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Expression of Reg Family Proteins in Embryonic Stem Cells
and lts Modulation by Wnt/B-Catenin Signaling

Donghui Jing,! Daniel E. Kehoe,' and Emmanuel S. Tzanakakis'2

Regenerating islet (Reg) proteins are involved in the proliferation and differentiation of diverse cell types.
However, whether embryonic stem cells (ESCs) express Reg genes and their corresponding proteins remains
unknown. In this study, we probed the expression of Reg family members by mouse ESCs (mESCs). Mouse Reg1
and Reg3y were detected in undifferentiated stem cells. Furthermore, we tested if gastrin—an inducer of Regl
expression in committed cells—up-regulates the Regl gene in mESCs. Gastrin did not affect the expression of
Reg1 either in self-renewing mESCs or under conditions permitting their differentiation. Moreover, overexpres-
sion of Reg genes found in various forms of cancer has been linked to dysregulated activation of the canonical
Wnt/B-catenin cascade. Given the important roles of Wnt signaling in stem cells, we investigated if activation of
Wnt alters the expression of Reg genes in mESCs. Wnt activation led to an increase in Reg1 gene expression with
a concomitant increase in the amount of secreted Reg1 protein. Finally, the expression pattern of genes indicative
of differentiation was examined in mESCs that were either exposed to soluble Regl or overexpressed the Regl
gene. This is the first account of expression of Reg family members by ESCs. Our results show that the canonical
Wnt cascade affects Reg expression and warrants further studies into the potential roles of Reg proteins in stem

cell physiology.

Introduction

REGENERATING 1SLET (REG) PROTEINS, which were first dis-
covered in pancreatic stone formation [1], are involved
in the proliferation and differentiation of various types of
human, rat, and mouse cells [2-4]. The Reg family comprises
of 4 subclasses (Regl, Reg2, Reg3, and Reg4) [5,6] across spe-
cies with most of the orthologs belonging to the Regl and
Reg3 groups. The expression of Reg genes is up-regulated
in the pancreas after injury and the corresponding proteins
promote the regeneration and proliferation of islet cells [7,8]
while protecting acinar cells from apoptosis [9]. The Reg?2
protein is a potent mitogen of Schwann cells and contributes
to the regeneration of motor neurons in mice [10]. Moreover,
the generation and maintenance of the villous structure of
the small intestine is influenced by Regl, which is consid-
ered a regulator of intestinal cell growth [11]. Despite the
intimate link between Reg proteins and the proliferation
and/or differentiation of diverse types of cells, no informa-
tion is available, to date, about the expression and regula-
tion of members of the Reg family in embryonic stem cells
(ESCs).

Interestingly enough, overexpression of Reg proteins has
been observed in liver tumors [12], pancreatic duct-cell car-
cinoma [13], testicular cancer [14], and colon cancer [15,16].
Enhanced levels of the human Reg3A (also known as pancre-
atitis-associated protein (PAP)) and Regla were discovered
in primary liver tumors with B-catenin mutations suggest-
ing a possible regulation of these Reg genes by the canonical
Wnt/B-catenin signaling pathway [17]. A strong association
between B-catenin mutations and changes in the expression
of Reg genes was also documented in a recent clinical study
involving biopsy samples from patients with liver cancer
[18]. Dysregulated activation of the canonical Wnt signaling
has also been identified in other cancer types (eg, seminoma
[19], colon [20]) in which Reg proteins have been shown to be
aberrantly overexpressed.

In addition to its role in carcinogenesis, Wnt signaling
is important for the maintenance of stem cell pluripotency
[21,22] and the expansion of progenitor cells [23]. Canonical
Wnt signaling is also involved in the commitment of ESCs
toward different phenotypes including neural cells [24],
melanocytes [25], hematopoietic cells, and endothelial cells
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[26]. In the absence of Wnt activation, glycogen synthase
kinase-3B (GSK3p) phosphorylates B-catenin, which is sub-
sequently degraded via the ubiquitin—proteosome cascade.
Activation of the Wnt/B-catenin pathway by inhibiting the
GSK3B with 6-bromoindirubin-3'-oxime (BIO) [27] is suffi-
cient to maintain cultured mouse ESCs (mESCs) and human
ESCs (hESCs) in an undifferentiated state [28]. Blocking of
GSK3B by BIO or LiCl [29] causes the accumulation and
nuclear translocation of B-catenin that acts as a transcrip-
tional cofactor with the T-cell factor/lymphoid enhancer fac-
tor (TCF/LEF) activating gene targets of Wnt. The genetic
program initiated by canonical Wnt depends on the cellu-
lar context [30], and this may explain largely the multitude
of effects associated with Wnt signaling. Given the mirror
image roles of the canonical Wnt cascade in the biology of
stem cells and cancer [31], we hypothesized that if members
of the Reg family are expressed in ESCs, such expression
may be influenced by Wnt.

In this study, we probed mESCs for the expression of
various Reg genes. Only Regl and Reg3y were detected in
undifferentiated mESCs. Considering that gastrin induces
the expression of Regl [32], we explored whether Reg1 is up-
regulated in gastrin-treated mESCs. Exposure of self-renew-
ing stem cells to gastrin did not alter their Regl profile. In
contrast, activation of the canonical Wnt in mESCs boosted
the expression of Regl. This increase was curtailed in the
presence of dominant negative TCF (AnTCF4). Finally, we
investigated if Regl stimulates the commitment of mESCs
toward a particular lineage. Cells cultured with Regl under
conditions allowing their differentiation, showed preferen-
tial up-regulation of early endoderm markers. Our results
show that the expression of Regl is modulated by Wnt sig-
naling, which is a key regulator of stem cell fate, and war-
rant further studies into the role of Reg proteins in ESC

physiology:.

Materials and Methods
Cell culture

El4Tg2a (Mutant Mouse Regional Resource Centers
(MMRRC), University of California, Davis, CA) and R1
(American Type Culture Collection (ATCC), Manassas, VA)
mESCs were maintained on feeder cell-free, gelatin-coated
(0.1% gelatin in phosphate-buffered saline (PBS); Sigma-
Aldrich, St. Louis, MO) tissue culture dishes in 5% CO,/95%
air at 37°C as described before [33]. The culture medium
consisted of Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich) supplemented with 10% ESC-screened FBS
(Hyclone, Logan, UT), 2 mM L-glutamine, 0.1 mM nonessen-
tial amino acids, 0.055 mM B-mercaptoethanol, penicillin
(100 U/mL), streptomycin (100 ng/mL) (all from Invitrogen,
Carlsbad, CA), and 1,000 U/mL leukemia inhibitor factor
(LIE; Chemicon, Temecula, CA). Medium was replaced every
day and the mESCs were subcultured every 2 days. The cells
were adapted in defined serum-free medium (DSFM) as de-
scribed previously [33] and cultured for 3-4 passages prior
to their use in the experiments described in this study. The
composition of DSFM is as described above except that 10%
KnockOut Serum Replacer (Invitrogen) is used instead of
FBS. Gastrin (G17) was obtained from EMD Biosciences (San
Diego, CA).
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To investigate the effects of Regl on mESC differentia-
tion, cells were cultured in DSFM without LIF. The culture
medium, which was replaced daily, was supplemented with
recombinant mouse Regl (obtained as a pre-release agent
from R&D Systems, Minneapolis, MN). Alternatively, cells
were transduced with an adenovirus carrying the Regl gene
(AdReglGFP; see “Adenovirus construction and cell trans-
duction” section below).

Mouse 3T3 fibroblasts, human embryonic kidney 293
(HEK293) cells (ATCC), and mouse MIN6 pancreatic 3-cells
(a kind gift from Prof. J. Miyazaki—University of Tokyo,
Japan) were cultured in DMEM with 10% FBS, 2 mM L-glu-
tamine, penicillin (100 U/mL), and streptomycin (100 pg/
mL) at 5% CO,/95% air at 37°C. The medium was replaced
every 2 days and the cells were passaged every 4 days (6
days for MING cells).

During passaging, the cells were incubated with TrypLE™
(Invitrogen, Carlsbad, CA) in PBS and cell clumps were dis-
sociated by gentle pipetting. The cell suspension was spun
down at 200g for 5 min and after removing the supernatant,
the cell pellet was resuspended in fresh medium and plated
on tissue culture dishes.

Adenovirus construction and cell transduction

The mouse Regl was cloned from cDNA prepared from
RNA isolated from MING6 B-cells. The Regl cDNA was
prepared by PCR using the Phusion high-fidelity DNA
polymerase (Finnzymes, Espoo, Finland) and the primers
5'-GGGGGATCCACCATGGCTAGGAACGCCTACTT-3' and
5 TTTTGTCGACTCAGCCTTTGAACTTGCAGAC-3" (start/
stop codons are shown in italics) with the BamHI and Sall
sites (underlined) inserted to facilitate cloning. The frag-
ment was incorporated in the pCR2.1-TOPO (Invitrogen,
Carlsbad, CA) cloning vector by a topoisomerase-catalyzed
reaction. Adenoviruses were generated based on a method
described previously [34] with modifications. The IRES-
eGFP fragment was excised from the pIRES2eGFP (Clontech,
Mountain View, CA) vector by digestion with Bg/II and NotI
and inserted into the pShuttle-CMV vector. The resulting
plasmid (pShuttle-CMV-IRES-GFP) was digested with Bg/II
and Sall. The cloned Regl was excised from pCR2.1-TOPO-
mRegl with BamHI and Sall and ligated with the digested
pShuttle-CMV-IRES-GFP resulting in the pShuttle-CMV-
mRegl-IRES-GFP. This vector was linearized with Pmel and
was transformed into Escherichia coli BJ5183 cells carrying the
adenoviral backbone pAdEasy-1 [34]. Clones were selected
based on the patterns resulting upon digestion with various
restriction endonucleases. A pShuttle-CMV-mRegl-IRES-
GFP clone was selected carrying an exact copy of the mouse
Regl cDNA verified by sequencing. The clone was trans-
formed into XL10-Gold ultracompetent cells (Stratagene,
La Jolla, CA), expanded, and prepared for linearization
with Pacl. The linearized plasmid was transfected into
HEK293 cells using Lipofectamine (Invitrogen) according
to manufacturer’s instructions. Recombinant adenoviruses
(AdReglGFP) were harvested after 1 week and successive
rounds of infection of HEK293 cells were performed to in-
crease the virus titer. The adenovirus preparation was
purified via filtration (Virabind, Cell Biolabs, San Diego,
CA) and its titer was measured using an immunoassay
(QuickTiter, Cell Biolabs). Typical titers for AdReglGFP



Rec EXPRESSION AND WNT SIGNALING IN STEM CELLS

ranged from 1 to 10 X 10" plaque-forming units (PFUs)/mL.
The expression of the transgene and the corresponding Regl
protein were confirmed by PCR, western blot, and enzyme-
linked immunosorbent assay (ELISA) analyses of samples
from cultured cells infected with the AdReg1GFP.

For transduction experiments, 10° cells/cm? were plated
in 24-well tissue culture plates and cultured for 24 h before
transfection. Then, virus was added at a multiplicity of in-
fection (MOI) as stated. The MOI was calculated based on
the PFU/mL of the virus stock. Six hours postinfection, the
medium was replaced with fresh culture medium. Cells
infected with an adenovirus carrying the GFP gene down-
stream of the CMV promoter (AdGFP; Gene Vector Core
Laboratory, Baylor College of Medicine, Houston, TX) served
as controls for cells transduced with AdReglGFP.

Cell transfection and reporter assays

Mouse ESCs were plated at 10° cells/cm? in gelatin-coated
24-well tissue culture plates and cultured for 1 day prior to
transfection. Cells were transfected with 0.5 ug DNA using
Lipofectamine (Invitrogen, Carlsbad, CA). For each trans-
fection, 300 ng of SuperTOP or SuperFOP [35] (both kind
gifts from Dr. RT. Moon, University of Washington), 100 ng
dominant negative TCF4 [36] (AnTCF4, kindly provided by
Dr. KW. Kinzler, Johns Hopkins University) or pIRES-eGFP
(Clontech, Mountain View, CA), and 100 ng of pCMV-RL
(Renilla luciferase; Promega, Madison, WI) were co-trans-
fected. Five hours after transfection, Wnt signaling was
activated with the addition of 10 uM BIO (EMD Chemicals,
Gibbstown, NJ), 30 mM LiCl (Sigma-Aldrich, St. Louis, MO),
or 100 ng/mL Wnt3a (R&D Systems, Minneapolis, MN).
Cells were harvested 24 h after Wnt activation and analyzed
with the dual luciferase assay (Promega) according to the
manufacturer’s instructions in a Synergy HT multimode
microplate reader (BioTek, Winooski, VT) in luminescence
mode. Luciferase signal readings were obtained in relative
luminescence units (RLUs) and normalized to the corre-
sponding signal due to the Renilla luciferase activity.

TABLE 1.
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RNA extraction, RT-PCR, and quantitative PCR

Total RNA wasisolated from cells using Trizol (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
Reverse transcription was performed using the ImProm-II
reverse transcriptase (Promega, Madison, WI) with 1 ng
of total RNA and 250 ng random primers or oligo(dT);, ;5
primers at 42°C for 60 min. PCR runs were carried out with
the resulting cDNA for 30-35 cycles at an annealing tem-
perature of 58°C-60°C depending on the primer set. Primer
sequences are shown in Table 1.

For relative quantification of gene expression, standard
real-time polymerase chain reactions were performed on an
iCycler quantitative PCR (qPCR) machine (Bio-Rad, Hercules,
CA) as described previously [37]. Platinum PCR SuperMix
(Invitrogen, Carlsbad, CA) was used with the following
reaction conditions: denaturation and polymerase activation
at 95°C for 2 min; amplification for 40 cycles at 95°C for 15
s, 58°C or 60°C for 30 s, and 72°C for 1 min. All reactions
were run in triplicates on samples from at least 3 experi-
ments. Amplification specificity was verified by a melting
curve method. Relative gene expression was calculated by
normalizing to the expression of endogenous B-actin, using
the AAC; method [38]. The threshold cycle (Cy) for B-actin
did not vary under different experimental conditions when
equal amounts of RNA were used. PCR efficiencies for dif-
ferent primer pairs were determined by a standard curve
method on serially diluted templates and found to be ~1.

Immunocytochemistry

Cells were stained for immunofluorescence as described
previously [33]. In brief, cells were washed in PBS and fixed
with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) in
PBS (pH 7.4) for 20 min at room temperature. After washing
with PBS, cells were permeabilized with 0.1% Triton X-100
(Mallinckrodt Baker, Phillipsburg, NJ) in PBS for 15 min and
then blocked with 1% normal donkey serum (NDS; Jackson
ImmunoResearch Laboratories, West Grove, PA) in PBS for

PRIMER SEQUENCES (SHOWN IN 53" ORIENTATION)

Gene Forward primer Reverse primer

Regl TTCAGGCTACCTGGTGTCAGT CACAGTAGCCACGATTGGAA

Reg?2 CTACAGCTTCCAATGTCTGGACT TCTTCAGGTGACTTTAGGCTCTG
Reg3a CTCAGGACATCTCGTGTCTATTCTT AGTGACCACGGTTGACAGTAGAG
Reg3p GAATGGAGTAACAATGACGTGATGA AGTAAATTTGCAGACATAGGGCAAC
Reg3y GTAACAGTGGCCAATATGTATGGA TACTCTAGGCCTTGAATTTGCAG
Reg38 AGAAGCATTTCTCAGGACACCT CAGTTATAGAAGGTCAGAGGGTCAG
Oct3/4A  GGCGTTCTCTTTGGAAAGGTGTTC CTCGAACCACATCCTTCTCT

Nanog GTGGTTGAAGACTAGCAATGGTC GAAGTTATGGAGCGGAGCAG

Bry TGCTGCAGTCCCATGATAAC TGTGCGTCAGTGGTGTGTAA

Eomes GACTTGAATGAACCTTCCAAGACT ATCTGATGGGATCTAGGGGAAT
NeuroD1 ~AGATCGTCACTATTCAGAACCTTTT TCTTCCTCTAGATCCTCATCTTCC
Pax6 AGTCAGACCTCCTCATACTCGTG ATCACATGCTCTCTCCTTCTCTCT
Foxa?2 TGGTCACTGGGGACAAGGGAA GCAACAACAGCAATAGAGAAC
Sox17 TTTGTGTATAAGCCCGAGATGG AAGATTGAGAAAACACGCATGAC
CCK2R GATTGCTTATGGTCCCCTACC GTCTCGCTGTCATTATCACCATC
Extl3 TGTGAGGATATCGCCATGAA TGCTCATCGTCTCCTCAGAA

B-Actin GCTCTTTTCCAGCCTTCC GCTCAGGAGGAGCAATGA
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1 h. Incubation was carried out overnight at 4°C with a pri-
mary antibody such as rabbit anti-Oct3/4A, goat anti-Sox17,
goat anti-Foxa2 (all from Santa Cruz Biotechnology, Santa
Cruz, CA), and mouse anti-B-catenin (BD Biosciences, San
Jose, CA). After 3 washes with PBS for 5 min, secondary anti-
bodies were applied for 1 hatroom temperature. Donkey anti-
rabbit, -goat, and -mouse secondary antibodies conjugated
with FITC or Cy3 (Jackson ImmunoResearch Laboratories)
were used. Micrographs were acquired with either a Nikon
Diaphot microscope equipped with a QImaging Retiga 1300i
FAST CCD camera (Burnaby, BC, Canada) or a Zeiss LSM510
confocal laser scanning microscope (Carl Zeiss, Thornwood,
NY).

Western blot analysis

Western blot analysis was carried out as described before
[33]. In brief, cells were lysed in protein extraction buffer
(M-PER; Thermo Fisher Scientific, Rockford, IL) supple-
mented with a protease inhibitor cocktail (EMD Biosciences,
La Jolla, CA) according to the manufacturer’s instructions.
The total protein content of the samples was determined
with the BCA Protein Assay (Thermo Fisher Scientific). Cell
lysates were boiled for 5 min and loaded to a sodium dode-
cyl sulfate—polyacrylamide gel (SDS-PAGE; 4% w/v stacking
gel and 12% w/v resolving gel) at 30 pg of total protein per
lane. After separation by electrophoresis, sample proteins
were transferred onto polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific). The membranes
were blocked with 5% (w/v) skim milk in Tris-buffered sa-
line with 0.05% Tween-20 (TBS/T) for 1 h at room tempera-
ture and washed several times with TBS/T before overnight
incubation at 4°C with primary antibodies against mouse
Regl (R&D Systems, Minneapolis, MN) and B-actin (Santa
Cruz Biotechnology). After incubation with appropriate sec-
ondary horseradish peroxidase (HRP)-conjugated antibod-
ies (Jackson ImmunoResearch Laboratories), protein signals
were detected with the LumiGLO chemiluminescence re-
agent (Cell Signaling Technology, Danvers, MA).

Indirect enzyme-linked immunosorbent assay

Mouse Regl concentrations were determined by an in-
direct ELISA. On the day of the sampling, supernatants
were collected and the cells were harvested by incubation
with TrypLE. Cells excluding the Trypan Blue dye (Sigma-
Aldrich, St. Louis, MO) were counted in a hemocytometer.
Cell counts were used to normalize the total amount of Regl
protein present in the supernatant. Supernatant samples
were transferred to 96-well plates (Nunc Inc., Naperville, IL)
at 100 uL/well. Samples of recombinant mouse Regl (R&D
Systems) were also transferred to the plates and were seri-
ally diluted to obtain a standard curve. After overnight in-
cubation at 4°C, the wells were emptied and blocking buffer
consisting of 3% bovine serum albumin (BioFX Laboratories,
Owings Mills, MD) and 0.1% sodium azide (G-Biosciences,
Maryland Heights, MO) in TBS/T was added. The plates
were incubated for 1.5 h at 37°C and then rinsed 3 times with
TBS/T and a sheep anti-mouse Regl antibody (R&D Systems)
was added at 0.5 ng/mL to each well. After incubation for 1
h at 37°C, the plates were washed 3 times with TBS/T and a
donkey anti-sheep biotinylated secondary antibody (1:5,000;
Jackson ImmunoResearch Laboratories) was added to each
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well for 1 h at room temperature. Subsequently, the wells
were again washed 3 times with TBS/T, incubated with al-
kaline phosphatase-conjugated streptavidin (1:500; Jackson
ImmunoResearch Laboratories) for 1 h at room temperature
and the TBS/T washing was repeated 3 times. Finally, p-ni-
trophenyl phosphate (pNPP; Thermo Fisher Scientific) sub-
strate solution was added. Plates were further incubated at
37°C in a humidified chamber for 30-60 min and read on an
automated plate reader. The optical density (OD) at 405 nm
was correlated to the concentration of Regl protein in the
samples.

Flow cytometry

Flow cytometry analysis was performed as previously
described [33,37]. In brief, cells were incubated with TrypLE
(Invitrogen) and collected by centrifugation at 500¢ for 5
min and fixed for 10 min with 3.7% formaldehyde solution
(Sigma-Aldrich). Cells were washed with PBS, blocked with
3% NDS for 30 min, and incubated with the primary anti-
body goat anti-Sox17 (Santa Cruz Biotechnology) in 1% NDS
for 1 h at room temperature. The cells were then washed 3
times with 1% NDS and incubated with a Cy3-conjugated
donkey secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA) for 30 min at room temper-
ature. After washing with PBS, the cells were analyzed in
a FACSCalibur flow cytometer with the CellQuest software
(Becton Dickinson, San Jose, CA). Cells were registered as
positive if their emitted fluorescence level was higher than
99% of that of samples stained only with the corresponding
secondary antibodies.

Statistical analysis

Data are expressed as mean * SD unless stated other-
wise. Statistical analysis including ANOVA was performed
using Minitab (Minitab Inc., State College, PA). P values
<0.05 were considered as significant.

Results
Reg expression in mESCs

We set out to probe the expression of Reg genes in mESCs
by RT-PCR using primers designed specifically for each
member of the mouse Reg family (Table 1). For this pur-
pose, we used 2 mESC lines: E14Tg2a and R1. Expression of
Regl was detected in both lines (Fig. 1A). Reg3y transcripts
were also found in mESCs albeit at lower levels. We did
not detect the expression of other Reg members. Pancreatic
MING B-cells (mouse insulinoma line) were included in our
study since because of their expression of Regl. It should be
noted that Reg proteins are mainly synthesized by pancre-
atic acinar cells whereas normal B-cells do not express Reg
except under pathological conditions (eg, pancreatic injury
or cancer) [5]. No expression was evident in 3T3 mouse
fibroblasts (negative control). Thus, 2 members of the
family of mouse Reg genes, Regl and Reg3v, are expressed
in mESCs.

Considering the lack of a suitable antibody against the
mouse Reg3vy protein, we focused our study mainly on the
expression of Regl in mESCs. Therefore, we next determined
the expression of Regl protein. By western blot analysis,
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Expression of Reg family members in embryonic stem cells (ESCs). (A) Mouse ESC lines E14Tg2a and R1, MIN6

(insulinoma) B-cells, and 3T3 fibroblasts were probed by RT-PCR for the expression of Reg genes. The expression of B-actin

is also shown. (B) Western blot analysis of lysates from mESCs,

MING, and 3T3 cells for their content of Regl protein. (C) The

amount of Regl protein secreted in the medium by mESCs and MING6 cells was quantified by enzyme-linked immunosor-
bent assay (ELISA). No Regl protein was detectable in supernatants from cultured 3T3 cells. Values are shown as mean *
standard deviation (SD) from 3 experiments. (D) Expression of the putative Regl receptor Extl3 in mESCs and MING6 cells.

mouse Regl protein was evident as a ~16 kDa band (Fig. 1B)
in the samples obtained from the mESCs. Given that Reg
proteins are secretable, we also examined the content of Regl
protein in the culture medium by ELISA. Supernatants sam-
pled from mESC cultures after 24 h of incubation contained
13-18 pg Regl protein per 10° cells (Fig. 1C). In contrast, <4
pg/10° cells were measured in MIN6 B-cells. In agreement
with the absence of Regl transcripts in 3T3 cells, there was
no detectable Regl protein in 3T3 cell culture supernatants.

We also observed the expression of the putative Regl re-
ceptor [39] (Figs. 1D and 4D), exostosis-like 3 protein (ExtI3),
which is a member of the multiple exostosis gene family [40].
The ExtI3 receptor may mediate signaling triggered by the
secreted Regl in mESCs as shown for B-cells [39]. Overall,
our results show that mESCs express the Regl and Reg3vy
genes. Moreover, the mESCs synthesize and secrete the Regl
protein.

Regulation of Reg1 expression in mESCs by gastrin

Many details about the regulation of the Regl expression
are still unknown. However, Regl up-regulation by the gas-
tric hormone gastrin has been documented primarily in rat
cells [32,41]. Thus, we first treated MIN6 insulinoma B-cells
to see if gastrin has the same effect on the Reg1 gene in mouse
cells. Indeed, MING6 B-cells exposed to 1 nM gastrin for 24 h
exhibited a ~30-fold increase in Regl expression compared
to untreated MIN6 B-cells (Fig. 2A). Thus, gastrin mediates
the up-regulation of Regl expression in mouse cells.

Then, we asked if transcription of Regl is also increased
in mESCs incubated with gastrin. Nevertheless, no signifi-
cant change in Regl expression was observed when mESCs
were treated with 1 nM gastrin for 24 h (Fig. 2A). In addition,
the expression of Regl was not altered even after treating
mESCs with higher concentrations (up to 100 nM) of gas-
trin for 6-48 h (data not shown). Given that gastrin binds
to the cholecystokinin 2 receptor (CCK2R) to activate the

expression of Regl, we examined if CCK2R is expressed in
MING6 B-cells and mESCs. Accordingly, strong CCK2R ex-
pression was displayed in MIN6 B-cells (Fig. 2B). However,
CCK2R transcripts were not detected in mESCs supporting
the lack of gastrin-induced activation of Regl expression in
these cells.

Of note is the fact that mESCs, cultured for 4 days under
differentiating conditions with the withdrawal of LIF,
expressed CCK2R (Fig. 2B). Yet, when these differentiated
cells were incubated with gastrin for 24 h, there was no
change in the expression of Reg1 (Fig. 2C). This led us to con-
clude that gastrin does not induce the expression of Regl in
self-renewing mESCs and early mESC progeny.

Activation of the canonical Wnt pathway in mESCs

Previous studies indicated a possible link between Wnt/
B-catenin signal transduction and the expression of Reg
proteins in cancer cells [17,18]. Before examining if such a
link exists in mESCs, we defined conditions under which the
canonical Wnt pathway can be activated in our mESC lines.
Wnt activation was assessed via a reporter assay. Mouse
ESCs maintained in the absence of serum [33] were trans-
fected with the SuperTOP plasmid [35] encoding the lucifer-
ase gene downstream of a promoter targeted by B-catenin/
TCEF. Treatment of E14Tg2a mESCs with 30 mM LiCl for 24 h
resulted in the most pronounced increase in luciferase signal
(18.54 = 1.49-fold) compared to the baseline signal obtained
from untreated mESCs (Fig. 3A). Similarly, the luciferase sig-
nal in mESCs incubated with 10 uM BIO was 154 = 1.91-fold
higher compared to untreated mESCs. Because dimethyl
sulfoxide (DMSO) is used as a solvent for the preparation of
BIO stock solutions, cells incubated with 0.25% (v/v) DMSO
were also included in these experiments but the correspond-
ing luminescence readings were comparable to those for con-
trol mESCs (0.87 = 0.18-fold). Purified Wnt3a (100 ng/mL)
also stimulated Wnt signaling (7.61 * 0.11-fold) in mESCs.
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FIG. 2. Induction of Regl expression in mouse embryonic

stem cells (MESCs) by gastrin. (A) Relative expression of the
Regl gene in MING6 cells and mESCs (E14Tg2a) after incu-
bation with 1 nM gastrin for 24 h. Regl gene expression is
shown as fold-increase compared to untreated cells. Values
are shown as mean * SD. (B) The CCK2R is not detected
in undifferentiated mESCs cultured in the presence of leu-
kemia inhibitor factor (LIF) (mESCs). In contrast, MING6 cells
and mESCs grown without LIF (mESCs — LIF) for 4 days ex-
press the CCK2R. The expression of the housekeeping gene
B-actin is also shown. (C) Mouse ESCs cultivated in the ab-
sence of LIF for 4 days were incubated without (—) or with
1 nM gastrin (+) for 24 h. Results are shown compared to
the Regl expression of E14Tg2a mESCs incubated without
gastrin.

The level of Wnt activation was reduced when the cells were
transfected with the AnNTCF4 construct prior to their expo-
sure to the Wnt3a ligand (4.47 = 0.22-fold).

Activated Wnt/B-catenin signaling is characterized by
translocation of the B-catenin to the cell nucleus. This was
also evident when R1 mESCs were treated with LiCl or
Wnt3a and stained for B-catenin (Fig. 3B). These cells were
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also positive for Oct3/4A (Fig. 3C and 3E) suggesting that
under these experimental conditions the cells remained un-
differentiated. This is also corroborated by qPCR results on
the expression of the Oct3/4A and Nanog genes by mESCs
treated with LiCl or Wnt3a (Fig. 3F).

Effect of Wnt/B-catenin signaling on Reg1 expression
in mESCs

We showed that mESCs express Regl (and the Reg3y
gene) and established conditions for activation of the ca-
nonical Wnt cascade in these cells. We hypothesized that
a link exists between the expression of Reg proteins and
Wnt/B-catenin signaling in mESCs as suggested for other
cell types [1718]. To test our hypothesis, we implemented
the experimental conditions described in the previous par-
agraph for the activation of the canonical Wnt pathway in
mESCs. However, BIO was excluded from these experiments
because its stock solution is prepared in DMSO, which may
trigger the aberrant differentiation of mESCs thereby per-
plexing our observations.

Cells treated with 100 ng/mL of Wnt3a displayed 2.63 =
0.55 times (P < 0.005) higher expression of Regl compared to
untreated mESCs (Fig. 4A). A more marked up-regulation
of Regl was noted when cultured mESCs were exposed to
30 mM LiCl (75 % 0.94-fold vs. control mESCs). In contrast,
Reg37y expression did not exhibit statistically significant
differences under these conditions (Fig. 4B). Interestingly
enough, activation of Wnt/B-catenin signaling did not trans-
late to detectable expression of the other mouse Reg genes,
that is, Reg2, Reg3a, Reg3 8, and Reg346 (Fig. 4C).

We also quantified the gene expression of the putative
Regl receptor Extl3. Treatment of mESCs with 100 ng/mL
Wnt3a did not change the level of mouse extI3 expression
(Fig. 4D) despite the increase in Regl (Fig. 4A). Nonetheless,
cells exposed to LiCl exhibited higher extI3 expression com-
pared to untreated mESCs suggesting that up-regulation
of the Regl receptor may be associated with the more pro-
nounced Wnt activation by LiCl (compared to Wnt3a) or that
an alternative LiCl-dependent mechanism may be in play.

Secretion of Reg1 by mESCs upon activation
of the canonical Wnt cascade

Next, we asked if the observed increase in the level of
Regl gene expression upon activation of the canonical Wnt
signaling translated to a commensurate increase in Regl
protein. To that end, the amount of Regl secreted in the cul-
ture medium was measured. Indeed, E14Tg2a mESCs incu-
bated with 100 ng/mL of Wnt3a secreted 36 * 1.12 pg/10°
cells compared to 19.98 * 1.33 pg/10° untreated cells (Fig. 5).
Similarly, 35.6 * 0.87 pg of Regl protein per 10° Wnt3a-treated
R1 mESCs was measured in the medium versus only 23.09
+ 418 pg/10° cells cultured without Wnt3a. Our results sup-
port that the increase in the Regl mRNA translated to en-
hanced amounts of secreted protein.

Reg1 and mESC differentiation

Considering the involvement of Regl in the differen-
tiation of various progenitor cells, we exposed mESCs to
recombinant Regl protein and probed the expression of
early markers of differentiation toward the 3 germ layers.
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FIG. 3. Activation of the canonical Wnt pathway in mESCs. (A) The activation of Wnt in mESCs transfected with a Wnt/-
catenin activatable promoter driving the expression of luciferase (SuperTOP) was examined under different conditions as
shown. The luciferase signal was normalized to that due to Renilla luciferase activity and was expressed in relative lucif-
erase units (RLUs). Cells transfected with SuperFOP (carrying mutated TCF/LEF-binding sites) did not yield signal above
the background. *P < 0.005 compared to untreated mESCs. **P < 0.005 compared to mESCs exposed in 0.25% dimethyl
sulfoxide (DMSO). # P < 0.005 compared to mESCs treated with Wnt3a only. (B-E) Immunostaining of mESCs for B-catenin
and Oct3/4A. Unlike (B) untreated mESCs, cells incubated with Wnt3a (D) displayed nuclear accumulation of B-catenin as
indicated by the arrowheads. Co-staining of the cells depicted in (B and D) for Oct3/4A is also shown (C and E). Bars in
(B-E): 20 um. (F) Relative expression of Oct3/4A and Nanog in mESCs treated with 100 ng/mL Wnt3a (white bars) or 30 mM
LiCl (dark bars). Results are shown as mean = SD (1 = 3) relative to the expression of the corresponding genes in samples

of untreated mESCs.

A previous report [42] indicated that pancreatic ductal and
B-cells exposed to exogenous Regl showed a mitogenic re-
sponse whereas cells transfected with a Regl expression
vector (thereby having elevated intracellular Regl protein)
showed inhibited growth. Thus, mESCs infected with re-
combinant adenoviruses carrying the mouse Regl and GFP
genes (AdReglGFP) or only the GFP (AdGFP; control) gene
were also included in this series of experiments. To explore
the potential effects of Regl on mESC differentiation, the
cells were cultured in the absence of LIF, which is known to
prevent the differentiation of mESCs through activation of
the STAT3 cascade [43,44].

Differentiating mESCs in the presence of exogenous
Regl or after infection with AdReglGFP were probed for
the expression of genes characteristic of the 3 germ layers.
Mouse ESCs were exposed to various concentrations of Regl
(results are shown for 100 ng/mL Regl). Alternatively, the
cells were infected with AdReglGFP (or AdGFP) and after
4 days their gene expression was analyzed. Increased cy-
totoxicity was observed upon infecting mESCs with either
AdReglGFP or AAGFP at MOIs higher than 100 PFUs/cell.
Therefore, results are presented for mESCs infected at a MOI
of 100. When mESCs cultured in 24-well plates were infected
with AdReglGFP, an average concentration of 1.66 = 0.13 ng
Regl per milliliter of supernatant per 24 h (equivalent to 16.6
+ 1.3 ng/10° cells) was measured by ELISA.

There was no pronounced difference in the level of ex-
pression of the mesoderm genes brachyury [45] and eomes [46]
(Fig. 6A) and the ectoderm markers pax6 [47] and neuroD1
[48] among all samples in these experiments. In contrast, we
noticed that the expression of sox17 and foxa2 genes, which
are characteristic of endoderm progeny [49,50], gradually in-
creased in mESCs treated with exogenous Regl or infected
with the AdRegl1GFP (Fig. 6B). After 4 days of exposure to re-
combinant Regl protein, the cells exhibited 14.6 = 0.1-fold and
6.6 = 0.8-fold higher sox17 and foxa2 expression, respectively,
when compared to mESC controls (ie, not cultured with LIF
and Regl). Mouse ESCs infected AdReg1GFP also showed a 5.3
+ 0.8-fold and 10.1 * 1.5-fold increase in sox17 and foxa2 tran-
scripts, respectively, compared to mESCs cultivated without
LIF but infected with a control adenoviral vector (AdGFP).
Other endoderm genes were also displayed by mESCs treated
with Regl or infected with AdReglGFP (Supplementary data
available online at www.liebertonline.com/scd).

Of note, there was no statistically significant difference
in the expression of the genes we examined in uninfected
mESCs and AdGFP-infected mESCs (both cultured without
LIF; data not shown). In addition, we did not observe a dif-
ference in the growth of cells exposed to Regl compared to
that of cells infected with AdReglGFP (ie, higher endoge-
nous levels of Regl) unlike previous findings [42]. Similarly,
there was no noticeable difference in the number of cells
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FIG.4. Reg gene expression is enhanced by activation of the canonical Wnt cascade. (A) The expression of the Regl gene

was increased in E14Tg2a mESCs treated with 100 ng/mL

Wnt3a or 30 mM LiCl compared to untreated (control) cells

(their Regl gene expression was set to 1). The increase in Reg1 gene expression due to incubation with Wnt3a was curtailed
in mESCs transfected with a plasmid encoding AnTCF4 (Wnt3a + AnTCF4). Cells transfected with an empty vector and
treated with Wnt3a (Wnt3a + control vector) were also included in this series of experiments. Results are shown as mean
values = SD from a representative experiment (triplicate samples). *P < 0.005 and **P < 0.001 compared to control (un-
treated) cells. # P < 0.005 compared to Wnt3a + control vector cells. (B) Wnt activation in mESCs by LiCl or Wnt3a did not
lead to statistically significant differences in the expression of the Reg3y gene in comparison with untreated (control) cells.
(C) Other Reg genes were not detected in mESCs even after activation of the Wnt/B-catenin cascade. (D) Expression of the
Regl receptor Extl3 in mESCs treated with Wnt3a or LiCl. *P < 0.05 compared to untreated (control) mESCs.

treated with Regl or infected with AdReglGFP and their re-
spective control cultures suggesting that Regl does not im-
pact the survival of differentiating mESCs, at least for the
period examined here.

The expression of foxa2 and sox17 in mESCs treated with
Regl was corroborated by immunocytochemistry results
(Fig. 6C—6F). The cells were also probed by flow cytometry
for the expression of Sox17 (Fig. 6G). In the absence of LIF,
11.49% =+ 0.53% of the differentiating mESCs treated with
100 ng/mL Regl for 4 days were Sox17" compared to only
5.76% = 0.32% of control mESCs.

Our results show the increased expression of endoderm
markers in mESCs in the presence of Regl under conditions
allowing their differentiation (ie, without LIF). These find-
ings warrant further studies into the potential of Regl as a
signal coaxing stem cells along particular lineages.

Discussion

Regenerating islet (Reg) proteins have been identified in
various types of regenerating tissues [10,11,51,52] and can-
cer cells [13,14,16] and the expression patterns of Reg genes
have been under intense scrutiny. To date, however, there

is no information regarding the expression of members of
the Reg family in ESCs and their immediate progeny. In
this study, we probed the expression of Reg genes in mESCs

40

30

20

10

Reg1 Protein (pg/10° cells)

E14Tg2a R1

FIG. 5. Regl protein secretion by mESCs. When incu-
bated with 100 ng/mL Wnt3a, E14Tg2a, and R1 mESCs se-
creted higher amounts of Regl protein than control mESCs
as enzyme-linked immunosorbent assay (ELISA) analysis
revealed. *P < 0.05.
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Results are shown from 3 independent experiments. Color images available online at www.liebertonline.com/scd.

and detected transcripts of 2 Reg members: Regl and Reg3-y.
Moreover, we did not observe changes in the Regl expres-
sion in self-renewing and differentiating mESCs during
treatment with gastrin, which is known to induce Reg [32]. To
our knowledge, this is also the first time that direct evidence
is presented of the effect of the canonical Wnt/B-catenin sig-
naling on the expression of Regl. We found that activation of
Wnt in mESCs is linked to increased expression and secre-
tion of Regl whereas there was no measurable effect on the
expression of other Reg members. Furthermore, exposure of
mESCs to Regl under conditions allowing cell differentia-
tion led to a marked up-regulation in genes characteristic of
early endoderm. This is the first account of Reg expression
by ESCs, its modulation via activation of the canonical Wnt
pathway, and its effect on ESC commitment.

Recent studies have identified Reg genes as targets of gas-
trin in gastric tumors and cancer cell lines [32,41]. Gastrin
targets Regl through its CCK2R [53]. A C-rich element
(CMCCCTCCCY relative to the transcriptional start site)
has been identified in the rat Regl gene promoter as being
responsible for the induction of Regl expression by gastrin.
Upon examining the mouse Regl gene promoter, we found
a similar C-rich region (C"*TCCTCCC %) suggesting a sim-
ilar mode of regulation. In line with this finding, our results

clearly demonstrate an increase in Regl expression in mouse
MING6 insulinoma B-cells treated with gastrin. Others [53]
observed an elevated expression of Reg in the pancreatic
acini of transgenic mice carrying the human CCK2R gene.
Nonetheless, gastrin did not affect the expression of Regl
in mESCs. This may be largely due to the lack of CCK2R in
undifferentiated mESCs. However, differentiating mESCs
(ie, growing without LIF) treated with gastrin also did not
display enhanced levels of Regl albeit their expression of
CCK2R. It is possible that downstream mediators of gas-
trin signaling relayed by CCK2R [54] may be unavailable in
mESCs and their immediate committed progeny.
Alinkbetween the canonical Wntsignaling and Reg gene/
protein expression has been suggested previously. Cavard et
al. [17] observed the overexpression of REGIA and REG3A
in human liver tumors with mutations in the B-catenin gene.
In fact, treatment of Huh7 human hepatoma cells with LiCl,
an activator of Wnt/B-catenin signaling, led to induction of
REG3A expression, which was abolished by siRNA target-
ing B-catenin. Others have also observed a strong associa-
tion between the enhanced expression of REG1A and PAP
(REG3A) and mutations in the B-catenin in human hepato-
carcinomas [18]. Overexpression of REGIA was also found
in colon adenomas in which the inactivated adenomatous
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polyposis coli (APC) promotes the nuclear accumulation of
B-catenin [55]—a hallmark of canonical Wnt signaling,.

Our findings show a link between the activation of the
canonical Wnt cascade and the expression of Regl in mESCs.
Expression and secretion of Regl were elevated when mESCs
were treated with Wnt3a or LiCl. This increase was curtailed
in cells transfected with a AnNTCF4 construct suggesting that
a mechanism involving TCEF/LEF mediates the observed
up-regulation of Regl. In contrast, expression of the Reg3y
gene that is expressed at low levels in mESCs did not change
when the activity of Wnt was modulated. Furthermore, other
Reg transcripts were not detected in mESCs even after Wnt
activation. To that end, there was no noticeable increase in
the expression of mouse Reg3a (an ortholog of human PAP)
in mESCs with activated Wnt. This is in contrast to previous
findings suggestive of the enhanced expression of REG3A
due to Wnt signaling in human liver cancer cells [17,18]. This
discrepancy may be attributed to species differences and
potentially distinct regulatory mechanisms pertaining to
the expression of various Reg3 (PAP) orthologs.

Moreover, we hypothesized that mESCs may up-regulate
Extl3 to accommodate the increase in Regl upon treatment
with Wnt3a or LiCl. However, the expression of the puta-
tive Regl receptor Extl3 was not altered with Wnt activation
despite the up-regulation of Regl. Kobayashi et al. [39] also
showed that mouse islets do not increase their expression of
the Reg receptor during pancreas regeneration, which stim-
ulates the production of Regl. These authors noted that the
regeneration and proliferation of islet cells (mainly p-cells)
are primarily regulated by the expression of the Reg pro-
teins. The effects of Reg in mESCs may also exhibit a sim-
ilar dependency on the expression of Regl rather than its
receptor Extl3.

A question remains of whether the Regl gene is targeted
directly by the canonical Wnt pathway. The transcriptional
activity of genes targeted by the Wnt/B-catenin pathway is
mediated by the TCF/LEF complex. We noted that transfec-
tion with AnTCF4 reduced the expression of Regl in mESCs
treated with Wnt3a or LiCl. Still, analysis of the Regl gene
promoter up to 2 kb from the transcription starting site (data
not shown) did not reveal clusters of TCF/LEF-binding sites
(but only isolated sites). Conceivably then, another protein
that synergizes with the TCF/LEF may activate directly the
transcription of Regl. Thus, the exact mechanism by which
canonical Wnt modulates Reg expression in ESCs requires
further investigation. Current efforts in our laboratory are
directed toward elucidating this mechanism.

One could argue that a cross talk between the Wnt and
gastrin pathways may affect the expression of Regl. This
is because gastrin expression is targeted by canonical Wnt
signaling. Overexpression of activated B-catenin stimulates
the human gastrin promoter 2- to 3-fold through a putative
TCF-binding site [56] and a similar Wnt-dependent regula-
tion has been shown for the mouse gastrin gene promoter
[57]. Conceivably, signaling through the Wnt/B-catenin cas-
cade up-regulates gastrin, which then causes an increase in
Reg gene expression. Although activation of Wnt led to up-
regulation of Regl in undifferentiated mESCs, we did not
observe induction of Regl by gastrin and these cells lacked
the CCK2R. Even differentiating mESCs, which expressed
CCK2R, did not boost their expression of Regl during treat-
ment with gastrin. Based on our findings, we consider

JING, KEHOE, AND TZANAKAKIS

unlikely that Wnt targeting of the gastrin gene may cause
subsequent activation of Regl expression in self-renewing
and differentiating ESCs.

Despite mounting evidence about the important roles of
Reg proteins in the proliferation and differentiation of cells
in regenerating tissues and cancer cells, there is no infor-
mation on the role of these proteins in stem cell physiology.
Here, we showed that self-renewing mESCs (ie, in the pres-
ence of LIF) express Regl, Reg3y (albeit at a lower level), and
the putative Reg receptor Extl3. Although the role of Reg in
undifferentiated ESCs is unclear, Reg signaling may be in-
volved in stem cell proliferation considering the mitogenic
effects of Reg proteins on various types of committed cells
[10,11,58].

We also began to investigate the potential of Regl as a
differentiation stimulus for mESCs. Exposure to Regl or
overexpression of the protein under conditions permitting
differentiation (ie, without LIF) led to the up-regulation of
early endoderm genes in mESCs. Such up-regulation was
observed at higher concentrations of Regl than the base-
line production of Regl by undifferentiated mESCs (~13-18
pg/[(10° cells)(24 h)]). Then, an increase in the production of
Regl may be necessary for Reg-induced differentiation to
transpire. We showed that Wnt activation enhances Regl
in undifferentiated mESCs. Canonical Wnt signaling is
involved in various facets of embryo development and stem
cell specification [59-62]. Hence, this signal may be acting in
vivo to regulate the expression of Reg genes/proteins during
development.

Yet, such induction of Reg by Wnt (and possibly by other
signals) may further stem cell differentiation. We found
that mESCs exposed to recombinant Regl or after overex-
pressing the Regl gene exhibit increased levels of endoderm
markers. To that end, Reg genes/proteins exist primarily in
endoderm-derived tissues although their presence in other
tissues has been reported as well [10,63]. In a recent report
[64], Regl was shown to promote the differentiation of pan-
creatic acinar cells whereas inhibition of Regl led to 3-cell
and possibly ductal cell phenotypes. The Regl mRNA exhib-
its a 20-fold increase in the acinar pancreas after 16 weeks of
gestation [65,66] in human embryos. The expression of PAP
genes has also been detected in fetal pancreas, stomach,
jejunum, and colon [67]. During mouse development, the
presence of Regl mRNA is detected on E9 just before pan-
creatic organogenesis [68] and on E13 in the fetal intestine
[11]. To our knowledge, there is no information available on
the expression of Reg genes at earlier times of embryonic
development. Hence, whether Reg proteins contribute to cell
differentiation in vivo during early embryogenesis is still an
open question.

It should be noted that Regl™~ knockout mice develop
normally although they exhibit diminished pancreatic -cell
hyperplasia in response to appropriate stimuli [52] and dif-
ferences in the small intestine compared to wild-type mice
[11]. The lack of embryonic phenotype of Regl™~ mice sug-
gests that Regl may not be necessary during the early stages
of development. Then, our results on the Regl-associated
up-regulation of endoderm genes in differentiating mESCs
point to a possible compensatory or complementary role of
Regl in progenitor cell differentiation.

To assess the effect of Regl on mESC differentiation, re-
combinant Regl protein was added to the cultures of mESCs
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in the absence of LIF or Regl was overexpressed by infect-
ing cells with a recombinant adenovirus carrying the Regl
gene (AdReglGFP). It was reported previously that Regl can
inhibit the growth of pancreatic cells when overexpressed
within cells or in very high extracellular levels (over 100 nM)
[42]. In our study, the concentrations of exogenous Regl and
expressed Regl after infection with AdReglGFP were well
below 100 nM. To that end, we did not observe pronounced
differences in the growth of mESCs cultivated without LIF
and either exposed to exogenous Regl protein or overex-
pressing Regl after adenoviral transduction. It will be inter-
esting to examine if elevated Regl affects the survival and
proliferation of stem cells subjected to directed differenti-
ation with physiologically relevant factors (eg, activin and
Wnt ligands [33,37,69]) toward endoderm cells.

Lastly, aberrant overexpression of Reg proteins has been
involved in various types of cancer, for example in the colon,
testes, and liver [14,16-18,70,71]. The dysregulated activa-
tion of the canonical Wnt cascade has also been associated
with tumorigenesis [20,30,72,73]. More recently, the mirror
image roles of Wnt/B-catenin signaling in the biology of
stem cells and cancer have been at the epicenter of intense
research [31,74]. Here, we demonstrated the enhancement in
Reg expression by activation of the canonical Wnt pathway
in stem cells. Our findings warrant further investigations
into novel mechanisms of stem cell carcinogenesis involving
members of the Reg family.
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