6 specific primers 25 using Fermentas Maxima SYBR Green qPCR master
mix (Fermentas).

Isolation of MEFs and cell culture
See supplementary section.

γ-irradiation
Both MEFs and HCT116 cells are apoptotic resistant, so to enhance the apoptotis γ-
irradiation of cultured cells was performed using a 137Cs γ-irradiator at 0.8Gy/min for 15
min, for a total of 12Gy 26, 27. Cells were harvested 24h after γ-irradiation for subsequent
assays.

Inhibition of Notch1 signaling by pharmacological inhibitor DAPT in MEFs
MEFs isolated from WT mice as described above were cultured in 6-well plates. 60%
confluent cell cultures were exposed to γ-irradiation of the above stated dose and treated
with 30 μM (a dose that does not affect cell viability, yet inhibits Notch1) of DAPT or
DMSO (vehicle-treated MEFs) per ml of culture medium. Cell lysates were collected after
24 hours of γ-irradiation.
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Statistical analysis
The data are presented as means ± SE. Groups were compared by Student’s t-test. P values
<0.05 was considered statistically significant.

Results
Inhibition of Notch1 signaling results in increased susceptibility to CAC

WT and MMP9−/− mice treated with azoxymethane (AOM) and two cycles of dextran
sodium sulfate (DSS) were given γ-secretase inhibitor DAPT (Difluorophenacetyl-L-alanyl-
S-phenylglycine t-butyl ester) (10 μmol/kg) intraperitoneally, an inhibitor of Notch1, daily
for five consecutive days during the DSS cycle. Control mice received vehicle/solvent alone
(vehicle-treated mice) during each DSS cycle. There was a slight (<5%), but significant
decrease in the body weight of WT mice treated with DAPT after two cycles of 3% DSS,
compared to vehicle-treated mice (Figure 1A), however, there was no significant difference
in body weight at the end of 56 days as shown in Figure 1A. Figure 1B shows the
colonoscopic view (left panel) and gross images (right panel) indicating increased number of
polyps in DAPT-treated mice compared to vehicle-treated mice. Figure 1C is the graphical
representation of the number of polyps among WT and MMP9−/− mice and indicates that
DAPT had no effect on polyp number in MMP9−/− mice. This suggests that inhibition of
Notch1 signaling in the absence of MMP9 was not important for CAC sensitivity. On the
other hand, in WT mice there was a significantly higher number of polyps among DAPT-
treated mice (10.14±1.22) compared to vehicle-treated mice (2.5±0.63), indicating more
tumor multiplicity among DAPT-treated mice. Figure 1D is the graphical representation of
polyp size in the range of <1–2mm diameter and ≥2–4mm diameter indicating that there
were a significantly higher number of polyps in both the size range of <1–2mm diameter
(4.0±1.21 vs. 1.88±0.84) as well as ≥2–4 mm diameter (7.14±1.26 vs 1.0±0.38) among
DAPT-treated WT mice compared to vehicle-treated WT mice in CAC. This result signifies
an increased tumor burden among DAPT-treated WT mice compared to vehicle-treated WT
mice. Histological examination showed increased dysplasia among DAPT-treated mice
compared to vehicle-treated mice (Figure 1E). The histological inflammatory score (based
on three parameters: inflammatory cells in lamina propria, crypt damage and evaluation of
ulcer 23, 24), was significantly higher in DAPT-treated mice (6.3±0.5) compared to vehicle-
treated mice (4.5±0.3) (Figure 1F). These results together indicate that inhibition of Notch1
signaling exhibited increased susceptibility to CAC with increased inflammation, tumor
multiplicity and tumor burden.

Inhibition of Notch signaling is associated with altered mRNA levels of cytokines
To examine the effect of inhibition of Notch1 signaling on inflammation in CAC, cytokines
expressions were measured by quantitative PCR assays. RNA were isolated from mucosal
stripping of WT mice treated with water or AOM and two cycles of DSS, then injected with
DAPT or vehicle alone during each cycle of DSS and sacrificed after 56 days. Figure 2A
and 2B show that DAPT treatment resulted in a significant increase in TNF-α and IFN-γ
mRNA levels (4.6±0.8 and 51.7±17.5 fold increase respectively, compared to WT mice
treated with water). There was also a significant increase in mRNA levels of cytokines TNF-
α and IFN-γ in DAPT-treated mice compared to vehicle-treated mice (Figure 2A and 2B).
Interestingly, inhibition of Notch1 signaling in DAPT-treated mice resulted in 6.9±2.7 and
1.8±0.4 fold increase in mRNA levels of IL-1β and IL-6 respectively compared to WT mice
treated with water (Figure 2C and 2D). Though, these mRNA levels were significantly lower
compared to vehicle-treated mice as represented in Figure 2C and 2D respectively. These
results show that inflammatory cytokines TNF-α and IF-γ are upregulated, while IL-6 and
IL-1β were downregulated by Notch1 inhibition in mice treated with AOM and 2 cycles of
DSS, despite an increase in inflammatory parameters in the DAPT-treated group of mice.
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Inhibition of Notch1 is associated with altered levels of p53, p21WAF1/Cip1 and Bax-1
Given the profound effect of MMP9 knock down 22 or Notch1 inhibition on CAC, we
examined the levels of p53, a tumor suppressor known to play a important role in CAC and
other cancers, and its downstream targets Bax-1 and p21WAF1/Cip1. p53 regulates cell
survival by inducing cell cycle arrest or apoptosis. As expected, there was a significant
decrease of NICD (Notch intracellular domain)- active form of Notch1 in mice treated with
DAPT (89.0±20.0 percent inhibition) compared to vehicle-treated mice (Figure 3B).
Inhibition of Notch1 signaling resulted in decreased expression of p53 (45.0 ±20.0 percent
inhibition), compared to vehicle-treated mice (Figure 3C). Pro-apoptotic factor Bax-1 was
also inhibited in mice treated with DAPT (65.0±7.0 percent inhibition) compared to vehicle-
treated mice (Figure 3D). There was no significant difference in MMP9 protein expression
in DAPT-treated mice compared to the vehicle-treated mice (Figure 3A). Interestingly,
inhibition of Notch1 signaling also showed a decrease in the protein expression of
p21WAF1/Cip1 (40.0±15.0 percent inhibition), a well known inhibitor of cyclin dependent
kinases (CDKs). These results together suggest that inhibition of Notch1 signaling is
associated with decreased levels of p53, p21WAF1/Cip1 and Bax-1 levels.

Inhibition of Notch signaling is associated with decreased apoptosis during CAC
Swiss rolls of colons of mice treated with AOM and two cycles of DSS to induce CAC and
injected with DAPT or vehicle alone were used to perform TUNEL staining. Figure 4A left
panel shows the TUNEL staining as depicted by fluorescent green nuclei staining among the
crypts of colonic epithelium of DAPT-treated and vehicle-treated mice with CAC, middle
panel shows the fluorescent blue DAPI nuclear staining and the right panel shows the
merged image of TUNEL and DAPI indicating no significant level of apoptosis among
DAPT-treated mice compared to vehicle-treated mice with CAC. Figure 4B shows the graph
representing the number of nuclei positive for TUNEL staining per crypt. WT mice treated
with DAPT showed dramatically decreased apoptosis (2.9±0.5) compared to the vehicle-
treated mice (14.4±1.1) (Figure 4B). These data indicate that inhibition of Notch1 signaling
is associated with decreased apoptosis. Figure 4C shows that inhibition of Notch1 signaling
resulted in decreased expression of active caspase-3 (90.0±10.0 percent inhibition)
compared to vehicle-treated mice. Together, the foregoing data demonstrate the inhibition of
Notch1 signaling by DAPT in CAC is associated with increased tumor burden, altered
cytokine expression, dramatic decrease in p53 and p21WAF1/Cip1 levels and apoptosis.

MMP9 is required for p53 activation
MEFs (mouse embryonic fibroblast cells) isolated from MMP9−/− mice compared to MEFs
isolated from WT mice. As described in the Methods section, MEFs isolated from WT and
MMP9−/− mice were exposed to γ-radiation to enhance p53 levels and/or apoptosis. Cell
lysates for western blot were obtained after 24 hours of irradiation. Figure 5A(i) shows γ-
radiated MMP9−/− MEFs had significantly less p53 protein levels (40.0±14.0 percent
inhibition) compared to γ-radiated WT MEFs (Figure 5A). Interestingly, γ-radiated
MMP9−/− MEFs (lanes 4–6) also exhibited a significant decrease in protein levels of NICD
(32.0±5.0 percent inhibition) as well as a significant decrease in protein levels of pro-
apoptotic factor Bax-1 (29.0±18.0 percent inhibition) compared to γ-radiated WT MEFs
(Figure 5A(ii) and 5A(iii) respectively). γ-radiated MMP9−/− MEFs also exhibited
significant decrease in protein levels of p21WAF1/Cip1 (32.0±9.0 percent inhibition),
compared to γ-radiated WT MEFs (Figure 5A(iv)).

To understand the underlying role of Notch1 activated by MMP9 in regulating p53
expression, we exposed WT MEFs to γ-radiation in the presence of DAPT (as described in
methods section).
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There was a decreased expression of active Notch1 i.e. NICD (85.0±5.6 percent inhibition)
among DAPT-treated MEFs compared to vehicle-treated MEFs as represented by Figure
5B(i). Interestingly, inhibition of Notch1 signaling by DAPT in γ-irradiated MEFs showed a
decrease in protein levels of p53 (62.0±3.5 percent inhibition) compared to vehicle-treated
MEFs as represented by Figure 5B(ii). There was also a significant decrease in protein levels
of p21WAF1/Cip1 (38±3.7 percent inhibition) among DAPT-treated MEFs compared to
vehicle-treated MEFs as shown in Figure 5C(iii).

To support our hypothesis that MMP9 mediated Notch1 activation is necessary for p53
activation. We performed transient transfection on MMP9−/− MEFs with active Notch1 i.e.
NICD. Supplementary Figure 1A shows the transfection efficiency of NICD as indicated by
increased expression of NICD (2.1±0.2 fold) compared to vector. Supplementary Figure 1B
indicates that MMP9−/− MEFs transiently transfected with NICD resulted in increased
expression of p53 (3.2±0.5) compared to vector. These results together show that MMP9
mediated Notch1 activation is necessary for p53 activation and its downstream targets.

MMP9 overexpression regulates NICD, p53, Bax-1 and p21WAF1/Cip1 levels
Our next goal was to determine the effect of excess MMP9 on p53 expression and its
downstream targets that regulate cell survival. We used the HCT116 cell line (stably
transfected with a pEGFP plasmid with or without the MMP9 gene), as described in the
Methods section, as our in vitro model to study the effect of MMP9 on the expression of
NICD, p53, Bax-1 and p21WAF1/Cip1. As HCT116 cells are apoptosis resistant, we used γ-
radiation to induce apoptosis as described in Methods section, γ-irradiated HCT116 cells
stably transfected with MMP9 showed increased expression of MMP9 (4.5±0.5 fold) at
120kD (Figure 6A). MMP9 overexpression in HCT116 cells after γ-irradiation produced
increased expression of NICD, p53, Bax-1 and p21WAF1/Cip1 (2.8±0.3, 2.4±0.6, 1.85±.04
and 2.35±0.09 fold compared to vector) (Figure 6B-6E respectively).

Thus our in vitro data corroborate with in vivo results indicating that MMP9 activation in
CAC induces Notch1 signaling, which in turn regulates cell survival through p53 activation
(Figure 7).

Discussion
Inflammation is no longer just the reaction of cells to external injury but recently its role in
association with a wide variety of diseases including cancer has now been well accepted.
CAC is associated with IBD, is difficult to treat, and has high mortality 28. Immune-
mediated mechanisms have been documented to link IBD and CAC 29, 30, though the
molecular mechanisms by which inflammation promotes CAC is still unexplored. We have
previously reported that MMP9−/− mice showed increased susceptibility to CAC as
indicated by polyp number, polyp size and mortality rate 22. Based on our observation that
MMP9 mediates cleavage of Notch1 19, we hypothesized that MMP9, via activation of
Notch1 signaling, acts as a tumor suppressor in CAC. In the present study, we used a
pharmacological inhibitor, DAPT (γ-secretase inhibitor), to inhibit Notch1 activation to test
our hypothesis.

We observed that inhibition of Notch1 signaling by DAPT showed increased susceptibility
to CAC as indicated by tumor multiplicity, tumor burden and dysplasia compared to vehicle-
treated mice. We observed that there were increased mRNA levels of pro-inflammatory
cytokines TNF-α and IF-γ, which are well known to promote colitis associated tumor
development. In contrast, mRNA levels of IL-6 and IL-1β cytokines were low. This
observation is in accordance with Grivennikov et al 31, 32, suggesting a protective role of
IL-6 in CAC. In this manuscript we observed that upregulation of MMP9 in an
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inflammatory environment activates Notch1 signaling, p53 expression, p21WAF1/Cip1 and
increased apoptosis. This was in accordance with the data generated using MEFs isolated
from WT and MMP9−/− mice as well as by an in vitro model using stably transfected
HCT116 cells overexpressing MMP9. Further, MEFs isolated from WT mice treated with
DAPT showed significant decrease in p53 expression signifying the necessity of MMP9
mediated Notch1 activation for p53 expression and its downstream targets.

Notch1 has various important roles during embryogenesis and tissue homeostasis, however,
its role in chronic inflammation or CAC is unclear. Chronic inflammation is critical for
tumor progression through the proliferation and survival of tumor cells by regulating
mediators or effectors 33, 34. So far, cross talk of Notch1 with other signaling pathways like
hedgehog, BMP, WNT, NF-κB etc has been reported in the literature during chronic
inflammation 35. Studies have shown minimal side effects with short-term blockade of either
Notch1 or its ligand Delta-like 4, but long-term side effects were not investigated. On the
other hand, Notch1 signaling in cancer biology is well illustrated and its contrasting role is
surprising as it can act as tumor promoter in some circumstances, while it can also act as a
tumor suppressor in others. Therefore, the two sides of Notch1, one that promotes and the
other that suppresses tumorigenesis, is cellular context dependent and also depends on its
crosstalk with other signal transduction pathways 36, 37, 38, 39. Studies in mice have shown
that Notch1 signaling in sporadic colon cancer is oncogenic and is required for adenoma
formation in response to elevated Wnt signaling that occurs in the APCMin mouse model of
colon cancer 40, 41, 42, 43. In contrast to colon cancer, Notch1 signaling has been
demonstrated to function as a tumor suppressor in skin cancer 44 and cervical cancer 45, 46.
Recently, Liu et al have shown that that chronic Notch1 inhibition leads to vascular tumors
in the liver and decreased survival 47. Our data is consistent with a tumor protective role for
Notch1 in contrast to its role in sporadic colon cancer.

p53 is a well established tumor suppressor that plays an important role in the development of
CAC as well as sporadic colon cancers. In CAC, p53 is one of the first oncogenes activated,
in contrast to sporadic colon cancer where p53 is activated late during carcinogenesis 48, 49.
p53−/− mice are highly susceptible to CAC 50. During carcinogenesis, unlike Notch1
activation, which can exert entirely opposite effects, p53 functions consistently as a negative
regulator of cell proliferation by inducing cell cycle arrest or as an inducer of apoptosis via
caspase-3 activation. p21WAf1/Cip1 acts as a blocker of two CDKs- CDK2 and CDC which
are active in late G1, S, G2 and M phases and arrests cell cycle 51. On the other hand, during
genotoxic damage, activated p53 induces pro-apoptotic factors like Noxa and PUMA which
in turn induces another set of pro-apoptotic factors such as Bax and Bak and activates the
caspase cascade leading to increased apoptosis 52. The factors involved in the decision of
p53 to induce cell cycle arrest over apoptosis or vice versa are still unclear.

Several studies have shown the control of p53 expression by Notch1 signaling. According to
these studies, Notch1 signaling can either suppress or increase p53 activity in a context
dependent manner that is closely related to tumor promotion or suppression. Studies
conducted with human T-ALL (T cell culture acute lymphoblastic leukemia), breast cancer
and keratinocyte cell lines reported that Notch1 activation resulted in an increased cell
survival though the activation of the PI3K-Akt pathway, which leads to increased MDM2
activity and consequent p53 degradation 53–56. In the case of primary melanomas, breast
cancer and gliomas 53, 57, 58, 59, Notch1 activates genes with oncogenic potentials like MYC
and CCND1 (which encodes cyclin D1), which in turn results in decreased apoptosis
through downregulation of p53 53. In contrast, Notch1 can positively affect p53 expression
leading to a growth inhibitor or pro-apoptotic function, e.g., in mouse and human
keratinocyte, cervical carcinoma and Ewing’s sarcoma 53, 60, 61, 39, 62. It has been reported
that Notch activation modulates activation of p53 via upregulation of HEY1 and HES1
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(canonical Notch targets) 53, 63, which may play a role in inhibiting MDM2 transcription,
and suppression of Ras and Myc mediated tumorigenesis in a p53-dependent manner 64.

Inhibition of Notch1 signaling has been implicated in a variety of tissue specific cancers 65.
Targeting the inhibition of Notch1 signaling is important as it may cause the clinical
reevaluation of anti-Notch1 cancer therapies. This will be a big step in elucidating the
underlying paradox of Notch1 therapeutics. Our present study therefore implies that, in
colonic epithelium, MMP9 mediates CAC by acting as a tumor suppressor through the
activation of Notch1 signaling via p53 activation, resulting in increased apoptosis and/or cell
cycle arrest. Interestingly our study demonstrates that, in vivo inhibition of Notch1 signaling
resulted in a significant decrease of p53 protein expression, which was also supported by
MEF data. Our MEF data shows that inhibition of Notch1 signaling by DAPT resulted in
decreased expression of p53, signifying that MMP9 mediated Notch1 activation is necessary
for p53 expression in colonic epithelium. These results together indicate the mechanistic
pathway (Figure 7) by which MMP9 acts as a tumor suppressor via activation of Notch1,
resulting in increased expression of p53 and, thereby, increased apoptosis or decreased cell
growth because of cell cycle arrest due to increased p21WAF1/Cip1 expression. Our study
advances the understanding of the role and mechanism by which MMP9 modulates CAC
and opens avenues for novel therapeutic targets for CAC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inhibition of Notch1 signaling results in increased susceptibility to CAC
CAC was induced in WT and MMP-9−/− mice as described in the Methods section. Notch1
signaling was inhibited by 5 consecutive i.p. injections of DAPT or vehicle during each DSS
cycle. Mice were weighed once a week and sacrificed after 56 days. A) graphical
presentation of change in body weight of mice treated with Notch1 inhibitor and placebo. B)
left panel shows representative colonoscopy images and right panel shows representative
gross anatomy of the colon of mice treated with Notch1 inhibitor and vehicle. C) polyp
count and D) polyp size. E) H&E staining of Swiss rolls showing dysplasia. F) histological
score of mice treated with Notch1 inhibitor and vehicle. Each bar represents mean ± S.E.
Data is representative of three experiments (n=20/group). *p< 0.05.
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Figure 2. Inhibition of Notch1 signaling alters mRNA levels of cytokines
As described in the Methods section, Notch1 signaling was inhibited by 5 consecutive i.p.
injections of DAPT or vehicle alone at each DSS cycle during CAC induction and mice
were sacrificed after 56 days. RNA was extracted from colonic mucosal stripping and
mRNA levels were quantified using real time PCR A) TNF-α mRNA, B) IF-γ mRNA, C)
IL-1β mRNA and D) IL-6 mRNA. Each bar represents mean ± S.E., n=6, ap<0.05 vs
water, bp<0.05 vs vehicle.
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Figure 3. Inhibition of Notch1 is associated with altered levels of p53, Bax-1 and p21WAF1/Cip1

As described in the Methods section, Notch1 signaling was inhibited by 5 consecutive i.p.
injections of DAPT or vehicle alone at each DSS cycle during CAC induction and mice
were sacrificed after 56 days. Western blots of proteins (30μg/lane) from the mucosal
stripping of the colons were probed with A) anti-MMP9, B) anti-NICD, C) anti-p53, D) anti-
Bax-1 and E) anti-p21WAF1/Cip1. Western blots are quantified by scanning densitometry.
Values are representative of three experiments, each bar represents mean ± S.E., *p<0.05.
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Figure 4. Inhibition of Notch signaling is associated with decreased apoptosis during CAC
CAC was induced in WT mice as described in the Methods section. Notch1 signaling was
inhibited by 5 consecutive i.p. injections of DAPT or vehicle alone during each DSS cycle.
A) colons of mice were processed for immunofluorescence using TUNEL and DAPI
staining (X20 magnification). B) bar graph presentation of the percentage of apoptotic cells/
crypt (12 crypts/mice) among mice treated with Notch1 inhibitor and placebo. C) Western
blot of proteins (30μg/lane) from the mucosal stripping of the colons probed with anti-
caspase-3. Western blot was quantified by scanning densitometry. Values are representative
of three experiments, each bar represents mean ± S.E., *p<0.05.
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Figure 5.
A) MEFs exposed to γ-radiation induce DNA damage and indicate that MMP9
activates p53 expression. MEFs obtained from WT and MMP9−/− mice embryos were
harvested on six well plates. Cultured cells were γ-irradiated (12Gy) and cell lysates were
collected after 24 hrs. Western blots of proteins (15μg/lane) probed with i) anti-p53, ii) anti-
NICD, iii) anti-Bax-1 and iv) anti-p21WAF1/Cip1. Western blots were quantified by scanning
densitometry. Values are representative of three experiments, each bar represents mean ±
S.E., *p<0.05. B) Inhibition of Notch1 signaling among MEFs exposed to γ-radiation
exhibited decreased NICD, p53 and p21WAF1/Cip1 expression. MEFs obtained from WT
mice embryos were harvested on six well plates. Cultured cells were γ-irradiated (12Gy) and
then treated with DAPT (Notch1 inhibitor) or vehicle and cell lysates were collected after 24
hrs. Western blot of proteins (15μg/lane) probed with i) anti-NICD, ii) anti-p53 and iii) anti-
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p21WAF1/Cip1. Western blots are quantified by scanning densitometry. Values are
representative of three experiments, each bar represents mean ± S.E., *p<0.05.
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Figure 6. MMP9 overexpression results in altered expression of NICD, p53, Bax-1 and
p21WAF1/Cip1

Stably transfected HCT116 cells overexpressing MMP9 were harvested from six well plates.
Cultured cells were γ-irradiated (12Gy) and collected after 24 hrs. Western blot of proteins
(15μg/lane) probed with A) anti-MMP9, B) anti-NICD, C) anti-p53 D) anti-Bax-1 and E)
p21WAF1/Cip1. Western blots were quantified by scanning densitometry. Values are
representative of three experiments, each bar represents mean ± S.E., *p<0.05.
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Figure 7. Schematic representation of mechanistic pathway showing that MMP9 acts as a tumor
suppressor in CAC
During inflammation, MMP9 expression is elevated and we have shown previously that
MMP9 activates Notch1. Active Notch1 (NICD) then translocates to nucleus and activates
p53. Activation of p53 activates p21WAF1/Cip1 which promotes cell cycle arrest and thereby
promoting the protection from CAC and/or activates caspase cascade leading to an increase
in apoptosis and thereby resulting in protection from CAC. Thus MMP-9 acts as a tumor
suppressor during CAC, likely through p53 activation via activation of Notch1.
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