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We recently reported a critical role of NF�B in mediating
hyperproliferative and anti-apoptotic effects of progastrin on
proximal colonic crypts of transgenic mice overexpressing pro-
gastrin (Fabp-PG mice). We now report activation of �-catenin
in colonic crypts of mice in response to chronic (Fabp-PGmice)
and acute (wild type FVB/N mice) progastrin stimulation. Sig-
nificant increases were measured in relative levels of cellular
and nuclear �-catenin and p�-cat45 in proximal colonic crypts
of Fabp-PG mice compared with that in wild type littermates.
Distal colonic crypts were less responsive. Interestingly, �-cate-
nin activationwas downstreamof IKK�,�/NF�B, because treat-
ment of Fabp-PG mice with the NF�B essential modulator
(NEMO) peptide (inhibitor of IKK�,�/NF�B activation) signif-
icantly blocked increases in cellular/nuclear levels of total
�-catenin/p�-cat45/and p�-cat552 in proximal colons. Cellular
levels of p�-cat33,37,41, however, increased in proximal colons in
response toNEMO, probably because of a significant increase in
pGSK-3�Tyr216, facilitating degradation of �-catenin. NEMO
peptide significantly blocked increases in cyclin D1 expression,
thereby, abrogating hyperplasia of proximal crypts. Goblet cell
hyperplasia in colonic crypts of Fabp-PGmice was abrogated by
NEMO treatment, suggesting a cross-talk between theNF�B/�-
catenin and Notch pathways. Cellular proliferation and crypt
lengths increased significantly in proximal but not distal crypts
of FVB/N mice injected with 1 nM progastrin associated with a
significant increase in cellular/nuclear levels of total �-catenin
and cyclin D1. Thus, intracellular signals, activated in response
to acute and chronic stimulation with progastrin, were similar
and specific to proximal colons.Our studies suggest a novel pos-
sibility that activation of�-catenin, downstream to the IKK�,�/
NF�B pathway, may be integral to the hyperproliferative effects
of progastrin on proximal colonic crypts.

Accumulating evidence suggests that gastrins play an impor-
tant role in proliferation and carcinogenesis of gastrointestinal
and pancreatic cancers (1, 2). Progastrin and glycine-extended

gastrin (G-Gly)3 are predominant forms of gastrins found in
many tumors, including colon (3–5). Progastrin exerts potent
proliferative and anti-apoptotic effects in vitro and in vivo on
intestinal mucosal cells (6–10) and on pancreatic cancer cells
(11). Transgenic mice overexpressing progastrin from either
the liver (hGAS) or intestinal epithelial cells (Fabp-PG) are at a
higher risk for developing pre-neoplastic and neoplastic lesions
in colons in response to azoxymethane (12–15). Treatment
with G-Gly similarly increased the risk for developing pre-neo-
plastic lesions in rats (16). Thus progastrin and G-Gly exert
co-carcinogenic effects in vivo (12–16).
Under physiological conditions, only processed forms of gas-

trins (G17, G34) are present in the circulation (17). In certain
disease states, elevated levels of circulating progastrin (0.1 to
�1.0 nM) are measured (1). Because co-carcinogenic effects of
progastrin are measured in Fabp-PG mice, which express
pathophysiological concentrations of hProgastrin (�1–5 nM)
(12), elevated levels of circulating progastrin measured in cer-
tain disease states in humans may play a role in colon carcino-
genesis. A curious finding was that pre-neoplastic and neoplas-
tic lesions were significantly increased in proximal, but not
distal, colons of Fabp-PG mice, in response to azoxymethane
(12, 14), which may reflect an increase in proliferation and a
decrease in azoxymethane-induced apoptosis in proximal
colons of Fabp-PG mice (18). We reported a critical role of
NF�B activation in mediating proliferation and the anti-apo-
ptotic effect of progastrin on pancreatic cancer cells (in vitro)
and on proximal colonic crypts of Fabp-PG mice (in vivo) (11,
18). Whereas the Wnt/�-catenin pathway is known to play a
role in the proliferation of colonic crypts (19), its role in medi-
ating biological effects of progastrin remains unknown.

�-Catenin is regulated by canonical (GSK-3� phosphory-
lation-dependent) and non-canonical (GSK-3� phosphoryla-
tion-independent) pathways. In the canonical pathway, inhibi-
tion of GSK-3� protects �-catenin against degradation by
protein complexes, consisting of GSK-3�, axin, and adenoma-
tous polyposis coli (20). In a resting cell, �-catenin is not pres-
ent in the cytoplasm or nucleus because of proteasomal degra-
dation of �-catenin that is not bound to E-cadherin (20).* This work was supported, in whole or in part, by National Institutes of Health

Grants R01 CA97959 and CA114264 (to P. S.) and R01 CA131413 (to S. U.)
from the NCI.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: Dept. of Neuroscience and

Cell Biology, 10.104 Medical Research Bldg., Route 1043, University of
Texas Medical Branch, Galveston, TX 77555-1043. Tel.: 409-772-4842; Fax:
409-772-3222; E-mail: posingh@utmb.edu.

3 The abbreviations used are: G-Gly, glycine-extended gastrin; ERK, extracel-
lular signal-regulated kinase; Fabp, fatty acid-binding protein promoter;
GSK-3�, glycogen synthase kinase-3�; IKK, I�B� kinase; NF�B, nuclear fac-
tor �B; NEMO, NF�B essential modulator; PCNA, proliferating cell nuclear
antigen; PG, progastrin; WT, wild type; IHC, immunohistochemistry.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 33, pp. 22274 –22284, August 14, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

22274 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 33 • AUGUST 14, 2009



Following inactivation of GSK-3�, �-catenin stabilizes in the
cytoplasm and translocates to the nucleus where it cooperates
with Tcf/Lef for activation of target genes (20). In the current
studies, we examined whether �-catenin is activated in proxi-
mal versus distal colonic crypts of Fabp-PGmice. Relative levels
of �-catenin and its target gene product, cyclin D1, were signif-
icantly increased in proximal versus distal colonic crypts of
Fabp-PG mice. We next examined a possible cross-talk
between NF�B and �-catenin activation and the role of GSK-
3�. Our results suggest the novel possibility that�-catenin acti-
vation in response to progastrin is downstream to IKK�,�/
NF�B p65 activation, and that phosphorylation of GSK-3� at
Tyr216 may be critically involved.
To examinewhether differencesmeasured in the response of

proximal versus distal colons in Fabp-PGmice were not an arti-
fact of chronic stimulation,we additionally injectedWTFVB/N
mice with progastrin, as an acute model of stimulation. Our
results confirmed that differenceswehadmeasured in Fabp-PG
mice are not an artifact of chronic stimulation but represent
inherent differences in the response of proximal versus distal
colonic crypts to circulating progastrins.
We and others (18, 21) have previously demonstrated goblet

cell hyperplasia in colonic crypts of transgenic mice overex-
pressing progastrin. In the current studies, we confirmed a sig-
nificant increase in goblet cell hyperplasia/metaplasia (?) in
proximal colonic crypts of Fabp-PG mice. Importantly, goblet
cell hyperplasia was reversed to wild type levels by attenuating
NF�B activation (and hence �-catenin activation) in NEMO-
treated mice. The results of the current studies thus further
suggest that pathways which dictate goblet cell lineage may be
modulated by progastrin and may be downstream of NF�B/�-
catenin activation. This represents a novel paradigm, which
needs to be further examined.

EXPERIMENTAL PROCEDURES

Housing of Fabp-PGMice—Fabp-PGmicewere generated by
our laboratory as described (12). The fatty acid-binding protein
(Fabp) promoter was used to drive the expression of human
gastrin cDNA in the small and large intestines. The Fabp-PG
transgenic mice and their WT littermates were bred and
housed in the animal housing facility at UTMB, using protocols
approved by the Institutional Animal Care and Use Committee
(IACUC) atUTMB.Micewere housed in amicroisolator, solid-
bottomed, polycarbonate cages, and were maintained on a
commercial diet (M/R Rodent Sterile Diet 7012; Harlan Tech
Labs, Indianapolis, IN) with autoclaved water available ad libi-
tum. Age-matched female Fabp-PGandWTmicewere used for
all experiments. Studies were performed during the day so that
the 12:12-h light-dark cycle would not be disturbed.
Only homozygous Fabp-PG mice (Tg/Tg) were used and

were confirmed by semiquantitative cycle PCR as described
previously (12). As reported earlier (12), the Fabp-PG mice
were positive for 0.5–2.0 nM progastrin in the plasma while the
FVB/N WT mice were negative for detectable levels of hPG.
Circulating levels of amidated gastrins (G17) were similar in
Fabp-PG and WT mice (�30 pM).
Treatment ofMicewithNEMOPeptide andProgastrin—Pep-

tides corresponding to the NEMO-binding domain (NBD) of

IKK� or IKK� specifically inhibit the induction of NF�B acti-
vation without inhibiting basal NF�B activity (22). Therefore,
to understand the role of induced activation of NF�B in medi-
ating proliferative/antiapoptotic effects of progastrin in
Fabp-PG mice, we treated mice with either wtNBD (NEMO
peptide) or a control peptide (Imgenex, San Diego, CA) as
described (23). Peptides were solubilized in saline and mice-
injected intraperitoneal with 1.25 mg per kg body weight, once
daily for 4 days. The last injection was given 2 h before killing.
For progastrin injections, animals were randomized into two
groups and treated with either saline or progastrin (1 nM, 2�
day).
Isolation of Colonic Crypt—Intact colonic crypts were iso-

lated from mice, as previously described (18, 24). Crypts were
imaged on an inverted microscope with a 12-bit gray level
charge-coupled device camera. Images were taken at �200
magnification and crypt length measured by a standard
microscale etched onto a glass slide using Metamorph image
analysis software (Universal Imaging Corp., Brandywine
Parkway, PA). A total of �150 crypts per group were used for
length measurements.
Subcellular Fractionation, Protein Estimation, and Western

Blotting—Total cellular and nuclear protein extracts were pre-
pared from isolated crypts of either proximal or distal colons of
WT and Fabp-PG mice as previously described (18, 25, 26).
Total crypt cellular or nuclear extracts (30–100 �g of protein/
lane) were processed for Western immunoblot analysis as
described (18, 26). Antibodies used for Western immunoblot
analysis and for immunohistochemistry (described below)were
as follows: polyclonal anti: �-catenin, p�-catenin-Thr41/Ser45,
p�-catenin-Ser45, p�-catenin-Ser33,37/Thr41, pGSK-3�-Ser9,
p�-catenin-Ser552, and cyclin D1 (CST, Danvers, MA); pGSK-
3�/� (Tyr279/Tyr216), lamin B (Santa Cruz Biotechnology,
Santa Cruz, CA); monoclonal anti-�-catenin (dephospho 8E4
clone, EMD Biosciences, San Diego, CA); monoclonal anti-ac-
tin and anti-histone (Chemicon International, Temecula, CA).
Immunohistochemical (IHC) Staining of the Colonic Crypts

for PCNA and �-Catenin—IHC for PCNA and phospho
�-catenin (p�-cat41/45) (primarily recognizing �-catenin
phosphorylated at Ser45) was performed on 5-�m-thick fro-
zen sections from proximal and distal colons of Fabp-PG
mice and their WT littermates utilizing the horseradish per-
oxidase-labeled polymer conjugated to secondary antibody
using Envision�System-HRP (DAB; DakoCytomation,
Carpinteria, CA) with microwave accentuation as described
(18, 25, 26). Antibody controls included either omission of
the primary antibody or detection of endogenous IgG stain-
ing with goat anti-mouse or anti-rabbit IgG (Calbiochem,
San Diego, CA). The visualization was carried out either via
light or fluorescent microscopy.
Goblet Cell Staining of Sections fromWT and Fabp-PGMice—

The colons were processed for preparing paraffin-embedded
sections from distal and proximal colons of WT and
Fabp-PG mice by our published methods (12). In experi-
ments where the mice were treated with either the specific
NEMOpeptide or the control (mutant) peptide (as described
above), the proximal and distal colons from the Fabp-PG
mice were processed for preparing frozen sections by our
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published procedures (18). Both
the paraffin-embedded sections
and the frozen (fixed) sections
were stained with 1% Alcian Blue
dissolved in 3% acetic acid fol-
lowed by counterstaining with
0.1% Nuclear Fast Red using
standard histological methods
(21).

RESULTS

We recently reported a signifi-
cant increase in the length of proxi-
mal (P) colonic crypts of Fabp-PG
versus WT littermates, while the
length of colonic crypts from distal
(D) half of the colon was similar in
the two groups; NF�B activation
was critical for measuring prolifera-
tion and anti-apoptotic effects of
progastrin (18). As a continuation of
the studies, the possible contribu-
tion of the Wnt/�-catenin pathway
was examined in the observed
biological effects of progastrin.
Casein kinase I� (CKI�) andGSK-3�
phosphorylate �-catenin at Ser45
(p�-cat45) and Thr41/Ser37,33 (p�-
cat33,37,41) residues, thereby facili-
tating its ubiquitination and protea-
somal degradation (20). Total crypt
extracts, probed by Western blot-
ting, demonstrated significant in-
creases in levels of p�-cat45 in prox-
imal colons of Fabp-PG (Tg) versus
WT mice (Fig. 1, Ai). Results from
distal colons of Tg versus WT mice
were only modestly different (Fig. 1,
Ai). Ser45 phosphorylation, normal-
ized to total �-catenin levels, dem-
onstrated only subtle enhancement
in Ser45 phosphorylation, suggest-
ing that increased levels of p�-cat45
in proximal colons of Tg mice may
be due to a proportional increase in
�-catenin abundance in Tg versus
WT mice. In Fig. 1, Aii, relative
changes in levels of �-catenin and
p�-cat45, normalized to �-actin, are
presented as bar graphs from three
separate mouse samples. A signifi-
cant increase in nuclear accumula-
tion of �-catenin and p�-cat45 was
similarly recorded in proximal
colons of Fabp-PG versus WT mice
(Fig. 1, Bi). While nuclear accumu-
lationwas detectable in distal colons
of Tg and WT mice, the levels were

FIGURE 1. Relative levels of phosphorylated and total �-catenin in proximal (P) and distal (D) colons of
Fabp-PG (Tg) and WT mice. Western blots showing relative levels of phosphorylated and total �-catenin in
cellular (Ai) and nuclear (Bi) extracts prepared from proximal and distal colonic crypts of WT and Tg mice are
shown. Aii and Bii, Western blots of cellular and nuclear extracts from isolated crypts were densitometrically
analyzed, and the ratio of total �-catenin and �-cat45 to �-actin/lamin B for WT samples was arbitrarily assigned
a 100% value. The percent change in ratios for Fabp-PG versus WT samples is shown as bar graphs. Data in each
bar graph represent mean � S.E. of three blots from three mice. *, p � 0.05 versus WT values. C, IHC of frozen
sections with antibody for �-catenin phosphorylated at Thr41/Ser45 in distal (D) and proximal (P) colons of
Fabp-PG mice (upper panel). Arrows indicate phosphorylated �-cat45 in the nuclei of colonic crypts (n � 3; bar �
50 �m). The lower panel represents the IHC with control IgG.
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much lower in Tg mice (Fig. 1, Bi). Data from three separate
mouse samples are presented as bar graphs in Fig. 1, Bii, as a
ratio of lamin B in the samples.
To confirm the dramatic difference in intracellular distribu-

tion of �-catenin in proximal versus distal colons of Fabp-PG
mice, immunohistochemistry of frozen sections was per-
formed. Distal colon sections, stained with anti-phospho-�-
cat41/45 exhibited relatively weak and barely detectable staining
at the base and along the crypt axis (Fig. 1C). However, proxi-
mal sections exhibited significant increase in cytoplasmic and
nuclear staining (Fig. 1C), which correlated with biochemical
studies (Fig. 1, A and B). The immunohistochemical results
with antibody against total �-catenin levels were identical to
that presented in Fig. 1C (data not shown.) Sections stained
with control IgG (Fig. 1C, lower panels) did not exhibit specific
staining.
We have recently shown that proliferative and antiapoptotic

effects of progastrin on proximal but not distal colonic crypts of
Fabp-PGmicewere attenuated towild-type levels on treatment
with NEMO peptide (18). Recent studies with human embry-
onic kidney cells in vitro suggested that�-catenin signals down-
stream to the IKK�/NF�B pathway in response to progastrin
(27). To investigate if a similar paradigm holds true in vivo,
Fabp-PG mice were treated with either NEMO peptide, an
inhibitor of IKK�/�, or control (mutant) peptide as described
under “Experimental Procedures.” We recently reported that
treatment of Fabp-PG mice with the specific NEMO peptide
had no affect on activation of ERKs and p38, but significantly
reduced activation of IKK�/� and NF�Bp65; thus confirming
the specificity of the effects of the NEMO peptide on the acti-
vation of the IKK�/�/NF�Bp65 signaling pathway (18). Rela-
tive levels of �-catenin were quite high in proximal colonic
crypts of mice treated with control peptide (Fig. 2, Ai), similar
to thatmeasured in non-treated Fabp-PGmice (Fig. 1A). Treat-
ment with NEMO peptide, however, blocked the increase in
cellular�-catenin in proximal colons (Fig. 2Ai). Neither control
norNEMOpeptide had any affect on cellular levels of�-catenin
in distal colons; bar graphs show relative changes in levels of
�-catenin versus actin from four mouse samples (Fig. 2, Ai).
Because activation of the Wnt pathway leads to accumulation
of unphosphorylated �-catenin, we next measured the effect of
NEMO peptide treatment on relative levels of dephosphoryla-
ted and total �-catenin in cytosol and nuclear extracts of prox-
imal colonic crypts from Fabp-PGmice.While relative levels of
total �-catenin remained elevated in cytosolic and nuclear
extracts of proximal crypts from control peptide-treated
mice, NEMO peptide treatment significantly reduced the
levels of total �-catenin in cytosolic and nuclear extracts of
proximal crypts from Fabp-PG mice (Fig. 2, Aii). Cytosolic
levels of dephosphorylated �-catenin in control peptide-
treated mice were low and did not change in response to
NEMO treatment (Fig. 2, Aii). Nuclear translocation of
dephosphorylated �-catenin, however, decreased signifi-
cantly in proximal crypts of mice treated with NEMO versus
that measured in controls (Fig. 2, Aii). Bar graphs in Fig. 2,
Aii show relative changes in levels of total and dephospho-
rylated �-catenin versus actin/histone levels (n � 4). These
findings provide further evidence that �-catenin activation

in proximal colonic crypts may be downstream to activation
of IKK�,�/NF�B in Fabp-PG mice.

�-Catenin undergoes constitutive and regulatory phospho-
rylation at Ser/Thr residues, which affect its stability and sub-
cellular distribution. We next examined the effect of NEMO
peptide treatment on moiety-specific phosphorylation of
�-catenin in colonic crypts. Data from the cytosol and nuclei of
proximal colons from NEMO- and control peptide-treated
mice are shown in Fig. 2, Bi and Bii, respectively. CKI� and
GSK-3� facilitate N-terminal phosphorylation of �-catenin at
Ser45 and Ser33,37/Thr41 residues, respectively, while kinases
such as Akt and cAMP-dependent kinase phosphorylate
�-catenin at Ser552 (p�-cat552), which positively regulates tran-
scriptional activity of �-catenin (27, 28). Relative levels of
p�-cat45 and p�-cat552 were significantly elevated in the cytosol
of proximal crypts of control versus NEMO peptide-treated
mice (Fig. 2, Bi), similar to the profile recorded for total �-cate-
nin (see Fig. 2A). Cytosolic p�-Cat33,37,41 levels however exhib-
ited a subtle decrease in the control peptide-treated crypts (Fig.
2, Bi). In response to the NEMO peptide, both p�-cat45 and
p�-cat552 exhibited a significant decrease in relative abundance
(Fig. 2, Bi), similar to that recorded for total �-catenin (see Fig.
2A). p�-Cat33,37,41, on the other hand, increased significantly
after NEMO treatment, suggesting that NEMO may be facili-
tating activation of kinases such as GSK-3�, thereby promoting
phosphorylation of �-catenin at serine 33 and 37 residues in P
colonic crypts. Bar graphs in Fig. 2, Bi show relative levels of
various �-catenin species in relation to actin (n � 4).

To determine whether decreases in cellular levels of the
phosphorylated �-catenin species in response to the NEMO
peptide affected their nuclear import, we next probed crypt
nuclear extracts with antibodies for p�-cat45, p�-cat552, and
p�-cat33,37,41. Relative levels of nuclear p�-cat45 and p�-cat552
were significantly elevated in nuclear extracts of control pep-
tide-treated mice (Fig. 2, Bii), similar to levels observed in non-
treated Fabp-PG mice (data not shown). p�-Cat33,37 was also
detected in nuclear extracts of proximal crypts from control
peptide-treated Fabp-PG mice. In response to NEMO pep-
tide treatment, however, nuclear levels of all three species of
�-catenin were significantly decreased (Fig. 2, Bii), which
may reflect a proportionate decrease in cellular levels of
these proteins. Bar graphs in Fig. 2, Bii show relative levels of
various �-catenin species in the nuclear extracts, normalized
to histone (n � 4).

Cyclin D1 levels were measured in proximal colonic crypts,
as a functional readout of�-catenin activation. Relative levels of
cytosolic and nuclear cyclin D1 in proximal crypts were ele-
vated in control peptide-treated mice (Fig. 2C). In NEMO pep-
tide-treated mice, a significant decrease in relative levels of
cytosolic and nuclear cyclin D1 weremeasured (Fig. 2C), which
corroborated our previous findings of attenuation of prolifera-
tive effects of progastrin on proximal crypts of NEMO-treated
Fabp-PGmice (18). Bar graphs in Fig. 2C show relative levels of
cyclin D1, normalized to actin/histone levels (n � 3).

To explore the possibility that elevated levels of cellular p�-
cat33,37,41 in crypts of NEMO peptide-treated mice (Fig. 2B)
may be due to a corresponding functional change in GSK-3�,
we measured the Ser and Tyr phosphorylation status of
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GSK-3� in proximal crypts of control andNEMO-treatedmice.
GSK-3� is regulated by multiple mechanisms (28, 29). The
kinase is active in the resting cell while itmay either be inhibited
when it undergoes phosphorylation at Ser9 or activated through
phosphorylation at Tyr216 in response to a stimulus (30). Rela-

tive levels of GSK-3�-Ser9 increased only slightly in NEMO
peptide-treated versus control samples (Fig. 2D). Relative levels
of GSK-3�-Tyr216, however, increased dramatically by several-
fold in NEMO-treated samples compared with control sam-
ples, suggesting a significant activation of GSK-3� in response

FIGURE 2. Effect of NEMO peptide on the cytosolic and nuclear levels of total and phosphorylated �-catenin and GSK-3� in relation to cellular/nuclear
levels of cyclin D1 in proximal colonic crypts. Mice were divided into two groups and injected once a day for 4 days with either control (�) or NEMO peptide
(�) (see “Experimental Procedures”). 2 h after the last injection, colonic crypts were isolated and fractionated into cytosolic and nuclear extracts. Data obtained
from proximal (A–D) and distal (Ai) colonic crypts of Fabp-PG mice are presented. Ai–Bii, representative Western blots for total �-catenin (Ai), total and
dephospho-�-catenin in cytosol (Cyt.), and nucleus (Nuc.) (Aii); �-Catenin phosphorylated at serine 552, 45, and 33/37/41, respectively, in cytosol (Bi) and
nucleus (Bii) from control (�) versus NEMO peptide (�)-treated samples are shown from one of four mice per group. The data in the Western blots of the cellular
extracts were densitometrically analyzed from all mouse samples, and the ratios of �-catenin to �-actin or histone were arbitrarily assigned a 100% value. The
percent change in ratios for NEMO peptide versus control peptide values is shown as bar graphs. Data in each bar graph represent mean � S.E. of four blots from
four mice. C, effect of NEMO peptide treatment on cyclin D1. Cytosolic (C) and nuclear (N) crypt extracts prepared from control (�) versus NEMO peptide
(�)-treated samples were analyzed by blotting with antibody against cyclin D1 (right panel). �-Actin and histone were used as loading controls. Left panel
represents percent change in ratios for NEMO peptide versus control peptide shown as bar graphs (n � 3). D, effect of NEMO peptide treatment on GSK-3� in
relation to total �-catenin. Western blots showing relative levels of phosphorylated and total GSK-3� along with �-catenin in control (�) and NEMO peptide
(�)-treated proximal colonic crypt samples from Fabp-PG mice. Triton X-100-solubilized total crypt extracts were analyzed by blotting with antibodies
detecting Ser9-phosphorylated (GSK-3�-Ser9) or Tyr216-phosphorylated GSK-3� (GSK-3�-Tyr216), total GSK-3�, and �-catenin. Left panel represents the percent
change in ratios for NEMO peptide versus control peptide shown as bar graphs (n � 3). �-Catenin levels in proximal and distal colons of control and NEMO-
treated WT mice were similar to that in distal colons of Fabp-PG mice (2Ai) (data not shown). We previously reported that relative levels of activated IKK��/NF�B
in control peptide and NEMO peptide-treated WT mice were similar to that measured in distal crypts of Fabp-PG mice (18), because IKK��/NF�B are not
activated in the distal colons of Fabp-PG mice and remain similar to that in the proximal and distal colons of non-stimulated WT mice.
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to NEMO treatment. Relative levels of total GSK-3� remained
similar in control and NEMO-treated samples (Fig. 2D). Phos-
phorylation of GSK-3� at Tyr216 activates GSK-3� (30, 31) and
may be causally linked to increases in p�-cat33,37,41 in NEMO-
treated samples (Fig. 2B). Phosphorylation at Ser33,37 residues

in �-catenin leads to its degradation
via the ubiquitin/proteasomal path-
way (32). When we reprobed the
same membrane with anti-�-cate-
nin antibody, we measured a dra-
matic decrease in total �-catenin in
NEMO-treated samples (Fig. 2D),
similar to that recorded earlier (Fig.
2A). Bar graphs in Fig. 2D show rel-
ative levels of GSK-3� and �-cate-
nin normalized to actin (n � 3).
Because activation of NF�B is criti-
cal for measuring proliferative and
anti-apoptotic effects of progastrin
on proximal crypts of Fabp-PGmice
(18), it remains to be determined if
�-catenin activation, downstream
to IKK�,�/NF�B activation (as
measured in the current studies),
plays an equally important role in
the hyperplasia of proximal colonic
crypts in response to progastrin.
Proliferation of Colonic Crypt

Cells in WT FVB/N Mice Treated
with Progastrin—Fabp-PG mice
represent a chronic model of pro-
gastrin stimulation via autocrine/
paracrine routes. Differences in the
interaction of endogenous progas-
trin with its high affinity receptor,
AnnexinII (33), in proximal versus
distal crypts may have contributed
to significant differences in the bio-
logical response of proximal versus
distal crypts to chronically elevated
progastrin levels in Fabp-PG mice
(18). To determine if these differ-
ences are an artifact of chronic stim-
ulation, we investigated the effects
of acutely stimulating WT FVB/N
mice with progastrin. Mice injected
with 1 nM progastrin, twice a day,
were positive for �150–300 pg of
progastrin/ml serum (data not
shown). Tissue sections (frozen)
were prepared from proximal and
distal colons ofmice, treated for 5 or
8 days with progastrin and stained
for PCNA by immunofluorescence,
as a marker of proliferation. Repre-
sentative sections from proximal
and distal colons of saline-treated
(N) and progastrin-treated mice are

shown in Fig. 3A. In normally proliferating proximal and distal
crypts, only cells at the base, exhibited nuclear staining. In pro-
gastrin-treated proximal colons, intense nuclear immunoreac-
tivity extending throughout the longitudinal crypt axis was
observed in samples from both days 5 and 8 (Fig. 3A). PCNA

FIGURE 3. Crypt hyperplasia as measured by PCNA staining. A, immunofluorescent labeling of PCNA as a
marker of proliferation in frozen sections prepared from saline-treated control proximal (NP) or distal (ND)
colons or 5 and 8 days progastrin-treated proximal (PGP) and distal (PGD) colons. B, representative bar graph
showing the percent of cells/crypt positive by nuclear staining for PCNA. Bar, 75 �m (n � 3).
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staining in distal colons, however, either declined (at day 5) or
failed to exhibit significant changes (at day 8) in response to
progastrin treatment (Fig. 3A). Bar graphs in Fig. 3B represent
% cells positive for nuclear staining for PCNA/crypt (n � 15
sections/miceX3).
The length of isolated crypts was also analyzed (Fig. 4).

Crypts isolated from proximal colons of progastrin-treated
mice increased significantly (p � 0.05) in length by �40% at
days 5 and 8, respectively (Fig. 4, A and B). The length of the
colonic crypts isolated from the distal colons on the other
hand exhibited only subtle changes in response to progastrin
treatment (Fig. 4, A and B). Thus, proliferative effects of
progastrin were significantly more pronounced on proximal
versus distal colonic crypts, similar to data obtained with the
chronic model of stimulation (Fabp-PG mice) (18). The lat-
ter results provide further evidence that differences in the
interaction of progastrin with AnnexinII in proximal versus
distal colonic crypts, as previously reported (18), may reflect
an inherent difference in the biology of proximal versus dis-
tal crypts (as discussed in Ref. 18) and is likely the underlying
reason for the observed differences in the response of prox-
imal versus distal colonic crypts to progastrin. This possibil-

ity needs to be confirmed in future studies with mice down-
regulated for AnnexinII expression.
Cellular and Nuclear Changes in �-Catenin Levels in

Response to Progastrin Injections in Proximal and Distal
Colonic Crypts of WT FVB/N Mice—A significant increase in
relative levels of cellular and nuclear �-catenin at days 5 and 8
was measured in proximal crypts of progastrin stimulated ver-
sus controlmice (Fig. 5,A andC). In distal crypts, however, only
day 5 animals showed any significant alteration in cellular and
nuclear levels of �-catenin; day 8 crypt extracts were barely
positive for �-catenin (Fig. 5, A and C). �-Catenin levels were
generally lower in proximal versus distal crypts of untreated
mice (Fig. 5), once again suggesting inherent differences in the
biology of distal versus proximal crypts. Bar graphs in Fig. 5, B
andD show% change in ratios of cellular and nuclear�-catenin
versus actin/lamin B in proximal and distal colons at days 5 and
8 post-treatment. As a functional readout of �-catenin activa-
tion, relative levels of cyclin D1 were measured. Representative
Western blots for day 5 samples demonstrating cyclin D1 levels
are shown in Fig. 5E. Relative levels of cyclin D1 increased sig-

FIGURE 4. Measurement of crypt lengths in control and progastrin-
treated proximal and distal colonic crypts. Representative images of the
intact proximal and distal colonic crypts isolated from saline-treated or pro-
gastrin (PG)-treated FVB/N mice at 5 and 8 days, respectively (n � 10 mice per
group). The lengths, shown under each crypt, were measured with a standard
microscale etched onto a glass slide using Metamorph image analysis soft-
ware. A total of �150 crypts per group were used for length measurements.

FIGURE 5. Effect of progastrin treatment on relative levels of �-catenin
and E-cadherin in relation to cellular levels of cyclin D1 in colonic crypts.
Representative Western blots showing relative levels of cellular �-catenin
and E-cadherin (A) and nuclear �-catenin (C), with respect to �-actin (A) and
lamin B (C), in proximal and distal colonic crypts of saline-treated (N) or 5 and
8 days progastrin (PG)-treated FVB/N mice. B and D represent the ratio of
percent changes in �-catenin versus �-actin (B) and lamin B (D), shown as
mean � S.E. of three blots from three mice (n � 3). E, relative levels of cyclin D1
in control (saline-injected) (N) and 5 days post-progastrin-injected crypt cel-
lular extracts from proximal and distal colons, measured via Western blotting.
F, ratio of percent changes in cyclin D1 versus �-actin shown as mean � S.E. of
three blots from three mice (n � 3).
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nificantly in proximal but not distal crypts of progastrin-treated
versus controlmice. Bar graphs in Fig. 5F show% changes in the
ratio of cyclin D1 versus actin in proximal and distal colons at
day 5 of treatment. Thus, progastrin treatment of WT mice
induced changes in intracellular signaling in proximal colonic
crypts similar to that recorded in Fabp-PG mice, which con-
firmed that differences measured in the response of proximal
versus distal colonic crypts likely represent an inherent differ-
ence in the biology of the crypts in the two parts of the colon (as
recently discussed, Ref. 18).
Goblet Cell Hyperplasia in Proximal versus Distal Colons of

Fabp-PG Mice—Colonic goblet cell hyperplasia has been
reported in hGASmice, which secrete 100–1000 nM progastrin
from the liver (9). Because Fabp-PG mice express significantly
lower levels of progastrin (�1.0–5 nM) from the intestinal epi-
thelium (12), we examined the colonic crypts from proximal
and distal colons for the possible presence of goblet cell hyper-
plasia (as measured in the hGAS mice). As shown in Fig. 6, Ai
(left panel), a significant difference was not recorded in the
pattern of goblet cell staining in the proximal and distal colonic
crypts of WTmice. In Fabp-PG (Tg/Tg) mice, however, proxi-
mal colons exhibited a significant increase in goblet cell hyper-
plasia while goblet cell hyperplasia was less pronounced in dis-
tal colons of the Fabp-PG mice (Fig. 6, Ai, right panel).
Interestingly, themajority of the goblet cells in proximal colons
were concentrated in the bottom two-thirds of the crypt, while
the upper two-thirds of the distal crypts stained positive with
Alcian Blue (Fig. 6, Ai). Bar graphs in Fig. 6, Aii represent the
percent of goblet cells/crypt in proximal versus distal colons of
WT and Fabp-PG mice. Data in Fig. 6, Ai confirm the signifi-
cant difference in the length of the colonic crypts in distal versus
proximal colons of Fabp-PG mice, as reported previously (18).
The height of the proximal and distal colonic crypts in WT
littermates was similar to that in the distal colons of Fabp-PG
mice (Fig. 6, Ai), as previously reported (18).
To investigate the possible involvement of the IKK�,�/NF�B

and �-catenin pathways in regulating goblet cell hyperplasia,
frozen sections prepared from proximal and distal colons of
Fabp-PG mice treated with either control (mutant) peptide or
NEMO peptide were stained with Alcian Blue to localize the
goblet cells. NEMO peptide treatment of Fabp-PG mice
resulted in a significant loss in the percentage of goblet cells/
crypt of proximal colons, but not distal colons (Fig. 6, Bi and
Bii), suggesting that IKK�,�/NF�B and/or �-catenin may be
involved in regulating goblet cell hyperplasia in proximal
colons of Fabp-PGmice. As expected, because distal colons are
not responsive to hyperproliferative effects of PG,NEMOtreat-
ment of Fabp-PG mice did not result in any significant change
in the pattern of goblet cell staining in the distal colons of
Fabp-PG mice (Fig. 6, Bi and Bii).

DISCUSSION

In the current studies, we report for the first time a significant
up-regulation and nuclear translocation of both total and
dephosphorylated �-catenin along with p�-cat45 in proximal
colonic crypts of Fabp-PG mice compared with that in the
proximal crypts ofWT littermates; significant differences were
not measured in distal colons. The up-regulation of �-catenin

levels was similarly reported in response to progastrin and gas-
trin peptides in cancer cell lines, in vitro (34, 35). We had pre-
viously reported a significant difference in the activation of
IKK�/NF�B (downstream of activation of ERKs/MAPKp38) in
proximal versus distal colons of Fabp-PG mice (18). Our find-
ings suggested that both an increase in proliferation and a
decrease in azoxymethane-induced apoptosis (18) may have
contributed to the significant increase in proximal colon carci-
nogenesis reported in Fabp-PGmice (12). It is thus possible that
both an increase in NF�B activation (18) and an increase in
�-catenin activation (current studies) are required for meas-
uring hyperplasia of proximal colonic crypts in response to pro-
gastrin in Fabp-PG mice. Recently, we reported that activation
of NF�B in pancreatic cancer cells (in vitro) (11) and in proxi-
mal colonic crypts (in vivo) (18) is critically required for meas-
uring proliferative and anti-apoptotic effects of progastrin. It
was therefore important to learn whether �-catenin activation,
as measured in the current studies, was perhaps related to the
previously reported NF�B activation in response to progastrin.
Mice were treated with NEMO peptide (an inhibitor of

IKK�,�/NF�B activation) and components of theWnt pathway
analyzed in proximal and distal colonic crypts. NEMO treat-
ment significantly blocked the increase in relative levels of total
�-catenin/dephospho-�-catenin/and p�-cat45 and p�-cat552 in
proximal, but not distal, colonic crypts, suggesting that �-cate-
nin signals downstream to the IKK�,�/NF�B pathway. The
decrease in �-cat45 or �-cat552 may be attributed to an overall
decrease in total �-catenin in proximal colonic crypts in
response to NEMO. However, increases in the �-cat33,37 spe-
cies in proximal colonic crypts after NEMO treatment suggest
that an upstream event such as activation of GSK-3� rather
than�-catenin protein level may bemore relevant in regulating
�-catenin stability in response to NEMO treatment. Given that
GSK-3� along with APC play an important role in the regula-
tion of �-catenin turnover, we further explored the possibility
that GSK-3� may be involved in NEMO peptide-induced inhi-
bition of�-catenin activation in vivo. NEMOpeptide treatment
led to dramatic increases in Tyr216 phosphorylation of GSK-3�
in proximal colonic crypts of Fabp-PG mice without signifi-
cantly altering phosphorylation at Ser9. Because phosphoryla-
tion of GSK-3� at Tyr216 in its catalytic domain leads to its
activation (31), it is tempting to speculate that the increases in
p�-cat33,37,41 observed in NEMO-treated proximal colonic
crypts may be catalyzed by activated GSK-3�, leading eventu-
ally to degradation of �-catenin. Conversely, our results also
suggest that Tyr216 phosphorylation of GSK-3� is significantly
attenuated in proximal crypts of Fabp-PG mice, resulting in
stabilization/nuclear translocation of �-catenin in response to
progastrin in Fabp-PGmice. These results represent one of the
most significant findings of the current studies, providing a
mechanistic link to the previously reported critical requirement
for activation of NF�B for measuring growth effects of progas-
trin on proximal colonic crypts. It remains to be determined if
activation of �-catenin, downstream of IKK�/NF�B, is also
critically required for measuring hyperplasia of proximal
colonic crypts in response to elevated levels of progastrin.
In previous studies, disruption of �-catenin and E-cadherin

complexes at the membrane has been reported in response to
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progastrin in some cell lines, resulting in increased availability
of cellular �-catenin (36). In a progastrin-secreting human
colon cancer cell line (DLD-1), down-regulation of gastrin gene
expression (and hence progastrin) restoredmembrane localiza-

tion of �-catenin and E-cadherin (36), providing indirect evi-
dence that progastrin-like peptides can increase cytosolic
�-catenin. Besides non-amidated gastrins (progastrin and
G-gly), amidated gastrins (G17) have also been reported to up-
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regulate/stabilize �-catenin (37). In a gastric adenocarcinoma
cell line, G17 was reported to significantly up-regulate cyclin
D1 transcription via both the �-catenin and CREB pathways
(38). The results of our current studies suggest that a significant
increase in the levels of cellular/nuclear �-catenin in proximal
crypts of Fabp-PGmicemay be secondary to activated IKK�,�/
NF�B and perhaps mediated by the loss of activating phospho-
rylation of GSK-3� on the Tyr216moiety. Activation of GSK-3�
in response to external stimuli is not unprecedented. Utilizing
wild type Salmonella typhimurium infection, Duan et al. (39)
reported that bacterial infection stimulated phosphorylation of
�-catenin at Ser33,37 residues via activated GSK-3� (Tyr216) in
colonic epithelial cells, leading to degradation of �-catenin and
negative regulation of both Wnt and NF�B signaling. Thus
multiple pathways mediate an increase in cellular levels of
�-catenin, which may be cell- and stimulus-specific.

Cross-talk between the Wnt and IKK/NF�B signaling path-
ways has been demonstrated by several investigators (40–44).
IKK� positively regulates �-catenin-dependent transcriptional
activity by increasing cytosolic levels of �-catenin (40, 41). Sta-
bilization of cytosolic �-catenin by IKK� was mediated by
inhibiting both canonical and non-canonical degradation path-
ways of �-catenin (42). Transcriptional regulation of cyclin D1
was blocked by inhibitors of various kinases including IKK�
(43), suggesting a positive cross-talk between IKK�/� and
�-catenin. The observed increase in cyclin D1 levels in the
proximal colons of Fabp-PG mice likely represents the activa-
tion of NF�B and/or �-catenin signaling pathways.
In recent studies, lzts2 (leucine zipper tumor suppressor 2),

was shown to interact with �-catenin and repress the transac-
tivation of �-catenin by perhaps affecting the subcellular local-
ization of �-catenin (45). Interestingly, it was found that NF�B
regulates expression of lzts2 (46), suggesting a complex inter-
action between the �-catenin/Tcf and NF�B signaling path-
ways.While NF�B positively regulated the �-catenin/Tcf path-
ways in human glioblastoma cell lines (47), negative regulation
of NF�B by �-catenin has also been reported in some cancer
cell lines (48), suggesting that the nature of the cross-talk
between NF�B and �-catenin may be cell-specific and perhaps
stimulus-specific.
The majority of the studies, however, have demonstrated a

positive cross-talk between NF�B and the components of the
Wnt pathway (as described above). The presence of positive
cross-talkwas further substantiated by a recent findingwherein
disruption of the murine GSK-3� gene resulted in embryonic
lethality caused by severe liver degeneration during mid-gesta-
tion due to lack of NF�B (49). Thus, the cross-talk observed in

our studies between NF�B and �-catenin is not unprecedented
but may be critical for regulating proliferation of proximal
colonic crypts in response to progastrin and perhaps other
growth factors. Some or all of the growth effects of progastrin
may be mediated via �-catenin, downstream of NF�B activa-
tion, which remain to be confirmed in future studies.
In a recent study, �-catenin was reported to regulate differ-

entiation of respiratory epithelial cells in vivo (50). Activation of
�-catenin in respiratory epithelial cells of the developing lung
resulted in inhibiting the expression of Foxa2 and caused goblet
cell hyperplasia associated with increased staining for specific
mucins (50). Both wild type and activated (mutant) �-catenin
negatively regulated the expression of the Foxa2 promoter in
vitro (50). Interestingly, mice overexpressing activated mutant
�-catenin in respiratory epithelial cells developed pulmonary
tumors in adult mice, and the lung epithelium demonstrated
goblet cell hyperplasia (50). In our studies with Fabp-PG mice,
which are chronically stimulated with progastrin since birth,
the observation of goblet cell hyperplasia in proximal colonic
crypts may represent sustained activation of �-catenin, down-
stream of NF�B activation, because NEMO treatment caused a
loss of goblet cell hyperplasia (Fig. 6). The Notch pathway con-
trols absorptive versus secretory fate decisions in the intestinal
epithelium. In the intestine, the direct Notch target gene Hes-1
represses transcription of the bHLH transcription factor
Math-1 (51). Intestinal Math-1 expression is required for com-
mitment toward secretory lineages including goblet cells (52).
Kruppel-like factor-4 (KLF4) is required for colonic goblet cell
development (53), and signaling via the Notch pathway inhibits
KLF4 gene expression leading to significant loss of goblet cells
(21). The Tcf-4/�-catenin-dependent Wnt pathway has also
been shown to regulate KLF4 expression (54). Thus, while we
did not measure KLF4 levels in Fabp-PGmice, it is tempting to
speculate that chronic PG stimulation may be associated with
KLF4 up-regulation leading to goblet cell hyperplasia in proxi-
mal colons of Fabp-PG mice.
The results presented in this report thus further confirm the

novel paradigm that IKK�,�/NF�B activation is critical for
measuring not only growth effects of progastrin on proximal
colonic crypt cells (as reported earlier, Ref. 18), but is also crit-
ical for measuring activation of the �-catenin pathway, result-
ing in a significant increase in the relative levels of cyclin D1 in
response to acute (Fig. 5, E and F) and chronic (Fig. 2C) stimu-
lation with progastrin. Our studies further suggest the novel
possibility that Tyr216 phosphorylation of GSK-3� may be
directly or indirectly regulated by the IKK�,�/NF�B pathway
(as diagrammatically presented in (Fig. 6C). A third equally

FIGURE 6. Goblet cell hyperplasia in P colon of Fabp-PG mice. Ai, proximal and distal colons from WT and Fabp-PG (Tg/Tg) mice showing Alcian Blue staining
to localize goblet cells. Aii, bar graph showing percent of total goblet cells/crypt from the two parts of the colon. B, effect of NEMO peptide treatment on goblet
cell hyperplasia. Fabp-PG mice were divided into two groups and injected once a day for 4 days with either control (mutant) NEMO peptide (�) or NEMO
peptide (�) as described in the legend to Fig. 2. Sections were stained with Alcian Blue. NEMO peptide treatment significantly blocked goblet cell hyperplasia
in proximal but not distal colons (Bi). Bii, bar graph showing percent of total goblet cells/crypt from the colons of control (�) on NEMO peptide (�)-treated mice.
C, proposed mechanism for a cross-talk between the IKK�/NF�B and Wnt/�-catenin pathway. Progastrin interacts with its receptor ANXII, at the plasma
membrane (33) and promotes intracellular signaling by up-regulating the IKK�,�/NF�B (18) and Wnt/�-catenin pathways (current studies) in colonic crypts.
�-Catenin activation, however, was downstream to IKK�,�/NF�B, because NEMO peptide inhibited �-catenin activation via activating Tyr216 phosphorylation
of GSK-3�. NEMO peptide also blocked goblet cell hyperplasia implicating the IKK�,�/NF�B and/or Wnt/�-catenin pathways in its regulation. Therefore, the
previously reported hyperproliferative and anti-apoptotic effects of progastrin on proximal colonic crypts in Fabp-PG mice (18) may have been mediated by
the activation of both IKK��/NF�B and �-catenin pathways; the two pathways may be acting either in tandem or �-catenin may mediate all or some of the
observed biological effects of progastrin.
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intriguing finding was that goblet cell lineage in the colonic
crypts of Fabp-PG mice may be regulated via the IKK�,�/
NF�B/�-catenin pathways, resulting in colonic crypt hyperpla-
sia and goblet cell hyperplasia. Because goblet cell hyperplasia
in lung epithelium is associated with pulmonary tumorigenesis
(50), it is tempting to speculate that a significant increase in the
risk of colon carcinogenesis in proximal crypts of Fabp-PG
mice (as reported earlier, Ref. 12), may be related to the
observed goblet cell hyperplasia in the colonic crypts of
Fabp-PG mice.
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