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Abstract

Background—An important role has emerged for calpain enzymes in regulating inflammation
with one isoform, calpain-2, particularly important for macrophage activation. The goal of this
study was to determine the therapeutic potential of a synthetic calpain-2 inhibitor, zLLY-CH2F,
for colitis and inflammation associated colorectal cancer.

Methods—Miice were then subjected to the azoxymethane/dextran sulfate sodium (AOM/DSS)
model of colitis and colitis associated cancer (CAC) incorporating intervention with daily
injections of 0.75 mg/kg calpain-2 inhibitor beginning after the first signs of colitis.

Results—Calpain-2 inhibitor treatment alleviated weight loss and bloody diarrhea, and reduced
inflammatory infiltration into colon tissues and inflammatory cytokine mRNA. Calpain-2 inhibitor
intervention also reduced total CAC tumor volume by up to 70% in vehicle control mice and
decreased cancer pathology scores of blinded histological colon tissue analyses. Mechanistic
investigations showed that calpain-2 inhibition during macrophage activation reduced inhibitor of
kappa beta (1xB) degradation and nuclear factor kappa beta (NF«xB) nuclear localization as well as
secretion of specific inflammatory cytokines. In addition, calpain-2 inhibitor treatment of
CT26.WT mouse and HT-29 human colorectal cancer cells decreased proliferation, and reduced
IxB degradation and NFxB translocation.

Conclusions—Overall, these findings suggest that intervention with a calpain-2 inhibitor may
reduce colitis and CAC through a two-hit process of limiting macrophage activation as well as
inhibiting growth of the colorectal cancer cells themselves.
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Chronic inflammation drives the pathogenesis of several human health disorders, including
the inflammatory bowel diseases (IBD) Crohn’s disease and ulcerative colitis. A long-term
complication of chronic inflammation associated with IBD is the development of colorectal
cancer, which is one of the leading causes of cancer-related death in the western
hemisphere.! The cumulative risk for acquiring colorectal cancer can increase to
approximately 20% in patients with IBD who live for 30 years with the disease.23
Moreover, clinical studies have shown that patients with colitis have a 2- to 8-fold relative
risk of developing colorectal cancer compared to the general population.# Thus, therapeutics
that target both IBD and colorectal cancer cells would have a major impact on the morbidity
and mortality attributed to these diseases.

The complexity of IBD and colorectal cancer require multi-targeted intervention strategies
based on the underlying pathophysiology. Therapeutics for IBD include 5-aminosalicylic
acids (5-ASA), topical/oral corticosteroids, thiopurines, tumour necrosis factor-a (TNF-a)
blockers, and selective Janus kinase (JAK) inhibitors.>6 A recent study covering the period
of 1979-2011 found that an increasing use of thiopurines and TNF-a blockers for treating
IBD over time paralleled a persistent significant decrease in surgery rate along with a
significant decrease in use of 5-ASA and corticosteroids.” However, one-third of IBD
patients do not respond to anti-TNF-a and the treatment and the surgery-sparing effect of
newer medications are still unclear.82

Our previous work identified the endogenous inhibitor of calpain enzymes, calpastatin, as a
protein upregulated in human IBD tissues as well as chronically inflamed colon tissue in
mice subjected to dextran sulfate sodium (DSS)-induced colitis.1? Calpastatin was found to
increase as a physiological response to calpain driven inflammation and mechanistic
investigations revealed a particularly important role for calpastatin in limiting macrophage
activation and inflammatory pathology during colitis. Calpains are Ca?*-activated cysteine
proteases that cleave specific targets to modulate cellular functions relevant to inflammation
such as proliferation, migration, and apoptosis.1! The two major isoforms of this enzyme,
calpain-1 (or p-calpain) and calpain-2 (or m-calpain), require pM and mM Ca2*
concentrations for activity, respectively.1? Following activation by Ca2*, calpain cleaves a
specific subset of cellular proteins, including cytoskeletal proteins and proteins involved in
signal transduction.13 In macrophages, calpain-2 is the predominant isoform and calpastatin
was shown to prevent the hyperactivation of macrophages and NFxB driven inflammatory
mediator production during colitis10-14

The central role of calpastatin in limiting inflammation suggests that intervention with a
calpain inhibitor may assist the endogenous response to inflammation and thereby serve as
an effective approach to treating IBD and preventing colorectal cancer. Some limited data
suggest that a synthetic pan-calpain inhibitor may reduce the severity of experimentally
induced acute colitis in rats.1> However, flaws in experimental design such as pretreatment
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of the rats with the inhibitor prior to induction of acute colitis and lack of chronic colitis
conditions limited interpretation of the data.1® Due to the role calpain-2 plays in promoting
macrophage activation and inflammatory pathology, we set out to determine the
effectiveness of intervention with a calpain-2 inhibitor on both colitis and colitis associated
cancer (CAC) using an established mouse model involving azoxymethane (AOM)/DSS. To
better model the chronology of a clinical therapeutic intervention, mice were treated with the
calpain-2 inhibitor (zLLY-CH2F) after the initial symptoms of colitis appeared in the mice.
Our results show that treatment with a calpain-2 inhibitor not only reduced the severity of
colitis in the mice, but also reduced the development of CAC due to effects on both
macrophage activation and colorectal cancer cell proliferation.

Materials and methods

AOM/DSS model

A colony generated from C57BL/6J mice (Jackson Laboratories) was maintained in the
University of Hawaii vivarium. The mouse AOM/DSS induced colitissCAC model was
adapted from a previously described protocol.1” In brief, 8-10 wk old male mice were
injected with AOM (A5486, Sigma) (12 mg/kg) on day 0 and were then treated with three 5
day cycles of 2% DSS (CAS#9011-18-1; MP Biomedicals, Santa Ana, CA) in drinking
water alternated with regular water over 63 days. Mice in the intervention group were i.p.
injected 5 days per week with 0.75 mg/kg calpain-2 inhibitor (zLLY-CH2F; Millipore
EMD) beginning on day 8 and then throughout the entire protocol. This inhibitor was
previously demonstrated by our group to specifically inhibit calpain-2 activity.14 Control
mice were injected with AOM on day 0 and received regular drinking water throughout the
protocol. For the survival study a concentration of 2.5% DSS was used throughout the
protocol. All animal protocols were approved by the University of Hawaii Institutional
Animal Care and Use Committee.

Western blots, proliferation assays, invasion assays, soft agar colony assays, calpain
activity assays, and cytokine analyses

Bone marrow derived macrophages (BMDM) were prepared as previously described. On
day 5 of culture, 2 x 108 BMDM were seeded in 6-well plates and the following day were
primed for 18 h with TNFa (20 ng/mL), followed by 1 h stimulation with E. faecalis (1
ug/mL; ATCC). Stimulation with E. faecalis was conducted in the presence of the zLLY-
CH2F calpain-2 inhibitor (20 ug/mL) or DMSO as a control. Media was removed from
treated BMDM, centrifuged at 300 x g for 5 min and supernatent analyzed using the
Cytometric Bead Array Mouse Inflammation Kit (BD Biosciences, San Jose, CA). Cytokine
data were analyzed using Flowjo software (Ashland, OR) and GraphPad Prism version 4.0
(GraphPad, La Jolla, CA). Cell pellets were lysed and analyzed for IxB and NFxB by
Western blot as previously described.19 In other experiments, mouse CT-26.WT and human
HT-29 colon cancer cells were plated in 96-well plates at 103 cells/well with 20 ug/mL
inhibitor or DMSO, followed by analyses for IxB and NFxB by Western blot as described
above for BMDM. For proliferation assays, fresh media with 20 pg/mL inhibitor or DMSO
were added every 2 d. Each day 4 wells were quantified using Celltiter MTS reagent
(Promega) and the resulting signal was used to generate a proliferation curve. Calpain
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activity was measured using a Calpain activity assay kit (BioVision, Inc., Milpitas, CA) as
previously described. Enzyme-linked immunosorbant assay (ELISA) analyses of cecum
hemoglobin has been previously described.1 Invasion assays were performed using 12 well
8 um filter inserts with 40 pl matrigel. The matrigel was added to cold wells and incubated
at 37°C for 30 minutes. 4 x 10* cells/well were added to the wells for both cancer cell lines
with 20 pg/mL inhibitor or DMSO in 400 pl 0.2% FBS serum starvation media. 200 pl 10%
FBS media was added to the lower well. The cells were incubated for 48 hrs followed by
removal of cells from the upper well by g-tip. The number of invading cells was quantified
using MTS reagent in the lower well with the cleaned and replaced filter-well. Soft agar
colony formation assays were performed using 6-well plates. The bottom layer was 1 ml of
0.8% agar and the top layer was 0.7% agarose. The 0.7% agarose was cooled to 37°C ina
water bath and 103 cells were added to the agarose before plating. 1 ml of media was
refreshed every 3 days with 20 pg/mL inhibitor or DMSO for 2 weeks. The colonies were
visualized with crystal violet and counted under a dissecting scope.

EMSA assay for nuclear localization of NFxB

Oligonucleotides end labeled with IR700 dye (Licor, Lincoln NE) were used to perform the
EMSA. Macrophages or colon cancer cells were lysed in (10 mM Tris-HCI, 60 mM KCl, 1
mM EDTA, 1mM DTT, 0.1% NP40) spun at 4000xg for 4 min at 4°C. The nuclear pellets
were lysed with (20 mM Tris-HCI, 420 mM NacCl, 1.5 mM MgCl, 0.2 mM EDTA, 25%
glycerol) and centrifuged at 16,000 x g for 15 min at 4°C. The supernatant was incubated for
30 min with NFxB IR700 labeled oligonucleotide according to the Licor protocol. The
samples were then run in an SDS free polyacrylamide gel in the dark in Tris glycine buffer
and visualized on a Licor Odyssey® scanner.

Imaging of colon tissues and histology

On day 63, colons were dissected, cut longitudinally, and then were spread out on clear
plastic. The colons were washed with PBS using transfer pipettes and images captured using
an Infinity 2 microscope mounted camera (Lumenara, Madrid, Spain) in line with a Stemi
2000-C dissecting scope (Zeiss, Jena, Germany). Separate images were assembled into
continuous colon images using Photoshop software (Adobe Systems Inc.). For histology,
colon tissues were washed with PBS and fixed in 10% buffered formalin. Standard H&E
staining of paraffin-embedded tissue samples was conducted as previously described.18 Five
H&E stained sections from each mouse were blindly scored for colitis pathology as
previously described using a 0-4 point scale.19 Colon cancer pathology was assessed on a
four point system as follows: 1 = no tumor or dysplasia present; 2 = basally oriented nuclei,
mild nuclear enlargement, nuclear crowding and hyperchromasia, decreased or loss of
intracellular mucin; 3 = prominent nuclear stratification, more severe hyperchromasia and
pleomorphism, marked architectural distortion; 4 = back to back glands with no intervening
stroma, dysplastic epithelial cells and invasion of the colonic basement membrane. Images
captured using a Zeiss Axioskop 2 Plus upright light microscope and camera.
Immunohistochemistry was performed using paraffin embedded tissues. Anti-PCNA (Cells
Signalling, Danvers, MA) antibody was used to stain colon tissues with HRP secondary
(Jackson Research, West Grove, PA).
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Statistical analyses

Results

Comparison of two means was carried out using an unpaired Student’s t test using GraphPad
Prism version 4.0 (GraphPad, La Jolla, CA). Weight curves and experiments with 3 or more
groups were compared by repeated measures one-way ANOVA followed by Tukey post-
test. Standard curves and regression analyses were also conducted using GraphPad Prism
version 4.0. All comparisons were considered significant at P < 0.05.

Ethical Considerations—All animal studies were conducted with ethical practices as
approved by the University of Hawaii Institutional Animal Care and Use Committee.

Calpain-2 inhibition alleviates weight loss and bloody diarrhea

In order to determine an effective in vivo dosage of calpain-2 inhibitor we subjected mice to
2% DSS-treated drinking water combined with i.p. injections with increasing concentrations
of the calpain-2 inhibitor (zLLY-CH2F at 0-1.25 mg/kg), and then calpain activity was
measured in the colon tissue. The protocol was carried out for 4 days, which was consistent
with our previously observation that DSS induced calpain activity peaks at 3-5 days of
treatment.10 Results indicated that at 0.75 mg/kg of calpain-2 inhibitor the maximum
amount of calpain activity inhibition was achieved (Figure 1A). Vehicle control had no
effect on calpain activity (data not shown). It should be noted that total calpain activity was
measured and only reduced by 50%, which suggests that calpain-1 may be functionally
active in this tissue or that calpain-2 activity was not fully inhibited in the mouse colons.

An established AOM/DSS model was next carried out to determine the effects of
intervention with 0.75 mg/kg calpain-2 inhibitor on colitis (Figure 1B). Body weights were
measured every other day and intervention with the calpain-2 inhibitor was initiated on day
8 after the initial appearance of weight loss. Results showed that the mice treated with the
calpain-2 inhibitor had a significant increase in weight recovery after each administration of
DSS compared to the weights of the mice injected with vehicle control (Figure 1C). Tukey
post-test comparisons at each day between 16—26 showed that body weights in the calpain-2
inhibitor group were significantly higher than vehicle control group. In the later stages of the
protocol, the weight recovery for mice treated with the calpain-2 inhibitor reached the levels
of mice with no DSS administration. Tukey post-test comparisons at each day between 34—
44 and 54-62 showed that body weights in the calpain-2 inhibitor group were significantly
higher than vehicle control group but did not differ compared to the negative control group.
Another sign of severe colitis for the AOM/DSS models is bloody diarrhea. Measurement of
hemoglobin in the cecums by ELISA showed that mice treated with the calpain-2 inhibitor
showed significantly lower levels of hemoglobin compared to vehicle control treated mice,
with calpain-2 inhibitor treatment reducing hemoglobin to similar levels found in the
negative control group (Figure 1D). Survival experiments were carried out following the
same protocol (Supplemental Figure 1) with a 2.5% DSS concentration but the resulting
Kaplain-Meier curve is was not statistically significant (p=0.234).
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Colitis associated weight loss and bloody diarrhea are alleviated by inhibition of Calpain-2

activity

Histological evaluation of colon tissue in mice treated with the calpain-2 inhibitor showed a
significant decrease in colitis pathology and inflammatory infiltration compared to vehicle
control treated mice (Figure 2A-B). The histology scores were not completely reduced to
the levels of the negative control mice, which suggests the calpain-2 inhibitor was not able
to completely block tissue damage caused by DSS treatment and instead inhibited the
ensuing inflammatory response that contributed to pathology. To further assess
inflammation, mouse colon tissues were harvested at the end of the chronic colitis model
and mRNA levels for different cytokines measured by real-time PCR. Results showed that
calpain-2 inhibitor treatment lowered TNFa, interleukin (IL)-6, and monocyte
chemoattractant protein (MCP)-1 mRNA levels compared to vehicle control treated mice
and approached levels exhibited by the untreated control mice (Figure 2C). IFNy also
appeared to be decreased but the levels were not significantly different compared to vehicle
control treated mice (p=0.211).

The mechanism of calpain-2 driven colon inflammation is macrophage activation through
NFxB, and is independent of calpain-1

In macrophages, calpain cleaves 1kB and releases NFxB that then translocates to the nucleus
to activate transcription of inflammatory cytokine genes.20 and calpastatin was shown in our
previous work to be important for limiting this signaling event.19 To determine if a similar
mechanism may be contributing to the effect of the calpain-2 inhibition in the DSS model of
colitis, macrophages were analyzed for NFxB activation and inflammatory cytokine
secretion. Macrophages were primed with TNFa and activated with E. faecalis commensal
bacteria in the presence of calpain-2 inhibitor and supernatents were evaluated for a panel of
cytokines including interferon (IFN)y, TNFa, IL-6, MCP-1, IL-10, and IL-12. Results
showed that calpain-2, but not calpain-1, inhibitor treatment during priming and activation
led to a significant decrease in the production of the inflammatory cytokines IFNy, TNFa,
IL-6, and MCP-1, while IL-10 and IL-12 were not significantly affected (Figure 3A).
Importantly, those cytokines most affected by the calpain-2 are regulated by NF«xB.

To analyze NFxB regulation, TNFa primed macrophages were activated with E. faecalisin
the presence of the calpain-1 inhibitor, calpain-2 inhibitor, or DMSO as a control. Levels of
total IkBa, phospho IxBa, total IKKa/B, and phospho IKKa/p were analyzed by Western
blot with p-actin used as a loading control. Results show again that calpain-2, but not
calpain-1, inhibition decreased phosphorylation of IKKa/p and 1xBa leading to less
degradation of IkBa (Figure 3B). Nuclear NFkB levels were analyzed by EMSA and
western blots of nuclear fractions and showed decreased levels with the treatment of the
calpain-2 inhibitor (Figure 3C) (Supplemental Figure 2). Calpain 1 KO mouse derived
BMDM also show no inhibition of cytokines production apon activation (Supplemental
Figure 3A). Specificity of the calpain-1 inhibitor was demonstrated by the addition of
recombinant Selenoprotein K to calpain-1 in the presence of DMSO control, calpain-1, or
calpain-2 inhibitor (Supplemental Figure 3B). Specificity of the calpain-2 inhibitor was
demonstrated by the addition of recombinant 1B to calpain-2 in the presence of DMSO
control, calpain-1, or calpain-2 inhibitor (Supplemental Figure 3B). Knockdown of calpains
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1 and 2 with siRNA resulted in decreases in cytokine production by activated macrophages
in calpain-2 knowckdowns only (Supplemental Figure 3C).

The cleavage of IxB by calpain-2 and the upstream inhibition of IKK phosphorylation may
not be the only mechanisms controlling the inhibitor effects on macrophage inflammation.
The AP-1 inflammatory activation pathway was interrogated by western blot to determine if
calpain-2 inhibition could limit macrophage activation through inhibition of phosphorylation
of ERK, JNK, or p38 and we found that none of these MAP kinases were effected by
calpain-2 inhibition in macrophages (Supplemental Figure 4A). Other known targets of
calpain-2 cleavage (FAK, Vimentin, Talin) were examined by western blot and their
cleavage was also found to be inhibited (Supplemental Figure 4A).

Limiting colitis associated inflammation with a calpain-2 inhibitor limits downstream colon

cancer

The secondary outcome of the AOM/DSS model is CAC, which was evaluated to determine
effects of intervention with the calpain-2 inhibitor on colorectal cancer formation/
progression. On day 63 of the AOM/DSS model the mice were sacrificed and the colons
removed and imaged to determine tumor volumes. Mice treated with the calpain-2 inhibitor
had significantly lower total tumor volume (reduced by 70%) compared to vehicle control
treated mice (Figure 4A). A blinded histological assessment of the colons was performed
using a 4-point system as described in the Methods section. The calpain-2 inhibitor treated
mice showed significantly lower CAC pathology compared to vehicle control treated mice,
although those mice treated with the inhibitor were not completely free of cancer (Figure
4B). For example, the mice treated with the calpain-2 inhibitor had less generalized tissue
disruption, pleiomorphism, and hyperchromasia. In order to determine the effects of the
calpain-2 inhibitor on proliferation in the crypts of the colon, PCNA Immunohistochemistry
was performed (Figure 4C). The PCNA staining was increased in the vehicle control treated
group while the calpain-2 inhibitor treated colons had the same number of positive cells per
crypt as the negative control. Overall, intervention with the calpain-2 inhibitor reduced the
development of CAC as assessed by macroscopic analyses and histology.

Calpain-2 inhibition of colon cancer is due to both limitation of inflammation and inhibition
of the growth of the colon cancer cells

The effect of the calpain-2 inhibitor on CAC was striking and could be attributed to reduced
inflammation and/or direct inhibition of colorectal tumor progression. The fact that
calpain-2 expression is upregulated in CAC and other cancers suggests that calpain-2 may
function to promote the progression of the tumors.21:22 It has also been demonstrated that
calpain activity can lead to more aggressive and chemotherapy resistant cancers.2%:23 |n
order to determine if the calpain-2 inhibitor had any direct effects on CAC, we cultured
mouse CT26.WT and human HT-29 colorectal cancer cell lines in the presence of the
calpain-2 inhibitor. Calpain-2 activity in both cell lines was reduced which shows that
calpain-2 is active in these cell lines (Figure 5A). We then examined the effects of calpain-2
inhibition on invasion, soft agar colony formation, and proliferation (Figure 5B-D). We
found that each of these measures of cancer cell function had decreased by 20-35%. As
shown above, treatment of activated macrophages with the calpain-2 inhibitor reduced 1xB
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degradation and NFxB nuclear localization. Thus, Western blot analyses were performed on
colorectal cancer cell lines treated with calpain-2 inhibitor to determine levels of 1xBa,
phospho I1xBa, total IKKa/B, and phospho IKKa/B. Phospho IkBa and IKKa/p levels were
undetectable by western blot but calpain-2 inhibition reduced IxB degradation by two-fold
and DNA bound NFxB, as examined by EMSA, by ~25% in the colorectal cancer cell lines
(Figure 5E). These results together with the results from the macrophage experiments
suggest that the 70% reduction in colon tumors from the calpain-2 inhibitor is likely due to
the combined effects of decreased inflammation and directly reduced tumor cell
proliferation.

Discussion

Emerging evidence published by our laboratory and others suggests that calpains play an
important role in regulating inflammation and immune responses.242% The calpain protease
system and its dynamic role in macrophage activation represent a promising target of
potential drug intervention for inflammation driven disease. The previous studies
demonstrating that calpastatin increases in chronically inflamed tissues as a physiological
mechanism to limit inflammation suggested to us that assisting this process through
therapeutic intervention with a calpain-2 inhibitor would suppress the pathology of colitis in
the AOM/DSS model. The findings presented in this study reveal two important elements of
the calpain-2 inhibitor. First, this potential therapeutic strategy may provide a two-hit effect
by both reducing inflammation and directly inhibiting CAC cell proliferation. Second,
initiating intervention after the appearance of symptoms was still effective in providing
protection against colitis severity and CAC development. It is important to note that the
survival data in Supplemental figure 1 did not reach statistical significance and this may
have resulted due to one or more of the following possibilities: the model shows injury is
reduced with the inhibitor, but overall numbers of mice dying from colorectal cancer was
not enough to show a significant effect on survival; when we discontinued the use of the
inhibitor on day 60 the cancers in the treated mice began to grow rapidly and catch up with
the control group; the n of groups was not large enough to achieve statistical significance,
the optimal dosage for the treatment was not achieved.

Our previous work showed that the endogenous inhibitor of calpains, calpastatin, was
upregulated predominantly in macrophages isolated from inflamed colon tissues of mice
subjected to the DSS model of chronic colitis.19 While our treatment with the calpain-2
inhibitor was delivered systemically, we suspect that its major anti-inflammatory effects
were exerted through inhibiting NFxB signaling in intestinal macrophages. This notion was
supported by our data showing calpain-2 inhibitor treatment resulted in reduced NF«xB
translocation and inflammatory cytokine secretion by activated BMDM. Many current
studies have focused on inhibiting inflammatory mediators downstream of NF«xB
translocation.26:27 Inflammatory cytokines such as TNFa have been shown to increase in
intestinal tissues and peripheral phagocytes of patients with IBD.28 This has led to the
development of monoclonal antibodies against TNF-a for treating inflammation in IBD and
other inflammatory disorders,2? although some patients do not respond to this treatment and
other inflammatory mediators may contribute to this effect.8:30
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Our approach using a calpain-2 inhibitor works upstream of cytokine blockers by reducing
the actions of NFxB and therefore may simultaneously reduce several inflammatory
mediators. By inhibiting the initial production of inflammatory mediators such as IL-6,
IFNy, and MCP-1 in addition to TNFa this may be a more effective treatment. However,
calpains catalytically modulate a variety of target proteins including cytoskeletal proteins,
membrane receptors, calmodulin binding proteins, G proteins, protein kinase C, other
enzymes involved in signal transduction, and transcription factors.11 Thus, using a calpain
inhibitor for reducing inflammatory mediators may induce side effects that depend on other
calpain functions. Our use of a specific calpain-2 inhibitor reduces this potential effect by
leaving calpain-1 activity intact4, but safety issues in applying our pre-clinical findings to
human trials must be considered. In fact, our approach may be improved upon by modifying
the inhibitor or the delivery mechanism to enhance intestine-specific delivery of the
calpain-2 inhibitor. This approach has recently emerged as a very attractive means for
directing the effects of therapeutics in the intestinal tissues.3132 With this in mind, we are
currently investigating methods to encapsulate the zLLY-CH2F for specific delivery and
release in the intestinal tissues.

Our data showing anti-inflammatory effects of the calpain-2 inhibitor are consistent with the
anti-inflammatory effects of the endogenous calpain inhibitor, calpastatin, and suggest that
calpain-2 is the predominant isoform of this enzyme family driving macrophage
hyperactivation and severe colitis in this model. However, we were surprised to find direct
effects of zZLLY-CH2F on NF«B nuclear localization in colorectal cancer cell lines and their
proliferative capacity. The role of different calpain family members in cell death, apoptosis,
and cancer is complex.33:34 Calpains can be phosphorylated by ERK, a classic pro-growth
signaling molecule, and this phosphorylation has been shown to be related to changes in
mobility and tissue invasion.3® Calpain expression has been correlated with
chemotherapeutic resistance in colorectal cancer, esophageal cancer, and melanoma.?1:36:37
This resistance has been specifically correlated with calpain-2 activity. In melanoma, the
correlation has been extended to survival outcomes with tumors expressing high levels of
calpain-2 resulting in shorter survival for patients.37:38 Importantly, calpain proteolytic
activity has been shown to increase NFxB signaling in melanoma cancer cells and treatment
with calpain inhibitor was able to attenuate this signaling in cisplatin resistant cells.38 Other
researchers have demonstrated a correlation between calpain expression and drug resistant
esophageal cancer.3® These correlations are further evidence pointing to the need for further
investigation of the involvement of the calpain/calpastatin system in carcinogenesis and
tumor progression. Overall, our data indicate that calpain-2 inhibition protects from chronic
inflammation in IBD and can prevent pathology of the gut arising from this chronic
inflammation as well as directly inhibit growth of the colon cancer cells themselves. The
combination of effects on the inflammation and the colorectal cancer suggest this approach
could prove to be an effective inflammation treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

5-ASA 5-aminosalicylic acids

AOM azoxymethane

BMDM bone marrow derived macrophages

CAC colitis associated cancer

DSS dextran sulfate sodium

ELISA Enzyme-linked immunosorbant assay

IFN interferon

IxB inhibitor of kappa beta

IL interleukin

JAK Janus kinase

MCP-1 monocyte chemoattractant protein -1

NFxB nuclear factor kappa beta

TNF-a tumour necrosis factor-a
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Figure 1.
Calpain-2 inhibitor treatment reduces colitis. (A) A dose-response experiment was

conducted in which mice were treated with 2% DSS for 4 days and i.p. injected daily with a
calpain-2 inhibitor (zLLY-CH2F) at concentrations ranging from 0 to 1.25 mg/kg. Colons
were harvested on day 4 and calpain activity measured (n = 5/group). (B) A chronic
AOMI/DSS protocol was modified to include intervention beginning on day 8 with daily i.p.
injections of either vehicle control or 0.75 mg/kg calpain-2 inhibitor. (C) Mice were
weighed every other day for the 63 d protocol (n = 20/group). Data represent mean + SEM
and weight curves were analyzed by a repeated measures one-way ANOVA (F2, 31=82.02;
P<0.0001) followed by Tukey post-test to compare groups at each day. (D) Bloody diarrhea
was assessed on day 63 using an ELISA to measure hemoglobin in cecums (n = 5/group).
Groups were analyzed using a one-way ANOVA followed by Tukey post-test. Data
represent mean = SEM. (E) The chronic AOM/DSS protocol was altered to 2.5% DSS for a
Kaplan-Meyer survival curve (n=19/group) (p=0.234)
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Figure 2.

Calpain-2 inhibitor treatment reduces pathology and inflammation in colons. Mice subjected
to the AOM/DSS model were sacrificed on day 63 and colons assessed by histology and
cytokine mRNA analyses. (A) Paraffin embedded sections were H&E stained, with 20X
representative images from each group shown (scalebar = 100 mm). Sections from vehicle
control group exhibited severe colitis as indicated by a high degree of cellular infiltration
into the submucosa and muscularis propria (large arrows) and highly disrupted crypt
architecture (small arrows), while mice treated with the calpain-2 inhibitor showed less
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severe pathology. (B) Sections were blindly scored for colitis including 5 sections from each
colon. (C) Real-time PCR was performed on total RNA extracted from colon tissues to
assess levels of cytokine mRNAS. These experiments included 20 mice/group and were
analyzed using a one-way ANOVA followed by Tukey post-test. Data represent mean +
SEM with *p<0.05.
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Figure 3.

Macrophages treated with a calpain-2 inhibitor but not a calpain-1 inhibitor showed reduced
secretion of inflammatory cytokines with a concurrent decrease in 1xB degradation and
NFxB DNA binding. BMDM were primed 18 h with TNFa (20 ng/mL) and activated with
heat-killed E. faecalis (1 pg/mL) for 1 h. Calpain-2 inhibitor (20 pg/mL) or DMSO as a
control were added during both priming and stimulation. (A) Cytokines in media were
measured using a cytometric bead array. (B) Levels of phosphorylated and total IKKa/f and
1xB in whole cell lysates were analyzed by Western blot, with -actin serving as loading
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control for lysates. (C) Nuclear cell fractions were examined for NFkB DNA binding by
EMSA assay using Licor IR700 oligonucleotides. Representative immunoblots are shown
above with densitometric analyses shown below. Data are mean = SEM from three
independent experiments, analyzed by one-way ANOVA followed by Tukey post-test, *p <
0.05.
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Figure4.
Calpain-2 inhibitor treatment results in smaller colorectal tumor volumes and reduced cancer

pathology. (A) Mice subjected to the AOM/DSS model were assessed for tumor volume.
Representative images show large colon tumors in the distal regions near the rectum (left
side) and calpain-2 inhibitor treatment reduced the size of these tumors. The measurements
of colon tumors from mice (n=20) showed a significant reduction in tumor volume. Data
represent mean + SEM analyzed by one-way ANOVA and *p<0.0001 by Tukey post-test.
(B) Histological assessment of colon cancer pathology was performed at 40x as described in
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the Methods section. Slides were blindly scored by a Pathologist and calpain-2 inhibitor
treatment reduced pathology scores compared to vehicle controls. Representative images are
shown above. (C) PCNA immunohistochemical staining of crypt cells was assessed in a
blinded manner. The calpain-2 inhibitor reduced the number of PCNA positive cells per
crypt. Representative 40x images are shown to the right. Data represent mean + SEM (n=20)
and means were compared by one-way ANOVA followed by Tukey post-test, *p<0.05.
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Figurebs.

Calpain-2 inhibitor treatment of mouse and human colon cancer cells reduces proliferation
with a concurrent decrease in 1kB degradation and NF«xB nuclear localization. (A) Cells
were serum starved in RPMI with 0.2% serum in the presence of calpain-2 inhibitor or
DMSO for 1 h. Calpain activity was measured using a fluorescence assay. The calpain-2
inhibitor was able to lower calpain activity in both cell lines (B) Cells were plated in
matrigel coated wells in serum starved media with 10%FBS media in the larger well for a
period of 24 hrs. Invasion was assessed by MTS reagent after removal of cells and matrigel
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from the upper well. Calpain-2 inhibition decreased invasion in both cell lines. (C) Soft agar
colony formation assays were performed by plating 10% cells per well in a 6-well plate in
0.7% agarose. Media was changed with the addition of DMSO or calpain-2 inhibior every 3
days for a period of 3 wks. Calpain-2 inhibition decreased the number of colonies per well in
both cell lines. (D) CT26 mouse colon cancer cells and HT-29 human colorectal cancer cells
were plated at a concentration of 104 cells per well in a 96-well plate with media containing
either calpain-2 inhibitor (20 pg/mL) or DMSO. Cells were enumerated each day using an
MTS assay. (E) Western blots were performed on cell lysates for 1xB. Equivalent loading
was confirmed by detection of -actin. Nuclear cell fractions were examined for NFkB DNA
binding by EMSA assay using Licor IR700 oligonucleotides in three independent
experiments. Data represent mean + SEM and means were compared by students t-test,
*p<0.05.

Inflamm Bowel Dis. Author manuscript; available in PMC 2016 September 01.



