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Abstract
Background & Aims—Regenerating (Reg) gene IV is predominantly expressed in the
gastrointestinal (GI) cells and highly upregulated in many GI malignancies including colorectal
cancer (CRC). Human CRC cells expressing higher levels of Reg IV are resistant to conventional
therapies including irradiation (IR). However, underlying mechanism is not well defined.

Methods—A murine model of IR-induced intestinal injury, and in vitro and in vivo models of human
CRC were used to determine the role of Reg IV in regulation of normal intestinal and colorectal
cancer cell susceptibility to IR-induced apoptosis.

Results—Reg IV treatments protected normal intestinal crypt cells from IR-induced apoptosis by
increasing the expression of anti-apoptotic genes Bcl-2, Bcl-XL and survivin. However,
overexpression of Reg IV in human CRC cells was associated with increased resistance to IR-induced
apoptosis. Therefore, we utilized antagonism of Reg IV as a tool to increase CRC cell susceptibility
to IR-induced cell death. Two complementary approaches using specific monoclonal antibodies and
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small interfering RNAs were tested in both in vitro and in vivo models of human CRC. Both
approaches resulted in increased apoptosis and decreased cell proliferation leading to a decreased
tumor growth and increased animal survival. Furthermore, these approaches increased CRC cell
susceptibility to IR-induced apoptosis.

Conclusions—These results implicate Reg IV as an important modulator of gastrointestinal cells
susceptibility to IR, hence a potential target for adjunctive treatments for human CRC and other GI
malignancies.

INTRODUCTION
The human regenerating (Reg) gene family encodes five small-secreted and structurally unique
proteins that share strong structural similarities to the proteins of the calcium-dependent lectin
(C-type lectin) super family. Identified members of the human Reg gene family include Reg
Iα, Reg Iβ, Reg IIIα, Reg IIIβ and Reg IV.1–5 These genes are constitutively expressed in
normal gastrointestinal (GI) mucosa. Individual Reg genes have characteristic expression
profiles throughout the proximal to distal axis of the GI tract.6 Reg gene expression is markedly
elevated following diverse conditions of mucosal injury, including inflammatory bowel disease
or radiation injury.3, 7 Reg genes are also up-regulated in a variety of GI malignancies and
have been associated with a more aggressive tumor phenotype.8 Reg IV is especially relevant
in CRC as it is prominently expressed in colonic mucosa and is further upregulated during
colorectal tumorigenesis. 5, 9, 10 Higher serum levels of Reg IV in CRC patients are also
associated with liver metastasis.11 In addition, we observed increased proliferation of human
CRC cells when Reg IV protein was added to their culture media.12 In present study, using a
murine model of IR-induced intestinal injury, we demonstrated that Reg IV in normal GI tract
protected intestinal crypt cells from IR-induced apoptosis, especially at positions 3 to 6 counted
from the base, which correspond to the location of the putative stem cells. Reg IV-mediated
increases in intestinal crypt cell survival were associated with increased expression of the anti-
apoptotic genes Bcl-2, Bcl-XL and survivin. These data implicate Reg IV as a radio-protective
agent of normal GI mucosa. However, in previous and present studies we observed that higher
levels of Reg IV expression in human CRC cells were associated with reduced susceptibility
to IR-induced cell death.6 Therefore, we tested a hypothesis that antagonism of Reg IV
signaling would be a useful tool to increase CRC cell susceptibility to IR-induced apoptosis.
Two complementary approaches of Reg IV antagonism using specific monoclonal antibodies
and small interfering RNAs were tested in both in vitro and in vivo models of human CRC.
Both approaches resulted in a significantly reduced tumor growth associated with a decreased
cell proliferation and increased apoptosis.

MATERIALS AND METHODS
Cell Lines and Culture

The human CRC cell lines HCT116, SW40 and HT29 (American Type Culture Collection,
Manassas, VA) were grown in Dulbecco’s modified Eagle’s medium (Cambrex, Walkersville
MD) containing 10% heat inactivated fetal bovine serum (HyClone, Logan, UT).

Anti-Reg IV Sspecific Polyclonal and Monoclonal Antibodies
Armenian hamster monoclonal antibodies (mAbs; 2H6 and 3E5) and rabbit polyclonal
antidody (α-Reg IV 4261) against human Reg IV protein, and recombinant human Reg IV
protein (rhR4) were produced and characterized with the help of the Hybridoma Center at the
Washington University School of Medicine
(http://pathology.wustl.edu/research/hybridoma.php, Fusion No. 4465) by previously
described methods.13 A control mAb PIP (hamster anti-bacterial glutathione S-transferase
mAb) was kindly provided by Dr. Kathleen Sheehan of the Hybridoma Center.
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siRNA Synthesis and Transfection
A panel of siRNAs targeting human Reg IV mRNA was generated using the Silencer® siRNA
Construction Kit (Ambion, Austin, Texas). Reg IV (Gene Bank accession no. NM_032044)
target mRNA sequences for siRNA oligonucleotides synthesis were as follows:

1. Reg IV-si1: anti-sense strand, 5′-AAGATGGCTTCCAGAAGCATGcctgtctc-3′;
sense strand, 5′-AACATGCTTCTGGAAGCCATCcctgtctc-3′ (nucleotide positions
263–283).

2. Reg IV-si5: anti-sense strand, 5′ AAGCACTGTGCTGAGATGAGCcctgtctc-3′;
sense strand, 5′-AAGCTCATCTCAGCACAGTGCcctgtctc-3′ (nucleotide positions
645–665).

The lowercase nucleotide sequences were complementary to the T7 promoter primer sequence
provided with the Kit. The sense and anti-sense siRNA templates were transcribed by T7 RNA
polymerase, and the resulting RNA transcripts were hybridized to form double-stranded RNA.
The double-stranded RNA sequences were as follows:

1. Reg IV-si1 (si1): anti-sense siRNA strand, 5′-
GAUGGCUUCCAGAAGCAUGUU-3′; sense siRNA strand, 5′-
CAUGCUUCUGGAAGCCAUCUU-3′.

2. Reg IV-si5 (si5): anti-sense siRNA strand, 5′-
GCACUGUGCUGAGAUGAGCUU-3′; sense siRNA strand, 5′-
GCUCAUCUCAGCACAGUGCUU-3′.

Silencer® Negative Control #1 scrambled siRNA (Neg.1) purchased from Ambion, Austin,
Texas and ‘No si’ were used as controls. Reg IV-specific and negative control siRNAs were
complexed with the siPORTTM NeoFX Transfection Agent (Ambion, Austin, Texas). HT29
and HCT116 cells were transfected with siRNAs at a final concentration of 100 nM. Protein
and mRNA expression was analyzed after 48 hours of transfection.

Murine Model of Intestinal Injury
All animal experimentation was conducted in accordance to animal protocol approved by the
Washington University Animal studies Committee and performed under Institutional Animal
Care. For a murine model of intestinal injury, six-week old female C57BL/6J mice (Jackson
Laboratories, Bar Harbor, ME) were γ-irradiated in a Gamacel 40 cesium irradiator at 0.96
cGy/min. Mice were injected intraperitoneally (IP) with vehicle or rhR4 (4 μg/g body weight)
24 h prior of IR (6 or 12 Gy) exposures. Following IR, mice were sacrificed at 6 h and 84 h to
assess apoptosis and crypt cell proliferation respectively. The distal jejunum sections exhibited
comparatively higher level of IR-injury than any other regions of the GI tract, hence were used
for scoring intestinal crypt cell apoptosis and proliferation.

In Vivo Model of Tumor Xenografts
HCT116 cells (6 × 106) were injected subcutaneously into the flanks of 4–6 week-old male
anthymic nude mice (Balb/c AnNCr-nu/nu) to develop tumor xenografts. To antagonize Reg
IV signaling, treatments of Reg IV-specific mAbs 2H6 and 3E5 (400 μg/day) were started
either at day 1 or at day 10 (when all tumors were palpable) of tumor xenografts, and continued
for 5 consecutive doses at every alternate day. In separate set of experiments, Reg IV-specific
siRNAs were utilized to inhibit Reg IV mRNA expression. Reg IV-specific siRNAs: R4-si1
and R4-si5 (50μl of 5μM siRNA) were administered to the tumors at day 10 of tumor xenografts
and continued at every third day for a total of 5 doses. Growth of tumors was assessed at a
regular interval by determining the tumor volume (Length × Width × Height × 0.5). Sections
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from 10% neutral buffer formalin (NBF)-fixed xenografts tumors were immunostained to
access the tumor cell apoptosis and proliferation.

Quantification of Apoptosis
NBF-fixed tissues from the distal jejunum of mice sacrificed at 6 h following IR were used to
assess the crypt cell apoptosis by hematoxilin and eosin (H&E) and TUNEL staining. Twenty
full-length, well-oriented crypts in each cross-section were considered. A total of 12 cross-
sections were scored for each mouse to determine the average number of apoptotic cells per
crypt. For in vitro model of human CRC, HCT116 and HT29 cells were transfected with Reg
IV-specific and negative control siRNAs (100 nM) in 8-well chamber slides at a density of
1.6×104 cell/well. Cells were subjected to 6 Gy IR 24 h after transfection. The cells were then
fixed at day 1, 2 or 3 in 10% NBF and immunostained with antibodies specific to activated
Caspase-3 or TUNEL to identify apoptotic cells. In tumor xenografts model, apoptotic cells
were identified in NBF-fixed tumor sections with H&E and TUNEL staining.

Microcolony Assay
Cell proliferation in intestinal crypts was quantified by immunodetection of 5′-Bromo, 2′-
deoxyuridine (BrDU) in distal jejunum sections of mice injected with 120 mg/kg BrDU and
12 mg/kg 5′-Fluoro, 2′-deoxyuridine (FrDU) at 82 h of IR (12 Gy) exposure and sacrificed 2
h later. The viability of each surviving crypt was confirmed by detection of 6 or more BrDU-
positive cells. A minimum of 12 complete cross sections were scored for each mouse and
average number of surviving crypts per cross section was determined. In tumor xenografts
sections, BrDU-positive cells were considered as proliferating cells.

In Vitro Radiation-Survival Colony Assay
HCT116, SW480 and HT29 cells were plated in 6-well culture plates at a very low density
(40–50 cells/well) and allowed to adhere to the bottom. Following over night serum-starvation,
cells were treated with drugs for Reg IV antagonism (mAbs and siRNAs) for 24 h and then
exposed to different doses of IR. Surviving cells were allowed to grow for 15 days until the
development of visible colonies. Colonies were stained with Hemoatoxylin 7211 and bluing
reagent (Richard-Allan, Kalamazoo, MI) and then counted.

Western Blot Analysis
Equal amount of cell lysate was subjected to SDS-PAGE electrophoresis and transferred to the
Immobilon PVDF membrane (Millipore, Bedford, MA). Membrane was then incubated with
specific primary antibodies and corresponding bands were detected by the enhanced
chemiluminescence system (Amersham, UK).

Real Time RT-PCR
Total RNA isolated from human CRC cells and distal jejunum sections was reverse transcribed
and then used for real time RT-PCR analyses. Crossing threshold values for individual genes
were normalized to β-Actin gene expression. Primers used in this study are shown in
supplementary table 1.

Statistical Analysis
All values were expressed as the mean ± SEM. Data were analyzed using a 2-tailed t test. A
‘P’ value of less than 0.05 was considered to indicate statistical significance.
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RESULTS
Reg IV Inhibits IR-Induced Intestinal Cell Apoptosis

We previously demonstrated that Reg IV regulates apoptosis in human CRC cells.6, 12

However, its role in the normal GI cells was not established. In the present study, we utilized
a murine model of IR-induced intestinal injury to determine the role of Reg IV in the normal
GI cell apoptosis. Following immunodetection of Reg IV-positive cells in distal jejunum
sections using an α-Reg IV 4261 antibody, IR exposures led to a dose-dependent decrease in
Reg IV expression (Fig. 1A). Furthermore, IR (6 Gy) exposure to vehicle-treated mice (IR-
Veh) led to a significant increase in the number of apoptotic cells per crypt as assessed by H&E
and TUNEL staining of the distal jejunum sections. However, a single dose of rhR4 treatment
24 h prior to IR exposure led to a significant decrease in crypt cell apoptosis when compared
to IR-vehicle controls (Fig. 1B, left and right panels). Moreover, the rhR4-mediated decrease
in the number of apoptotic cells was more confined to crypt cell positions 3 to 6 counted from
the base, which corresponded to the locations of the putative stem cell (Fig. 1C, left panel). To
confirm these results, we immunostained distal jejunum sections for previously reported stem
cell marker doublecortin and CaM kinase-like-1 (DCAMKL-1).14, 15 Reg IV treatments led
to a marked increase in the number of DCAMKL-1 positive cells in distal jejunum sections of
IR-exposed mice (Fig. 1B, right panel). These data suggest that rhR4 protects GI crypt cells
including the crypt stem cell population against IR-mediated apoptosis.

Reg IV Increases mRNA Expression of Bcl-2, Bcl-XL & Survivin and Induces Crypt Cell
Survival

Genes reported in association with altered apoptosis include Bcl-2 and Bcl-XL16–21 and
survivin.12, 22 Following real time RT-PCR analyses of mRNA from distal jejunum, we
observed that single dose of rhR4 treatment 24 h prior to IR significantly increased the
expression of anti-apoptotic genes Bcl-2, Bcl-XL and survivin when compared to vehicle-
treated controls (Fig. 2, upper left panel). Results were further supported by the increased
expression of Bcl-2, Bcl-XL and survivin when distal jejunum sections from Reg IV-treated
mice were immunostained with respective antibodies (Fig. 2, upper right panel). These results
suggest that Reg IV treatments induce apoptotic resistance of normal gastrointestinal cells by
increasing the expression of anti-apoptotic genes Bcl-2, Bcl-XL and survivin. Following
intestinal injury, crypt stem cells proliferate to increase the transit cell population, which form
a regenerative crypt, hence play a central role in mucosal regeneration.23 To identify GI crypt
cell survival, a microcolony assay was performed, where BrDU-positive cells represented the
proliferating crypt cells. A single dose of rhR4 treatment 24 h prior to IR led to a significant
increase in numbers of surviving crypts per cross section area when compared to vehicle-treated
controls (Fig. 2, lower left and right panels). Results indicate that Reg IV increases crypt cell
proliferation that leads to survival of intestinal crypts following IR-induced injury.

Reg IV Expression in Human CRC is Associated With Cell Susceptibility to IR-Induced
Apoptosis

Higher levels of Reg IV expression were reported in human CRC cells selected for in vitro
resistance to the cancer chemotherapeutic agent 5-FU.10 We previously demonstrated that
addition of rhR4 to the cultures of human CRC cells led to increased cell survival following
IR exposure.6 Here we show that Reg IV expression in different human CRC cells was
associated with cell susceptibility to IR-induced apoptosis. Following in vitro radiation-
survival colony assays, human CRC cells (HCT116, SW480 & HT29) exposed to increasing
doses of IR (0, 2, 4, 6, 8 & 12Gy) exhibited a dose-dependent decrease in surviving colonies
(Fig. 3A & B). A higher number of surviving colony counts in SW480 and HT29 cells in
comparison to HCT116 cells was associated with comparatively higher expression of Reg IV
(Fig. 3C & inset). Furthermore, results demonstrated that Reg IV protein expression in human
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CRC cells increased following exposure of lower IR (2 or 4 Gy) doses (Fig. 3D & E) and was
associated with fractional cell survival. However, higher IR doses leading to a decreased
expression of Reg IV were associated with decreased cell survival shown in panel A of figure
3. These results suggest that an alteration in the Reg IV expression occurs as a cellular response
to IR leading to altered cell survival in human CRC.

Function Blocking of Reg IV Protein Following Specific mAbs Treatments Increases Human
CRC Cell Susceptibility to IR-Induced Apoptosis

Function blocking of Reg IV protein using specific mAbs (2H6 and 3E5) leads to significant
decreases in proliferation of human CRC cells (Supplementary Figure 1). We further performed
in vitro radiation-survival colony assay to determine CRC cell susceptibility to IR-induced
apoptosis. Function blocking of Reg IV protein using specific mAbs led to significant decrease
in surviving cells following IR. In comparison to PIP controls, addition of 2H6 and 3E5 mAbs
to the cultures of HCT116, SW480 and HT29 CRC cells led to significant decreases in the
number of surviving colonies following IR (8 Gy) exposure (Fig. 4 left & right panels). IR-
induced cell death in these cells exhibited a direct correlation with endogenous levels of Reg
IV expression. Following IR, HCT116 cells with comparatively lower level of Reg IV
expression exhibited higher level of cell death, while SW480 and HT29 cells with
comparatively higher levels of Reg IV expression exhibited lower levels of cell death.

Treatment of Reg IV-Specific mAbs Increases Survival Rate and Reduces Tumor Growth in
a Murine Tumor Xenografts Model

To show the effect of Reg IV antagonism on tumor growth and animal survival, we established
murine tumor xenografts using HCT116 cells, and different regimens of Reg IV-specific mAbs
treatments were tested. Mice treated with 5 consecutive doses of Reg IV-specific mAb (3E5
and 2H6; 400 mg/day) administered at every alternate day starting either from day 1 (d1) or
day 10 (d10) of tumor xenografts exhibited a significantly increased survival rate (Fig. 5A)
and reduced tumor growth (Fig. 5B) in comparison to mice treated with the equivalent doses
PIP control antibody. Furthermore, in comparison to the animals of d10 treatment group, a
higher survival rate (Fig. 5A) and lower tumor growth (Fig. 5B) was noted in animals of d1
treatment group, which exhibited a greater effectiveness of Reg IV antagonism if started at
early time points of tumor development. In separate experiments, mice with tumor xenografts
were also treated with Reg IV-specific mAbs at day 10 and exposed to 6 Gy IR 24 h later.
Treatments of mAbs were continued for 5 alternate days, and tumor growth was assessed.
Similar to Reg IV-specific mAbs treatments, IR exposure significantly reduced tumor
xenografts volume. Combined therapy using Reg IV-specific mAbs and IR significantly
increased the overall therapeutic effect (Fig. 5C). Sections of tumor xenografts from treatment
groups shown in Fig. 5C were stained with H&E to identify apoptotic cells. Mice exposed to
IR exhibited an increased number of apoptotic cells in tumor xenograft sections. Treatments
with Reg IV-specific mAbs further increased the number of apoptotic cells showing an additive
effect on cellular apoptosis following combined therapy (Fig. 5D upper panel). Reg IV-specific
mAbs-mediated increase in tumor cell apoptosis was also associated with a significant
reduction in expression of previously reported anti-apoptotic genes Bcl-2, Bcl-XL and Survivin
(data not shown). In addition, Reg IV- specific mAbs treatments also led to a significant
reduction in tumor cell proliferation as assessed by BrDU incorporation in dividing cell nuclei
(Fig. 5D lower panel). These results indicate that Reg IV has potent anti-apoptotic and pro-
proliferative effects. Results further suggest that antagonism of Reg IV signaling increases
tumor cell susceptibility to IR-induced apoptosis, leading to a greater therapeutic effect of
radiotherapy on tumor growth.
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Treatment of siRNAs Targeting Reg IV mRNA Sequence Leads to Increased Apoptosis and
Reduced Cell Proliferation

As a second approach of Reg IV antagonism, we used a panel of siRNAs (si1 and si5) targeting
Reg IV mRNA to decrease human CRC cell proliferation (supplementary Fig. 1). Following
immunostaining for activated caspase-3 and TUNEL, transfection of HCT116 and HT29 cells
with Reg IV-specific siRNAs (R4-si1 & R4-si5; 100 nM) led to a significant increase in number
of apoptotic cells in comparison to Neg. 1 (a scrambled siRNA) or ‘No si’ controls (Fig. 6A
left and right panels). Furthermore, intratumoral injection of these siRNAs (R4-si1 & R4-si5;
50μl of 5μM siRNA/day for 5 consecutive doses at every third day) in an in vivo model of
human CRC led to a significant increase in apoptotic cell number in solid viable (Fig. 6B left
panel) and the adjacent liquefied portions (data not shown) of tumor xenografts. Increased
apoptotic cell death following Reg IV-specific siRNAs treatment resulted in significantly
reduced growth of tumor xenografts (Fig. 6B right panel). In both in vitro and in vivo models
of human CRC, administration of Reg IV-specific siRNAs was associated with decreased
expression of anti-apoptotic genes, including Bcl-2, Bcl-XL and survivin (data not shown).
These results supported our hypothesis that Reg IV antagonism is a useful tool to reduce
colorectal tumor growth and increase tumor cell susceptibility to IR-induced apoptotic cell
death.

DISCUSSION
The normal gastrointestinal (GI) epithelial architecture is frequently disrupted following injury.
The homeostasis in a normal GI epithelial cells population is maintained by their continuous
replacement with replicating undifferentiated epithelial cells (transit cells) located in the crypts,
followed by their subsequent differentiation and migration away from the zone of replication.
24, 25 Crypt stem cells play a central role in maintaining GI architecture both in normal and
injury states.23, 26 Stem cells proliferate into a transit cell population, which expand rapidly to
form a regenerative crypt.26, 27 Disrupted architecture of GI epithelial cells following injury
leads to a dysregulated expression of anti-apoptotic genes. In the present study, we investigated
the possible mechanisms for apoptosis and survival of intestinal epithelial crypt cells using a
well-defined murine model of IR-induced intestinal injury. The observations clearly identified
Reg IV as a factor regulating the intestinal crypt cell apoptosis. Reg IV treatments to the mice
led to a significant reduction in number of IR-induced apoptotic cells, especially at crypt cell
positions 3 to 6 counted from the base, corresponding to the location of the putative stem cell.
Following intestinal injury, Reg IV provided a degree of protection to the intestinal crypt stem
cell against IR-induced apoptotic cell death. The surviving stem cell proliferated to increase
their numbers and give rise to a more rapidly proliferating transit cell population to form a
regenerative crypt. A single surviving clonogenic crypt stem cell is sufficient to give rise to a
regenerating crypt. In the present study, Reg IV-mediated protection to intestinal crypt stem
cells played a very important role in restoring normal epithelial architecture and function by
differentiation of epithelium and its subsequent migration to respective intestinal locations.
Reg IV-mediated regulation of intestinal crypt cell apoptosis was also associated with increased
expression of previously reported anti-apoptotic genes Bcl-2, Bcl-XL and survivin. These
results clearly suggest that Reg IV protects intestinal crypt cell from IR-induced apoptosis and
increases their survival especially in the putative stem cell zone. The surviving stem cells
proliferate to increase their number and give rise to the more rapidly proliferating transit cell
population, which expands rapidly to form a regenerative crypt. The proliferating transit cells
are then differentiated, migrated to their respective positions of the intestinal crypt-villus axis,
and reestablish a normal intestinal epithelial architecture.

Most human adenocarcinomas are relatively resistant to chemotherapy (CT) and IR-induced
cell death.28–30 Efforts to overcome this resistance by increasing concentration of cytotoxic
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drugs or dosage of irradiation have failed to significantly improve the therapeutic response.
Novel cancer treatment strategies targeting the genes that regulate the cell susceptibility to CT
or IR-induced cellular apoptosis may prove to be a helpful adjuvant in the treatment of many
malignancies. Reg IV was reported to be overexpressed in human CRC cells HT29 selected
for increased in vitro resistance to chemotherapeutic drug 5-FU.10 Our previous and current
studies clearly identified an association of Reg IV expression in human CRC cells with their
susceptibility to IR-induced cell death. These studies indicated that Reg IV could be a potential
target of new therapeutics designed to increase tumor cell susceptibility to conventional CT or
IR. The present study further finds that antagonism of Reg IV signaling is a useful tool to
increase cell susceptibility to IR-induced apoptosis in human CRC. Addition of mAbs specific
to Reg IV protein and transfection of cells with siRNAs targeting the Reg IV mRNA sequence
were selected as two complementary approaches for blocking Reg IV signaling. In both
approaches led to similar decreases in cell proliferation and increases in cell susceptibility to
IR-induced death in HCT116, SW480 and HT29 human CRC cells. Antagonism of Reg IV
signaling resulted in an increased number of apoptotic cells, which was found in association
with decreased expression of anti-apoptotic genes, including Bcl-2, Bcl-XL and survivin. Since
we have previously reported that Reg IV regulates the expression of these anti-apoptotic factors
through EGFR-Akt-Ap1 signaling pathway, this could be proposed as a possible mechanism
of Reg IV mAbs-mediated increase in human CRC cell apoptosis. Data from the tumor
xenografts studies also exhibited reduced tumor growth and increased apoptosis following
antagonism of Reg IV signaling. Anti-tumor effects were more pronounced when Reg IV mAbs
were administered at early phases of tumorigenesis.

In summary, Reg IV is an important regulator of cell proliferation, apoptosis and cell
susceptibility to IR. Increased expression of Reg IV at injury protects GI mucosa, including
the crypt stem cell population. However, overexpression of Reg IV in many human GI
malignancies including CRC leads to a tumor phenotype resistant to radio/chemotherapy-
induced apoptosis. Antagonism of Reg IV signaling decreases cell proliferation and increases
tumor cell susceptibility to IR-induced apoptosis. These results identify Reg IV as a previously
unappreciated regulator of cell proliferation and apoptosis that might contribute to increased
resistance to apoptotic death during therapy. Hence, antagonism of Reg signaling could be a
new potential therapeutic intervention for human CRC and other GI malignancies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Reg IV inhibits IR-induced intestinal cell apoptosis. Mice exposed to varying doses of IR and
sacrificed 6 h later were used to determine the role of Reg IV in regulation of apoptosis in distal
jejunum sections (A) Following immunodetection of Reg IV-positive cells, mice exposed to
IR exhibited a dose-dependent decrease in Reg IV expression. (B) Following quantification of
apoptosis in distal jejunum sections of mice exposed to IR (6 Gy), the number of apoptotic
cells per crypt increased significantly when compared to “No IR-vehicle” controls. However,
Reg IV treatment led to a significant reduction in IR-induced apoptosis (left panel). Right panel
shows quantitative changes in number of apoptotic cells based on TUNEL staining. (C) The
number of cells undergoing apoptosis at crypt cell positions 3 to 6 counted from the base (left
panel, inset) corresponding to the location of the putative stem cell was less in Reg IV-treated
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mice than in vehicle-treated IR-controls (left panel). Following immunodetection of
DCAMKL-1 positive cells in distal jejunum sections, Reg IV treatments resulted in a marked
increase in its number showing increased survival of stem cells following IR-induced intestinal
injury (right panel). Data suggests that Reg IV protects intestinal crypt cells including the crypt
stem cell population against IR-mediated apoptosis. Results are representative of 3 different
experiments, and data are expressed as mean ± SE. (* P < 0.05, ** P < 0.01, a: P < 0.01; No
IR-Veh vs. IR-Veh, b: P < 0.01; IR-Veh vs. IR-rhR4).
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Figure 2.
Reg IV increases the expression of anti-apoptotic genes and induces crypt cell survival. (A)
Following real time RT-PCR and immunostaining analyses, Reg IV treatments significantly
increased the expression of anti-apoptotic genes Bcl-2, Bcl-XL and survivin when compared
to vehicle-treated controls (left and right panels). (B) Following microcolony assays of tissues
from distal jejunum, mice exposed to IR (12 Gy) and sacrificed 84 h later exhibited a significant
decrease in number of surviving crypts, when compared to vehicle-treated “No IR” controls.
However, Reg IV treatments resulted in a significant increase in numbers of surviving crypts
when compared to vehicle-treated IR controls. Right panel indicates a quantitative analysis of
above experiments. Results are based on 3 different experiments, and data are expressed as
mean ± SE (* P < 0.5, ** P < 0.01, a: P < 0.01; No IR-Veh vs IR-Veh, b: P < 0.01; IR-Veh vs
IR-rhR4)
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Figure 3.
Endogenous level of Reg IV in human CRC is associated with cell susceptibility to IR-induced
cell death. In vitro radiation-survival colony assays were performed to determine the effect of
varying IR doses on cellular death of HCT116, SW480 and HT29 human CRC cells. (A & B)
Human CRC cells exhibited IR dose-dependent decreases in surviving colony counts. HCT116
cells were comparatively more susceptible to IR-induced cell death, as the number of surviving
colonies in HCT116 cells was lower than that of SW480 and HT29 cells. (C) Higher number
of surviving colony counts in SW480 and HT29 cells in comparison to HCT116 was associated
with increased expression of Reg IV. (D & E) As a cellular response, an increase in Reg IV
protein expression was noted following exposure of lower IR doses (2 & 4 Gy). However,
higher IR doses led to marked decreases in Reg IV expression and were associated with the
higher levels of IR-induced cell death. Left panel shows specific protein bands from western
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blot analysis and right panel shows change in Reg IV protein expression following
densitometric scanning of corresponding bands. Results are representative of three different
experiments and expressed as mean SEM. (a, b & c: P < 0.01 in HCT116, HT29 and SW480
cells respectively)
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Figure 4.
Antagonism of Reg IV signaling with specific mAbs treatments increases CRC cell
susceptibility to IR-induced death. (A & B) In vitro radiation-survival colony assays were
performed to determine human CRC cell susceptibility to IR-induced death. As assessed by
the number of surviving colonies, pretreatment of HCT116, SW480 and HT29 cells with Reg
IV-specific mAbs (2H6 & 3E5; 400 μg/ml) for 24 h led to significant decrease in surviving
colony counts following IR (8 Gy). (** P < 0.01)
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Figure 5.
Reg IV-specific mAbs treatments increase survival rate and reduce tumor growth in murine
model of tumor xenografts. (A) Mice treated with multiple doses Reg IV-specific mAb (3E5
and 2H6; 400 μg/day) starting from day 1 of tumor xenografts exhibited an increased survival
rate in comparison to mice treated with equivalent doses of mAbs starting from day 10 (when
tumors were palpable) and PIP controls. (B) Treatments of Reg IV-specific mAbs started from
day 1 of tumor xenografts led to a significant reduction in tumor growth when compared to the
animals treated with equivalent doses of Reg IV-specific mAbs started from day 10 and PIP
controls. These results exhibited an enhanced effectiveness of mAbs treatments, when injected
at earlier time points of tumor growth. (C) In a separate experiment, mice were treated with
Reg IV-specific mAbs at day 10 of tumor xenografts and exposed to 6 Gy IR 24 h later.
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Treatments of mAbs were continued for 5 doses at every alternate day. Significant reduction
in tumor growth was observed showing additive effect of IR and mAbs treatments. (D) Staining
of tumor tissues with H&E exhibited an increased number of apoptotic cells following IR.
Treatments of Reg IV-specific mAbs further increased the number of apoptotic cells showing
an additive effect on cellular apoptosis. In addition, Reg IV-specific mAbs treatments also led
to a significant reduction in tumor cell proliferation as assessed by BrDU incorporation. These
results indicated that Reg IV is a potent mediator of cellular apoptosis and proliferation hence
antagonism of Reg IV signaling increases tumor cell susceptibility to IR-induced cell death.
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Figure 6.
Treatments of siRNAs targeting Reg IV mRNA sequence increase apoptosis and reduce CRC
growth. (A) Following Caspase-3 and TUNEL immunostainings, HCT116 and HT29 cells
transfected with Reg IV-specific siRNAs (R4-si1 and R4-si5; 100 nM) exhibited significantly
increased number of apoptotic cells in comparison to Neg. 1 (a scrambled siRNA) or “No si”
controls (left and right panels). (B) Following H&E and TUNEL staining, intra-tumoral
injections of R4-si1 & R4-si5 (50μl of 5μM siRNA/day for 5 consecutive doses at every third
day) resulted in a significantly increased number of apoptotic cells in solid viable (left panel)
and adjacent liquefied portions (not shown) of tumor xenografts leading to a significantly
reduced tumor growth (right panel). These results suggested that Reg IV antagonism is a useful
tool to reduce colorectal tumor growth and increase tumor cell susceptibility to apoptosis. (*
P < 0.05, ** P < 0.01)
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