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Abstract. REG4, the latest member of the regenerating gene
family, is overexpressed in inflammatory bowel diseases and
gastrointestinal carcinomas. To date, its pathophysiologic role
has not been well established. Using HT-29 models, we
previously identified REG4 as being overexpressed in colo-
rectal tumor cells displaying a drug-resistance phenotype;
some also displayed invasive properties. Thus, we investigated
the potential functions of REG4 in biological processes
involved in colorectal tumor progression such as cell prolif-
eration, migration and invasion. Colon cancer cells secreting
REG4 (HT29-5M21, HT29-5F7 and HT29/REG4-8) or not
(HT-29, HT29/CT1 and Caco-2/TC7) were used to analyze
the autocrine and paracrine effects of REG4. REG4 was
continuously secreted into the culture medium of colon cancer
cells. REG4 stimulated cell growth in a paracrine manner
after 24 h of treatment. Notably, REG4 promoted migration
and invasion of tumor cells in both an autocrine and paracrine
manner, and these effects were significantly decreased by
concomitant treatment with an anti-REG4 antibody. Using
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pharmacological inhibitors, we showed that PI3K/Akt,
PKAs, PKCs and Rho-like GTPases, but not MAPK, are
involved in REG4 invasion signals. In addition, REG4
expression was found to be increased in tissues harboring
proliferation and migration properties such as the developing
intestine and tissues from inflammatory bowel disease, hyper-
plastic polyps, adenoma and colorectal cancers. In various
situations, REG4 expression was not confined to proliferating
cells, regenerating cells or cells of the invasive front of
metastatic tumors, suggesting that extracellular REG4 may
act on epithelial cells in a paracrine manner. Altogether, our
results indicate that REG4 is a multifunctional secreted protein
which acts on colorectal cancer cells in an autocrine and
paracrine manner. According to its biological functions and
tissue expression, REG4 may play an important role in the
development and progression of colorectal cancer, as well as
in intestinal morphogenesis and epithelium restitution.

Introduction

The REG (regenerating) genes form a family belonging to
the calcium-dependent lectin (C-type lectin) gene super-
family. REG proteins are small secreted proteins (16.5 kDa)
that contain a single well-conserved carbohydrate-recognition
domain (1). In humans, four members have been identified to
date and have been grouped into three subclasses based on
the primary structure of the encoded proteins: REGIA and
REGIB (type I subclass), REG3A (type III subclass) and
REG#4 (type IV subclass). As reported in numerous publi-
cations, increased expression of REG proteins in various
tissues is often related to injury, inflammation or carcino-
genesis supporting the multifunctionality of these proteins
(1,2). REG4, the most recent member of the REG gene family
to be characterized, was first identified as being up-regulated
in ulcerative colitis which suggests that REG4 protein may
play a role in inflammatory bowel diseases (3-5). It has been
shown that REG4 is also overexpressed in cancers of the
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stomach, colon, pancreas and prostate (6-10). The over-
expression of REG4 in colorectal and gastric carcinomas has
been reported at both the mRNA and peptide levels, and is
associated with goblet and neuroendocrine cell differen-
tiation (6,7,11). In colorectal carcinomas, REG4 expression
is associated with both tumor stage and metastasis,
suggesting involvement of REG4 in tumor progression (7,11).
Nevertheless, little information is available on the biological
role of REG4 in the pathophysiology of inflammatory bowel
diseases and colorectal carcinomas. Like REG1A and REG3A
proteins, REG4 may function as a mitogenic and anti-
apoptotic factor in colon and gastric cancer cell lines (10,12).
Bishnupuri et al recently showed that REG4 activates the
EGF receptor/Akt/AP-1 signaling pathway in colon cancer
cells and increases the expression of anti-apoptotic genes
(Bcl-2, Bel-XL and survivin) (12).

In a previous study using differential display-PCR in
HT-29 models, we identified REG4 as a gene that might be
involved in the survival pathways developed by drug-
resistant cells (6). REG4 was highly overexpressed in HT29-
SF7 and HT29-5M21 clones selected from the colon cancer
cell line HT-29 by long-term treatment with 5-fluorouracil
(13) or methotrexate (14). In contrast to HT-29 cells which
are drug-sensitive and undifferentiated (15,16), the drug-
resistant HT29-5F7 and HT29-5M21 clones exhibited
differentiation features associated with either an enterocyte-
like phenotype or a mucus-secreting phenotype, respectively
(13,14). Notably, the mucus-secreting HT29-5M21 clone,
selected by resistance to methotrexate, displayed a spontaneous
invasive phenotype in a type I collagen layer, whereas parental
HT-29 cells are noninvasive under the same conditions (17).
Recently, we demonstrated that conditioned medium from
HT29-5M21 cells, but not from parental HT-29 cells, induced
various colon epithelial cells to invade a collagen layer,
supporting a potential role of secreted factor(s) in this
spontaneous invasive behavior (18).

Using several cellular models, we demonstrated here that
REG4 activates not only cell proliferation but also in vitro
migration and invasion of colorectal cancer cells. Accordingly,
we identified the signaling pathways involved in REG4-
activated cell invasion. To complement this in vitro data, we
also documented the expression of REG4 in various human
intestinal tissues displaying cell proliferation and cell
migration properties during intestinal development, healing
or carcinogenesis.

Materials and methods

Cell lines and cell culture. The following human colorectal
carcinoma cell lines and subpopulations were used: LS513,
LS174T, LoVo, HT-29, the mucus-secreting clone HT29-
5M21 (14) and the enterocyte-like HT29-Glc (19), HT29-5F7
(13) and Caco-2/TC7 [provided by Monique Rousset (20)].
HT-29 cells were stably transfected with the pEF1/V5-His
vector (Invitrogen, Cergy Pontoise, France) encoding human
REG4 (6), using the Effecten Transfection Reagent (Qiagen,
Courtaboeuf, France) according to the manufacturers'
instructions. The pEF1/V5-His parental vector was used as a
negative control. Stable transfectants were selected after
3 weeks of growth with G418 (600 ug/ml) and subcloned in
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24-well plates. The clone secreting the highest amount of
REG4-V5-His (HT29/REG4-8) was selected along with a
control clone (HT29/CT1) for further experiments. All cell
lines were maintained as previously described (6,13,14);
culture conditions for HT29/REG4-8 and HT29/CT1 clones
being the same as for HT-29 cells. The medium was changed
daily in all experiments.

Cell proliferation assay. Cells were seeded on a 24-well plate
at a density of 4x10* cells/well for HT-29 and 1.6x10* cells/
well for Caco-2/TC7. After 24 h, cells were stimulated with
various concentrations (0.1-100 nM) of recombinant human
REG4 (rREG4; BioVendor, Heidelberg, Germany) for 3 days.
The addition of exogenous rREG4 was performed daily when
the medium was changed. Cell counts, in triplicate, were
performed 24, 48 and 72 h after treatment.

Conditioned media and REG4 secretion. REG4 secretion was
assessed in relation to cell growth or when the cells reached
confluency. At selected growth points, fresh serum-free
medium was added and then collected after 24 h. REG4
protein released into this conditioned medium (CM) was
analyzed by Western blotting. For each cell line and clone,
an equal volume of concentrated CM (filtration on NMWL
3.000 Amicon; Millipore, Saint-Quentin-en-Yvelines, France)
was loaded on a 15% SDS-PAGE gel and analyzed by
Western blot analysis using a mouse anti-REG4 antibody
(R&D Systems, Lille, France) or anti-V5 antibody
(Invitrogen).

In vitro wound and cellular invasion assays. Wound assays
were performed as previously described (21,22). Briefly,
confluent monolayers of cells grown in 6-well plates were
incubated overnight in serum-free medium and then wounded
using a blue pipette tip. Wounded monolayers were washed
twice with PBS before incubation in fresh low serum (0.5%)
DMEM, with or without rREG4 (1, 10 or 100 nM) for 0, 3, 6
or 9 h. These time points were chosen to prevent any cell
proliferation effect. At each time point, photomicrographs at
x100 magnification were taken at 2 positions per wound and
for three separate wounds for each condition. Migration was
assessed by measuring the distance (in ym) that cells had
traveled across the wound using NIS element 2.3 software.
Two separate measurements were performed for each photo-
micrograph.

Collagen type I invasion assays were performed as
described previously (17,23). Briefly, rat tail type I collagen
(BD System, le Pont-de-Claix, France) in buffered solution
was poured into 6-well plates (1.25 ml/well) and incubated
for 1 h at 37°C to allow gelation. Cells (10° cells/well) were
then seeded on top of the collagen gel with or without rREG4
(100 nM) and various pharmacological inhibitors: wortmannin
(500 nM), KT5720 (500 nM), G66976 (1 uM), C3T exo-
enzyme (5 pg/ml), Y27632 (10 pM), SB203580 (10 xM) and
PD098059 (25 M) (Calbiochem Merck Eurolab, Fontenay-
sous-Bois, France). After a 24-h incubation period, the
number of cells that had invaded the gel was assessed by
microscopy, and the invasion index was calculated for each
well as the number of cells having invaded the gel over the
total number of cells. Invasive and superficial cells adhering
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to the collagen gels were counted in 12 fields of 0.157 mm?
using an inverted microscope, representing a total of 250-300
cells examined and screened for each experimental condition.
The invasion index was expressed as the percentage of
invading cells versus the total number of cells.

Tissue specimens and immunohistochemistry. Formalin-fixed
paraffin-embedded archival tissue samples were obtained
from the Department of Pathology of Lille University
Hospital. They included tissues from 11 human embryos and
fetuses ranging in age from 8 to 30 weeks of gestation (data
based on the last menstruation). Pathological tissues comprised
specimens from patients with ileal or colonic Crohn's disease
(n=7), ulcerative colitis (n=3), hyperplastic polyps (n=5),
adenomatous polyps (n=9, including 4 with low grade
dysplasia and 5 with high grade dysplasia) and carcinomas
(n=17). Colorectal carcinomas (CRC) consisted of neuro-
endocrine (n=2), mucinous (n= 4), signet-ring cell (n=1)
adenocarcinomas and moderately (n=6) and poorly (n=4)
differentiated conventional adenocarcinomas. Corresponding
liver metastases were also obtained from 6 patients. Specimens
of normal adult intestine [small intestine (n=6), colon (n=3)]
were used as controls.

Immunohistochemical staining procedures for REG4
protein and, when necessary, for Ki67 (a marker of prolifer-
ative cells), chromogranin A (a marker of neuroendocrine
cells) and MUC2 (a marker of goblet cells) were conducted
using an automated Nexes immunostainer (Ventana Medical
Systems, Strasbourg, France) and a three-step indirect
process based on the biotin-streptavidin-peroxidase method
as previously described (24). Tissue sections were incubated
with monoclonal mouse antibodies for REG4 (R&D
Systems; 1/100 dilution) and Ki67 (clone MIB-1; Dako,
Trappes, France; 1/150 dilution), and polyclonal rabbit
antibodies for chromogranin A (Dako; 1/200 dilution) and
MUC?2 [LUM2-3 from I. Carlstedt (25); 1/1000 dilution], and
counterstained with hematoxylin.

Statistical analysis. Single comparisons of data were
performed by the unpaired Student's t-test using GraphPad
Prism 4.00 (GraphPad Software, USA). p-values <0.05 were
considered statistically significant.

Results

Expression of REG4 in colon cancer cells. In a previous
study, we identified human colorectal cell lines which
expressed REG4 mRNA at various levels (6). Here, we
demonstrated by Western blot analysis (Fig. 1A) that among
the cell lines in which the highest mRNA levels were
previously observed, two cellular clones, HT29-5M21 and
HT29-5F7, were also found to secrete the highest amounts of
REGH4 protein into their culture media. LoVo and LS513 cells
secreted intermediate amounts of REG4, whereas a weak
protein signal was detected in the culture medium of LS174T
and HT29-Glc cells. As expected, no protein was detected in
the culture medium of HT-29 and Caco-2/TC7 cells (Fig. 1A).
Furthermore, we observed that REG4 was secreted
continuously by both dividing and non-dividing cells, as
shown for HT29-5F7 cells (Fig. 1B). The amount of REG4
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Figure 1. Western blot analysis of REG4 secretion in the culture medium
conditioned for 24 h by tumor cells. (A) Confluent cultures of human colon
cancer cells: LS174T, LoVo, LS513, Caco-2/TC7, HT-29, HT29-Glc",
HT29-5F7 and HT29-5M21. (B) During the growth phases of HT29-5F7.
(C) HT29/REG4-8 clone stably transfected with the pEF1-hREG4-V5His
at days 5, 7 (cell confluency) and 10. All data are representative of 2
independent experiments.

increased during the exponential growth phase (day 3 to 7)
up to cell confluency (day 7) and remained high in the
medium of late post-confluent cultures (up to day 21). REG4
secretion was also related to growth phases in the HT29/
REG4-8 clone which constitutively expresses human REG4,
the highest amount of REG4 protein being observed in post-
confluent cells (day 10) (Fig. 1C).

In order to explore the biological functions of REG4 in
epithelial cells, some of these models were selected to analyze
the autocrine or paracrine effects of REG4 protein on cell
proliferation and cell motility, two processes tightly associated
with carcinogenesis and tumor progression.

Growth stimulation by exogenous REG4. We first investigated
the autocrine effect of REG4 on cell proliferation using
REGH4 transfectants. There was no significant difference in
the growth pattern of REG4-overexpressing cells (HT29/
REG4-8) compared to the control clone (HT29/CT1) (data
not shown). We next tested the paracrine effect of REG4 on
the growth of HT-29 and Caco-2/TC7 cells that do not
secrete endogenous REG4. Cells were treated with increasing
concentrations of rREG4 (0.1-100 nM) for 72 h. rREG4 was
added daily to the culture medium to mimic continuous
REG#4 secretion by cells (Fig. 1B). After 24 h of treatment,
REGH4 significantly stimulated the proliferation of both HT-29
and Caco-2/TC7 cells as shown in Fig. 2. No significant
dose-dependent effect of REG4 on cell growth was observed
(Fig. 2A and B). After 48 and 72 h of treatment, the effect of
REG4 on cell proliferation was maintained, but no further
increase in cell number was observed after repeated
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Figure 2. Exogenous REG4 stimulates growth of HT-29 and Caco-2/TC7
cells. Human rREG4 was added daily to the culture medium (0.1-100 nM),
and the number of cells was evaluated by cell counts every 24 h. Stimulation
of the growth of HT-29 (A) and Caco-2/TC7 (B) cells was observed from
the first day of treatment with rREG4, without a significant dose-dependent
effect. This effect was less at 72 h in HT-29 cells. The results represent the
mean + SEM from 3 independent experiments. “p<0.05 for each concentration
tested and for both cell lines when compared to untreated cells; #p<0.05
significantly different from cells treated for 24 h.

stimulation by rREG4 (Fig. 2A and B). This effect on cell
proliferation was even less in HT-29 cells after daily addition
of REG4 to the culture medium (at 72 h) (Fig. 2A).

Involvement of REG4 in wound healing and invasion. In a
previous study, we described the spontaneous invasive
phenotype of HT29-5M21 cells (17). As recently reported,
this phenotype may be conveyed by secreted factors (18).
Since REG4 is secreted by HT29-5M21 cells, we tested the
possibility that REG4 might play a role in migration and
invasion processes. Firstly, we assessed the motility of tumor
cells using an in vitro cell wound model. As shown in Fig. 3A,
the REG4-secreting clones, HT29-5M21 and HT29-5F7,
migrated more rapidly than the HT-29 cells that do not express
REG4. The capacity of REG4 to promote cell migration was
evaluated by incubating the cells with an anti-REG4 antibody
(15 pug/ml). Under these conditions, the migration potential of
HT29-5M21 and HT29-5F7 cells was significantly decreased
(Fig. 3A), suggesting that secreted REG4 protein is involved
in this enhanced cell migration. The effect of REG4 on cell
migration was then confirmed using cells that do not express
REG4, HT-29 and Caco-2/TC7 cells, treated with rREG4.
Confluent cell monolayers were wounded and subsequently
incubated with increasing concentrations of rREG4 (1-
100 nM). rREG4 was found to significantly stimulate the
migration of both cell lines (Fig. 3B and C). Enhanced wound
covering was detected from 3 h after exposure to REG4 and
therefore before any cell division occurred. This effect was
blocked by pre-treatment of cells with an anti-REG4
antibody (Fig. 3B and C).

We further examined the potential role of REG4 in the
invasive properties of colon tumor cells using a collagen type I
invasion assay. As shown in Fig. 4A, LoVo, HT29-5M21 and
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Figure 3. REG4 enhances migration of colon cancer cells. Wounding assays
were used to analyze the autocrine (A) and paracrine (B and C) influence of
REG4 on the migration of HT29-5F7, HT29-5M21, HT-29 and Caco-2/TC7
cells. Migration was assessed 3, 6 and 9 h after wounding by measuring the
distance (in ym) covered by migrating cells from the edge of the wound.
The results represent the mean distance + SEM for 3 different wounds in
each specified culture condition. (A) REG4-secreting cells, HT29-5F7 and
HT29-5M21, migrated more efficiently than HT-29 cells which do not
express REG4 ("p<0.05 between each clone and HT-29 cells). Treatment
with an anti-REG4 antibody (15 pg/ml) resulted in reduced migration of
HT-29 clones (“p<0.05). (B and C) rREG4 (1-100 nM) induced significantly
increased migration of HT-29 and Caco-2/TC7 cells ("p<0.05 for each
concentration tested at 3, 6 and 9 h after wounding and for both cell lines
when compared to control cells). Treatment with an anti-REG4 antibody
blocked migration of cells induced by 10 nM of rREG4 (*p<0.05). All data
are representative of at least 2 independent experiments.
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Figure 4. REG4 induces cell invasion. (A) Collagen type I invasion assays
with colon cancer cells secreting REG4 protein (HT29-5M21, HT29-5F7,
LoVo and LS174T) or not (HT-29) compared to invasive MDA cells used as
positive control. The invasive potential of HT29-5M21 and HT29-5F7 cells
was significantly reduced in the presence of the anti-REG4 antibody (15 pg/
ml) (hatched bars) (*p<0.05). (B) Paracrine effect of REG4 on HT-29 cell
collagen type I invasion. Invasion assays were performed with HT-29 cells
in control conditions (open bar) or in the presence of CM from HT29-5M21,
HT29-5F7, HT29/CT1 or HT29/REG4-8 cells, either alone (filled bars) or
combined with the anti-REG4 antibody (hatched bars) (*p<0.05). (C) Dose
effect of rREG4 (0-100 nM) on collagen type I invasion by HT-29 cells.
This effect was reversed in the presence of the anti-REG4 antibody (15 pg/
ml) (hatched bar) (*p<0.05). All the results are expressed as the percentage
of invasive cells in the collagen layer. Data are mean + SEM from 3
independent experiments.

HT29-5F7 cells were spontaneously invasive, whereas HT-29
and LS174T cells were non-invasive compared with invasive
MDA cells. Interestingly, the former express and secrete
REG4 whereas the latter secrete no or only weak amounts of
REG4 (Fig. 1A). Addition of an anti-REG4 antibody to
assays with the invasive cell lines HT29-5M21 and HT29-
5F7 significantly limited their invasive properties (Fig. 4A).
These results suggest that the spontaneous invasive pheno-
type of certain colon cancer cells might be due to secreted
factors including REG4 protein. Moreover, as previously
described for HT29-5M21-conditioned medium (CM) (18),
CM from HT29-5F7 cells also induced invasion of HT-29
cells (Fig. 4B). Pre-incubation of CM with an anti-REG4
antibody abolished the pro-invasive properties (Fig. 4B).
Similar results were obtained with CM from HT29/REG4-8

Figure 5. Involvement of several pro-invasive pathways in REG4-induced
colon cancer cell invasion. Collagen type I invasion assays were performed
using HT-29 cells in control conditions (open bar) and in the presence of
rREG4 (100 nM) (filled bar), alone or combined with pharmacological inhi-
bitors targeting PI3-kinase (wortmannin), PKAs (KT5720), PKCs (G66976),
Rho-GTPases (C3T exoenzyme), ROCK (Y27632), p38 (SB203580) and
p42/p44 (PD098059) MAPKS. Data are the mean + SEM from 2 experiments.

cells, but not with CM from control HT29-CT1 cells (Fig. 4B).
Finally, using rREG4 protein, we confirmed that REG4 acts
as a pro-invasive factor for HT-29 cells (Fig. 4C). Pre-
incubation of rTREG4 (100 nM) with its antibody blocked
the effect of REG4 on in vitro invasion of HT-29 cells
(Fig. 4C).

Activation of REG4 downstream pathways. To determine
which downstream pathways are involved in the cell invasion
processes induced by REG4, we tested the invasive properties
of HT-29 cells in the presence of rREG4 (100 nM) alone or
combined with pharmacological inhibitors targeting the main
pathways activated in cell invasion models. As shown in
Fig. 5, the PI3-kinase inhibitor, wortmannin, reduced REG4-
induced invasion of HT-29 cells. The pro-invasive action of
REG4 was equally abolished by other pharmacological inhibi-
tors targeting signaling molecules such as cAMP/PKA
(KT5720) and PKC (G66976). Use of the C3T exoenzyme
and Y27632 pharmacological inhibitors also showed that the
Rho-GTPase and the Rho-kinase pathway was activated
during REG4-induced invasion of HT-29 cells. In contrast, the
pro-invasive action of REG4 was not affected by pharmaco-
logical inhibitors of the mitogen-activated protein kinases
(MAPKS) p38 (SB203580) and p42/p44 (PD098059).

REG4 expression in developing and pathological intestinal
tissues. Our in vitro results support a role for REG4 in both
the proliferation and migration of intestinal cells, in a paracrine
and/or autocrine manner. In order to provide in vivo evidence,
we analyzed the expression of REG4 in human intestinal
tissues representative of developmental and pathological
situations in which cell proliferation and migration processes
are particularly active.

Expression of REG4 was analyzed in 11 embryos and
fetuses ranging in age from 8 to 30 weeks of gestation
(Table I). REG4 protein was first detected at 10.5 weeks in
the fetal small intestine in rare endocrine cells of primitive
crypts (data not shown). At 12 weeks, REG4 was present in
numerous enteroendocrine cells of primitive crypts and villi,
as well as in rare goblet cells (Fig. 6A). From 16 weeks, the
pattern of REG4 expression in the small intestine was similar

—



689-698

20/1/2010 04:10 II Page 694

694

Table I. REG4 expression in embryonic, fetal and adult intestine.
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Age
Tissue 8-9 weeks  10-11 weeks 12 weeks 16 weeks 18 weeks 24-30 weeks Adult
(n=2) (n=2) (n=1) (n=1) (n=1) (n=4) (n=9)

Small intestine

Enteroendocrine cells - + +++ +++ +++ e -+

Goblet cells NA NA +R + + +/++ +/++
Colon

Enteroendocrine cells NA NA NA ++ +++ +++ +++

Goblet cells NA NA NA +R + +/++ +R

Staining intensity: -, no staining; + weak; ++, moderate, +++, strong; ++++, very strong. *Intensity depends on the part of the intestine, with
more intense staining in the ileum compared to the duodenum and jejunum. NA, not adapted (undifferentiated cells); R, rare cells.

Table II. REG4 expression in pathological intestinal tissues.

Tissues REGH4 staining

Inflammatory bowel diseases (n=10)

Ileal Crohn's disease ++/+++  (5/5)
UACL - 3/3)
Colonic Crohn's disease +++++  (2/2)
Ulcerative colitis +/++++2 (3/3)
Colonic polyps (n=14)
Hyperplastic polyps +++  (5/5)
Adenomatous polyps
With low grade dysplasia ++/+++  (4/4)
With high grade dysplasia ++/+++  (4/5)
-+ (1/5)
Colonic carcinomas (n=17)
Neuroendocrine
Well-differentiated +++  (1/1)
Poorly differentiated - (/1)
Mucinous ++/+++  (4/4)
Signet ring cell +++  (1/1)
Traditional adenocarcinomas
Moderately differentiated + (6/6)
Poorly differentiated - (1/4)
+ 3/4)
Liver metastases (n=6) - (4/6)
+ (2/6)

Staining intensity: -, no staining; +, weak; ++, moderate, +++,
strong; ++++, very strong. *“Heterogeneous staining. UACL,
ulceration-associated cell lineage.

to that observed in normal adult ileum with protein REG4 in
most enteroendocrine cells and goblet cells (Fig. 6B and C);
a maximum of staining intensity was reached by 24 weeks
(Table I). In the fetal colon, REG4 was observed from 16

weeks in both enteroendocrine and goblet cells (Table I and
Fig. 6D), with a maximum for REG4 staining at 24 weeks
(Fig. 6E). In contrast, when most enteroendocrine cells
expressed REG4 in the normal adult colon, only rare goblet
cells stained faintly (Fig. 6F).

In order to gather data on the potential role of REG4 in
mucosal healing, the pattern of REG4 expression was analyzed
in intestines from patients with inflammatory bowel disease
(IBD) (Table II). The lesions consisted mainly of ulcers with
adjacent mucosa showing features of inflammation with
moderate epithelial damage and structural changes. Strong
REG#4 staining was observed in epithelial cells of the ileum
and colon from patients with Crohn's disease (Fig. 7A), as
well as in colon specimens from patients with ulcerative
colitis (data not shown). Nevertheless, REG4 was not detected
in cells from the ulceration-associated cell lineage (UACL)
observed in ileal mucosa from 3 patients with Crohn's disease
(Fig. 7A).

REG4 expression was further studied in hyperplastic
polyps, common benign lesions of the colorectum, as well as
in adenomatous polyps, and carcinomas (Table II). REG4
expression was observed in all hyperplastic polyp specimens
analyzed (5/5). Staining was present in enteroendocrine cells
and goblet cells all along the epithelium of villi and crypts
(Fig. 7B), whereas only cells confined to the lower half of the
crypts were positive for Ki67. REG4 was also detected in all
adenomatous polyp specimens tested (9/9), regardless of the
grade of dysplasia (Table II and Fig. 7C). Staining was
strong and present all along the epithelium, similarly to
Ki67. Among CRC specimens, REG4 was present in one well-
differentiated neuroendocrine carcinoma positive for chromo-
granin A, but not in a second specimen that was poorly
differentiated with loss of chromogranin A expression
(Table II). REG4 was also detected in all specimens of
mucinous carcinomas (4/4) and in a specimen of signet-ring
cell carcinoma (1/1) (Table II and Fig. 7D). In poorly and
moderately differentiated conventional adenocarcinomas,
REG4 was detected in most cases (8/10). In some specimens,
staining was weak but present in all tumor cells (Fig. 7E),
whereas in other specimens, staining was confined to goblet-
like cells positive for MUC2 (data not shown). A strong signal
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Figure 6. REG4 expression in fetal and adult intestine. (A) Fetal small intestine at 12 weeks. A strong staining is present in numerous enteroendocrine cells of
primitive crypts and villi and a weak staining is present in rare goblet cells (insert). (B) Fetal small intestine at 16 weeks: a strong staining is present in
enteroendocrine cells and a moderate staining is observed in most goblet cells (insert). (C) A similar expression pattern with more intense staining is observed
in adult ileum. (D) Fetal colon at 16 weeks: a strong staining is present in some enteroendocrine cells and a weak staining is observed in a few goblet cells.
(E) Fetal colon at 24 weeks: a strong staining is present in both enteroendocrine and goblet cells. (F) Adult colon: a strong staining is observed in
enteroendocrine cells, and a weak staining is observed in rare goblet cells. Original magnification (A-F), x200.

Figure 7. REG4 expression in pathological tissues. (A) Ileum from a patient with Crohn's disease: no REG4 staining is observed in the UACL, whereas a
strong staining is present in the surrounding healthy mucosa, both in goblet and enteroendocrine cells. (B) Hyperplastic polyp: a strong REG4 staining is
present in both enteroendocrine cells and goblet cells all along the epithelium of villi and crypts (insert). (C) Adenomatous polyps with high grade dysplasia: a
strong REG4 staining is present in adenomatous cells, located essentially in residual mucous vesicles. (D-F) Colorectal carcinomas: D, mucinous
adenocarcinoma: a strong staining is observed in tumor mucus-secreting epithelial cells; E and F, poorly differentiated carcinoma: a weak REG4 staining is
present in all tumor cells (E), whereas a strong staining is observed in the adjacent normal mucosa, both in goblet and enteroendocrine cells (F). (G) Liver
metastasis of a moderately differentiated colorectal adenocarcinoma: a moderate REG4 staining is observed in some mucus-secreting cells (insert). Original
magnification: B, x25; A, C, D, F and G, x100; and E, x200.

was observed for Ki67 in all cases tested (data not shown). apparently normal mucosa adjacent to the tumor (i.e. transi-
The pattern of REG4 expression was similar in the luminal tional mucosa) (Fig. 7F). In liver metastases, REG4 was
and the invasive front of the tumors. Moreover, strong REG4  detected in some mucus-secreting cells in only 2 specimens
staining was observed in all specimens of carcinomas in the  (2/6) (Fig. 7G).
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Discussion

Previous studies on REG4 expression in various tissues from
our laboratory and others have suggested a potential role of
REGH4 in colonic and gastric carcinogenesis (6,7). However,
little information exists on the biological function of the
protein. REG4 may regulate cell growth and apoptosis,
allowing cancer cells to proliferate and escape therapeutic
agent- or radiation-induced death (10,12). We previously
described strong expression of the REG4 gene in colon
cancer cell lines exhibiting a capacity for drug-resistance (6).
As some of these cell lines also displayed invasive properties
(17,26), we further investigated the role of REG4 in this
process. In this study, we showed that REG4, not only
stimulates cell growth, but also promotes in vitro motility and
invasiveness of colon cancer cells, two important processes
in tumor progression. Our results on the tissue expression
patterns of REG4, coupled with the present description of the
biological functions of the protein, support a multifunctional
role for REG4 in the gut, not only during carcinogenesis but
also during physiological processes such as morphogenesis
and wound healing.

REG#4 is a growth factor for colon cancer cells, with an
evident paracrine effect. As demonstrated using cell count
assays, exogenous REG4 is able to stimulate the growth of
cancer cells during a 24-h period following treatment. In a
recent study, Bishnupuri and co-workers observed a similar
increase in cell growth after 72 h post-treatment with REG4
(12). We also investigated, over a 72-h period, the effects of
REG#4 protein on cells. In our experimental conditions (i.e.
daily addition of rREG4 according to the recurring REG4
secretion by tumor cells), the cell growth was continually
activated, but the level of stimulation remained unchanged
(Caco-2) or even tended to decrease (HT-29) after 48 and
72 h of treatment. Interestingly, the HT-29-derived clones,
HT29-5M21 and HT29-5F7, which secrete large amounts of
endogenous REG4, had a low proliferation rate (~28 and 32 h
versus ~24 h for HT-29, respectively) (data not shown).
These observations suggest that regulatory mechanisms
might restrict the stimulation of growth induced by REG4,
particularly in the course of time. In addition, continuous
overexpression of REG4 by the HT29/REG4-8 clone did not
affect its growth. The same observation was previously
reported in a gastric cancer cell line stably transfected with a
vector expressing REG4 (10), but not in stably transfected
cells derived from the colon cancer cell line DLD-1 (5).
Therefore, it seems that REG4 might act in an autocrine or
paracrine manner, depending on the target cell, to stimulate
growth of colon cancer cells. In agreement with these
observations, analysis of tissue expression patterns showed
overexpression of REG4 in normal and pathological
situations harboring increased proliferation, including the
developing intestine, IBD, hyperplastic polyps, adenomas and
CRC. In some cases, most of the cells expressing REG4 were
not proliferating cells (i.e. enteroendocrine- and mucous-
differentiated cells) which also points towards a paracrine
effect for the REG4 protein. Paradoxically, particular types
of proliferating tumor cells, such as those located in adeno-
matous polyps, or in some poorly differentiated colorectal
cancer tissues, are incontestably REG4-positive, suggesting
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that these tumor cells might be able to take advantage of an
autocrine effect of REG4 secretion.

The most important aspect of our findings is that REG4
also acts as a motility and pro-invasive factor. This is the first
study reporting the effects of REG4 on colon cancer cell
migration and invasion, and little is known about the effects
of REG proteins on these biological processes. A function
linking cell migration and cell adhesion to the extracellular
matrix was proposed for REG3A in hepatocyte cells (27) and
in normal and transformed melanocyte cells (28). In this
study, we showed that REG4 acts on tumor cell migration in
both an autocrine and paracrine manner. Indeed, cells secreting
REG4 or treated with exogenous REG4 showed a signifi-
cantly greater migration potential compared to cells which
did not express REG4, suggesting that REG4 may stimulate
the migration potential of colon cancer cells but also of normal
epithelial cells. This data is supported by the overexpression
of REG4 in the fetal intestine (present study) and in injured
intestinal mucosa in IBD [present study and (3-5)], specific
situations in which epithelial cells display a high potential for
migration. In the fetus, numerous REG4-expressing cells are
present during the stages of villus formation in the small
intestine (12-16 weeks) and gland formation in the colon (by
24 weeks) when compared to adults. Notably, in mice, REG1A
was recently found to be involved in the generation and
maintenance of the crypt-villus growth axis of the small
intestinal mucosae by activating the growth of stem cells and
migration of epithelial cells (29). Altogether, these data allow
us to hypothesize a role for REG4 in intestinal morpho-
genesis, possibly by acting on cell proliferation and cell
migration in a paracrine and autocrine manner. Moreover,
REG4 may also be involved in epithelial restitution in IBD.
As described in this study, REG4 was not expressed in the
UACL which is thought to play a major role in epithelium
restitution (30). REG4 was nevertheless overexpressed in the
surrounding histologically normal mucosa and may thus
facilitate epithelial restitution via paracrine stimulation of
UACL.

In addition to cell migration, we also demonstrated that
REG4 promotes in vitro invasion of colon cancer cells in both
an autocrine and paracrine manner. At present, little is known
about the potential effects of REG4 on cell invasion. A
significant increase in the expression of the metalloproteinase
matrylisin (MMP-7), an important molecule within the
invasion front (31), was observed in colon cancer cell lines in
response to REG4 treatment (12), suggesting indirectly that
REG4 may be involved in the initial step of invasion.
Although we found that most metastatic colonic cancers
express REG4, no difference was observed in the expression
patterns between the invasion front and the luminal front.
However, REG4 secreted by neighboring cells (tumor cells
and cells of the transitional mucosa) may act in a paracrine
manner on tumor cells to promote local invasion. Furthermore,
a high level of expression of REG4 protein in sera from
patients with CRC has recently been related to the presence
of liver metastases (11). In our study, only a few cases
expressed REG4 in liver metastases. As we finalized our study,
REG#4 was reported to play a role in peritoneal metastasis in
gastric carcinomas (32). The authors showed that REG4-
transfected human gastric cancer cells inoculated into the
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peritoneal cavities of nude mice produced peritoneal tumors
in greater number and of larger size than with untransfected
cells. However, these results should be interpreted with caution
given the methodology used to analyze the metastatic potential
of REG4-expressing cells: the site of tumor growth being the
same as the site of cell inoculation. Further studies are
required to investigate the potential role of REG4 in metastasis
in both gastric and colorectal cancer. At present, REG4 can
be considered as a protein overexpressed by tumor and
epithelial cells of the transitional mucosa [present study and
(11)] which may play an important role in colorectal carcino-
genesis from the first steps of tumor development. Indeed,
REG4 expression was shown to be deregulated early on in
aberrant crypt foci (33,34) and in adenomatous polyps
regardless of the grade of dysplasia (present study). REG4
overexpression is maintained in most colorectal carcinomas
[present study and (6,7,11)]. Recently, REG4 has been
proposed as a marker for poor survival in patients with
colorectal cancer (11), as previously reported for REGIA and
REG3A (395).

Little is known regarding the signaling pathways that
might be activated by REG4. To date, no receptor for REG4
has been identified. However, the biological effect of REG4
on cell proliferation could involve the EGF-receptor and
subsequent Akt activation (12). Notably, regarding the
intracellular signaling pathways known to be activated during
the invasion process, we showed that several pathways,
including PI3K/Akt, but also PKAs, PKCs and Rho-like
GTPases, are involved in REG4 invasion signaling. Therefore,
it seems that REG4 may stimulate both the proliferation and
invasion of tumor cells through Akt pathway activation.
Other members of the REG family can also trigger activation
of the Akt pathway in various cell types (gastric cancer cells
or neuronal cells) and, subsequently, lead to cell proliferation
and/or survival (1,36,37). Further studies are necessary to
understand REG4 signaling and to analyze which pathways
are involved in each of the biological processes stimulated by
REG4, including cell proliferation, migration and invasion
but also cell survival and cell resistance to chemotherapy.
Recently, REG4 has been shown to be an anti-apoptotic factor
in colon and gastric cancer cells (10,12). REG4 has also been
proposed as a promising marker to predict resistance to 5-
fluorouracil-based chemotherapy in patients with gastric
cancer (10). Notably, we first identified REG4 in the HT-29
models, HT29-5M21 and HT29-5F7 clones, selected by drug-
treatment of HT-29 cells. These clones are characterized by
their drug-resistant and invasive phenotype which contrasts
with that of HT-29 parental cells which do not express REG4
[our present and previous studies (13,14,18)]. Altogether,
these data suggest that REG4 may participate in the drug-
resistance and invasiveness of colorectal tumor cells, leading
to the appearance of tumor cells displaying a more aggressive
phenotype.

In summary, REG4 is a multifunctional secreted protein
which acts on intestinal cell proliferation, migration and
invasion as supported by our results in in vitro models. Its
overexpression in various normal and pathological situations
such as the developing intestine, and inflammatory, pre-
neoplastic and neoplastic intestine suggests that REG4 may
play an important role in the development and progression of
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colorectal cancer as well as in intestinal morphogenesis and
epithelium restitution.
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