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Abstract

Utilizing the Citrobacter rodentium (CR)-induced transmissible murine colonic hyperplasia
(TMCH) model, we provide mechanistic basis of changes in B-catenin/APC/CKIe leading to
progression and/or regression of hyperplasia in vivo. In response to CR-induced TMCH, crypt lengths
increased significantly between Days6-27 post-infection, followed by a steep decline by Day34. -
Cat*/total p-catenin were elevated on Day1 post-infection, preceding changes in crypt length, and
persisted for 27days before declining by Day34. Importantly, cellular CKle and B-catenin co-
immunoprecipitated and exhibited remarkable parallel changes in kinetics during hyperplasia/
regression phases. B-catenin, phosphorylated at Ser33,37 and Thr41 (B-cat33:37/41), was low till
Day12, followed by gradual increase until Day27 before declining by Day34. GSK-3p exhibited
significant Ser®-phosphorylation/inactivation at Days6-12 with partial recovery at Days27-34. Wild
type (wt) APC (p312) levels increased at Day6 with transient proteolysis/truncation to p130 form
between Days12-15; p312 reappeared by Day19 and returned to baseline by Day34. The kinetics of
B-Cat45/p-catenin nuclear accumulation and acetylation (Ac-p-Catt¥s49) from Days6-27, followed
by loss of phosphorylation/acetylation by Day34 was almost identical; Tcf-4 co-immunoprecipitated
with B-Cat#5/p-catenin and localized immunohistochemically to B-Cat*/45-positive regions leading
to elevated cyclin D1 expression, during the hyperproliferative, but not regression phases of TMCH.
CKle mediated phosphorylation of -Cat*°, resulting in stabilization/nuclear translocation of p-
Cat* may be critical for maintaining proliferation at Days6-27. Reversal of GSK-3p phosphorylation
and APC changes may be equally critical during the regression phase from Days27-34.
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Introduction

The normal intestinal epithelium maintains a very tight balance among proliferation,
differentiation, migration and cell death to ensure perpetual renewal. Tumorigenesis occurs
when these mechanisms become uncoupled, resulting in hyperproliferation at the cost of
differentiation/apoptosis. Hyperproliferation of colonic crypt cells has been shown to be a risk
factor for colorectal cancer (CRC) [1,2]. Sporadic CRCs are generally associated with
mutations in the Apc (adenomatous polyposis coli) gene and, to a lesser extent, in the -catenin-
encoding gene. Both APC and B-catenin are components of the Wnt signaling pathway which
controls the specification, maintenance and activation of intestinal stem/progenitor cells.
Deregulation of this pathway due to either genetic or epigenetic defects can potentially result
in the development of familial and/or sporadic epithelial cancers [3].

The cellular B-catenin resides mainly at sites of intercellular (adherens) junctions where it
interacts with E-cadherin and a-catenin. In the absence of Wnt signal, the cytoplasmic pool of
B-catenin is limited and undergoes rapid degradation when associated with axin and APC via
sequential phosphorylation, first at Ser*® (B-cat#°) by casein kinase | (CKI) and then at
Ser33.37/Thr41 by glycogen synthase kinase-3p (GSK-3p) leading to targeted ubiquitination
through E3 ubiquitin ligase, p-transducing repeat containing protein (37"CF) and proteasomal
degradation [4-8]. As a consequence, Wnt target genes are not up-regulated. When the Wnt
ligand binds its cognate Frizzled/LRP5,6 receptor, Axin is recruited to the plasma membrane
leading to either its degradation and/or dissociation from the multiprotein complex.
Concomitantly, Wnt signaling promotes inactivation of GSK3 causing p-catenin to
accumulate in the cytoplasm. Stabilized B-catenin interacts with transcription factors of the T-
cell factor/lymphoid enhancing factor (TCF/LEF) family to form a bipartite complex [9,10]:
TCF/LEF factors provide the DNA-binding specificity, while B-catenin provides
transactivation domains. This bipartite complex then leads to the expression of Wnt target
genes, such as c-myc and cyclin D1 [11,12], well known for their role in cell proliferation and
oncogenesis. p-Catenin participates in transactivation by recruiting two other transcriptional
co-factors, CBP/p300 acetyltransferase and the chromatin-remodeling protein Brg-1, to TCF
target gene promoters [13-15].

Nuclear accumulation of B-catenin is considered a hallmark of activated canonical Wnt
signaling. Accumulation of nuclear B-catenin is observed in the crypt stem cell/progenitor
compartments at the bottom of normal adult crypts in small and large intestines [16,17]. Recent
studies in rodents illuminate the role of canonical Wnt signaling in proliferation of normal
intestinal epithelium during development and adult stages of life [18]. Given that
hyperproliferation is one of the earliest changes noted in the epithelium of humans at high risk
for colon cancer [1,2], it is important to delineate signaling mechanisms which drives
hyperproliferation, including components of the Wnt signaling pathway.

We have used the transmissible murine colonic hyperplasia (TMCH) model which involves
the earliest molecular and functional changes that place the colon at risk for subsequent
development of carcinoma [19]. TMCH is caused by Citrobacter rodentium (CR) infection (a
naturally occurring disease of laboratory mice), and is characterized by epithelial cell
hyperproliferation in the distal colon [20]. We have shown previously that TMCH exhibits
both functional and molecular changes typical of the earliest stages of neoplastic
transformation: increases in levels of cellular/nuclear B-catenin in the colonic crypts of mice
infected with CR, preceding hyperplasia and upregulation of down-stream targets of B-catenin,
including cyclin-D1 and c-myc [21]. The latter changes in B-catenin levels are critical for
maintaining an elevated cell census during TMCH, since reduced cellular abundance of p-
catenin leads to abrogation of hyperproliferation/hyperplasia [22]. Alterations in p-catenin
abundance and nuclear translocation were not due to mutational inactivation of wild type

Exp Cell Res. Author manuscript; available in PMC 2010 May 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sellin et al.

Page 3

(p312) APC [23]. More recently, we described a novel mechanism of B-catenin activation
during TMCH: Ser? phosphorylation and inactivation of GSK-3p leading to stabilization,
nuclear translocation and DNA binding of both unphosphorylated and p-cat*> [24].

Hyperplasia associated with TMCH generally regresses by 4—-6 weeks post infection in Swiss-
Webster mice. Thus, in the current study, we examined for the first time changes in p-catenin/
APC/CKIeg, not only during the extended hyperplastic phase of TMCH, but also during the
recovery (regression) phase of TMCH. Results of the current study show that: i) hyperplasia
persists until day 27, despite lack of bacterial attachment to colonic mucosa beyond day 9
[22], suggesting possible expansion of stem/progenitor cell population in response to CR
infection which needs to be examined in future studies, ii) both un-phosphorylated and Ser4®-
phosphorylated B-catenin are elevated during long-term proliferative phase of TMCH,
associated with surprising truncation of WtAPC, and iii) reappearance of wtAPC p312 along
with partially active GSK-3 towards the end of the proliferative phase of TMCH; this may
contribute towards degradation of B-catenin at later time points, coinciding with abrogation of
hyperplasia between days 27-34. These findings suggest that the self-limiting characteristic
of TMCH in outbred mice may require switching off of aberrant Wnt signaling. Thus the
TMCH model in outbred mice represents an excellent model for investigating cellular changes
in the colonic crypts associated with intestinal infections, which can potentially prime the
colonic mucosa towards neoplasia.

Materials and Methods

TMCH

Swiss-Webster mice were given an overnight culture of C. rodentium (CR) mixed with drinking
water, as described previously [21-28]. Animals were euthanized at 0, 1, 3, 6, 9, 12, 20, 27,
34-Days-post-infection and distal colons removed. The characteristic findings of TMCH were
invariably present: a grossly thickened distal colon, with no other changes noted in the
remainder of the colon or within the peritoneal cavity. Crypt length increased significantly with
no obvious increase in epithelial or submucosal inflammatory cell numbers.

Isolation of intact colonic crypts, sub-cellular fractionation, Western Blotting,
Immunoprecipitation (IP) and Kinase Assays

Distal colonic crypts were isolated for length measurement and processed for biochemical
assays as described previously [21-28]. Briefly, distal colons were attached to a paddle and
immersed in Ca2*-free standard Krebs-buffered saline (in mM: 107 NaCl, 4.5 KCI, 0.2
NaH,POy4, 1.8 NapHPOy, 10 glucose, and 10 EDTA) at 37°C for 10-20 min, gassed with 5%
C0,-95% O,. Individual crypt units were then separated from the submucosa/musculature by
intermittent (30 s) vibration into ice-cold potassium gluconate-HEPES saline (in mM: 100
potassium gluconate, 20 NaCl, 1.25 CaCly,, 1 MgCl,, 10 HEPES, 10 glucose, and 5 sodium
pyruvate) and 0.1% BSA. For IP studies, crypt cytosolic or nuclear extracts were normalized
for protein concentration and incubated O/N with appropriate antibodies as described
previously [23,24,27,28]. Control experiments were performed by carrying out the
immunoprecipitations in the presence of the immunizing peptides, or with control 1gG antisera.

Activity assay for GSK-3 was carried out after immunoprecipitating isolated crypt extracts
from the distal colons of uninfected (normal) and 6, 12, 20, 27, 34-Days post-infected mice
with anti-GSK-3p. Kinase reactions in the immuno-precipitates were performed in a total
volume of 40 pl of kinase buffer containing 3.75 pg of GSK-3p substrate:
YRRAAVPPSPSLSRHSSP-HQ (pS) EDEEE, as described previously [24]. During
GSK-3p assay, nonphosphorylated glycogen synthase peptide acted as negative control.
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Nonspecific 32P incorporation was subtracted from values obtained with the phospho-glycogen
synthase peptide.

Immunohistochemistry

Results

IHC (immuno-histochemistry) for phospho B-catenin (B-cat#1/4%) primarily recognizing f-
catenin phosphorylated at Ser45 or Tcf-4 and IMF (immuno-fluorescence) for PCNA
(proliferating cell nuclear antigen) was performed on 5-um-thick frozen sections from distal
colons of normal and TMCH mice (day 6-day 34) utilizing the HRP labeled polymer
conjugated to secondary antibody using Envision+System-HRP (DAB; DakoCytomation,
Carpinteria, CA) with microwave accentuation as described [28]. Antibody controls included
either omission of the primary antibody or detection of endogenous 1gG staining with goat
anti-mouse or anti-rabbit 19G (Calbiochem, San Diego, CA). The visualization was carried out
either via light microscope (IHC) or confocal microscopy.

Sequential analysis of H&E stained transverse sections revealed almost 2-fold increase in crypt
length by 6 days’ post-infection with continued hyperplasia till Day 27 which finally declined
by Day 34 (Figure 1, Table 1). To determine if these increases in crypt length were due to
increased proliferation of colonic epithelial cells, we next examined colonic crypt sections for
PCNA staining by immunoflourescence as a marker for proliferation. Representative sections
from distal colons of uninfected, normal (N), mice and from Days 6-34 post-infected mice are
shown in Fig 2. In normally proliferating crypts, only cells at the base exhibited nuclear staining
(Fig 2). At Day 6 and particularly at Day 12 TMCH, intense nuclear immunoreactivity extended
throughout the longitudinal crypt axis (Fig 2). Intense PCNA nuclear immunoreactivity
persisted till Day 27 before returning to base line by Day 34 (Fig 2). Cells positive for nuclear
staining for PCNA/crypt were counted (Table 1). Data presented in Table 1 confirms the IMF
findings presented in Fig 2 correlating strongly with changes in crypt hyperplasia during
TMCH (Figure 1).

We recently showed that cellular/nuclear levels of total p-catenin and p-cat*® were significantly
increased on days 6 and 12 (peak hyperplasia) of TMCH compared to that in the non-infected
mice [24], while the levels of B-catenin phosphorylated at Ser33, 37/Th41 (B-Cat33-3741) did
not change [24]. In the present study, we measured kinetics of B-catenin phosphorylation at
both early (Days 1-12) and later time periods (Days 20-34) of TMCH and examined moiety-
specific phosphorylation of B-catenin. It needs to be clarified that even though observations at
days 6 and 12 have been published recently [24], we considered it extremely critical to include
these time points in order to understand how changes in the components of the Wnt pathway
affect progression and regression phases of TMCH. Ser#>-phosphorylation of B-catenin
increased as early as day 1 post-infection, preceding gross changes in hyperplasia and persisted
until day 12 (Fig 3A). Increases in Ser>-phosphorylation when normalized to total f-catenin
levels however exhibited only subtle enhancement in phosphorylation intensity suggesting that
increased phosphorylation of B-catenin at Ser*®, may be due to a proportional increase in overall
-catenin abundance (Fig 3A). Ser33,37/Thr 41 residues however, failed to show changes in
phosphorylation at these time points (Fig 3A), as reported earlier [24]. Since CKleg primes f-
catenin for subsequent phosphorylation by GSK-3, and we have reported significant increase
in CKle expression and activity during Days6 and 12 of TMCH [24], we next measured
CKle levels during days 1-12 of TMCH. Cellular levels of CKle increased as early as Day 1
post-infection and correlated with increases in f-cat* (Fig 3B) suggesting that both CKle-
mediated increases in B-cat*® and total B-catenin within a day of CR infection, may regulate
its stability and may prime the colonic mucosa for hyperplasia which becomes evident from
Day 6 onwards (Table 1; Figs 1, 2).
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Sub-cellular distribution of B-catenin during the phases of hyperplasia (Days 6-27) and
regression (Days 27-34) was examined. p-Cat#° along with unphosphorylated p-catenin,
increased reproducibly in Triton-X-100 soluble fractions at Days6 and 12 of TMCH and
remained elevated till Day27 of TMCH, before precipitously declining by Day34 (Fig 3C),
mimicking the kinetics of hyperplasia and regression (Figs 1,2). Ser33,37/Thr 41 residues in
j-catenin however, failed to show phosphorylation until Day 12 of TMCH (Fig 3C), suggesting
lack of GSK-3p action on B-cat*® during early phases of hyperplasia. Interestingly, p-
cat33:37/41 exhibited a gradual increase in cellular abundance from Day12 onwards, peaking at
Day 27, followed by a rapid decline by Day 34 (Fig 3C). p-Cat33:37/4 |evels were, however,
relatively lower than that of B-cat*®, suggesting only partial recovery of GSK-3p activity at
later time points.

We next determined levels of cellular p-catenin/p-cat*® in Triton-X-100 insoluble
(cytoskeletal) fraction, to determine if increases in the levels of these proteins are perhaps due
to their redistribution from cytoskeleton. Significant accumulation of B-cat4> was observed in
cytoskeletal fractions (Fig 3D). Changes in p-cat33:37/41 were however, minimal (Fig 3D).
These studies suggest that increases in cellular p-catenin/B-cat*® are not secondary to their
redistribution from cytoskeletal fraction, thereby corroborating our earlier findings [24]. We
next measured cellular levels of CKle during the regression phase of TMCH. Consistent with
our previous findings (Fig 3B) [24], relative levels of cellular CKle increased significantly at
Day 6 of TMCH and persisted till Day 27, before declining rapidly by Day 34 (Fig 3Ei). To
confirm whether CKle-B-catenin association existed at these time points, co-
immunoprecipitation (co-ip) studies were performed in crypt cellular extracts. p-Catenin co-
immunoprecipitated with CKle at Days 6 and 12 (Fig 3Eii) as described earlier [24], and
continued to exhibit significant co-immunoprecipitation at Days 20 and 27 but not at Day 34
(Fig 3Eii). These changes correlated with increases in relative levels of cellular B-cat®>,
suggesting continuous priming of B-catenin by CKle. While CKle facilitates N-terminal
phosphorylation of B-catenin, kinases such as Akt and PKA phosphorylate B-catenin at C-
terminal Ser552 (B-cat®°2) residue which positively regulates p-catenin’s transcriptional
function [29,30]. Since we have observed significant activation of PI3-K/Akt pathway during
TMCH (data not shown), we next measured presence of B-cat>>2 in crypt cellular extracts using
an antibody that detects endogenous levels of B-catenin only when phosphorylated at Ser 552.
As shown in Figure 3F, B-cat>>2 increased reproducibly in Triton-X-100 soluble fractions at
day 6 of TMCH and remained elevated till day 27 before precipitously declining by day 34
suggesting that elevation in B-cat®>2 along with p-cat*®/total B-catenin may be required in
maintaining extended proliferatory activity of distal colonic epithelium during TMCH.

B-Catenin/B-cat*®/B-cat>>2 and Tcf-4 undergo nuclear translocation and co-
immunoprecipitate in colonic crypts

To determine whether stabilization of cellular B-catenin/p-cat4>/p-cat>>2 leads to nuclear
accumulation, we measured levels of total and phosphorylated B-catenin in the nuclei. Relative
levels of total as well as B-cat*® and B-cat>>2 increased significantly in the nuclei from Days
6-27, followed by a rapid decline to basal levels at Day 34 (Fig 4A). We recently reported that
B-cat*® in the nuclei co-immunoprecipitates with a transcriptional-coactivator protein CBP
which possesses an integral acetyl transferase activity [24]. Therefore in the current study, we
directly measured relative levels of acetylated B-catenin, using an antibody specific for 8-
catenin acetylated at lysine 49 (Ac-p-cat*9). Relative levels of Ac-p-cat*® increased
significantly at Day 6 of TMCH and persisted until Day 27, paralleling changes in B-catenin/
B-cat*>/p-cat>>2 kinetics during the progression/regression phases of TMCH (Fig 4A). These
studies suggest that acetylated B-catenin/p-cat?>/p-cat>>2 may regulate transcriptional
coactivation in association with Tcf-4 during TMCH. As a functional readout of changes
measured in phosphorylation/acetylation of B-catenin, relative levels of cyclin D1 were
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measured. The levels of cyclin-D1 increased significantly at Days 6 and 12 of TMCH and
remained elevated until Day 27, before complete attenuation by Day 34 (Fig 4B), thereby
coinciding with regression of hyperplasia (Figs 1,2; Table 1).

To confirm changes in intracellular distribution of phosphorylated p-catenin during the
progression/regression phases of TMCH, IHC studies were performed in frozen sections from
distal colons of uninfected (N) and TMCH mice. As shown in Fig 5A, sections from normal
colon, stained with anti-phospho p-cat*1/4> but exhibited relatively weak staining at the base
of the crypt. However, sections from Days 6, 12 and 20 of TMCH colon exhibited significant
increase in cytoplasmic and nuclear staining (Fig 5), which correlated with biochemical studies
(Figs 3,4). Interestingly at Days 27 and 34, most of the staining was restricted to the lateral
membranes (Fig 5) suggesting that this pool of -catenin may not be involved in signaling. In
Supplementary Figure 1, sections counterstained with hematoxylin, to stain the nuclei, are
shown.

Transcriptional coactivation by B-catenin is achieved through interaction with Tcf-4. We have
recently shown that both unphosphorylated B-catenin and B-cat*? interact with Tcf-4 with equal
affinity [24]. In the current study, we performed IHC with anti Tcf-4 to determine if Tcf-4
localizes to the regions positive for p-cat1/45 staining. As shown in Fig 6A, Tcf-4
immunoreactivity in the normal colon was restricted to the surface of the crypt (see inset) as
reported earlier [31]. At Days 6-27 however, almost the entire longitudinal crypt axis including
the crypt base exhibited Tcf-4 nuclear staining (Fig 6A). In particular, at Day 12 of TMCH
(peak hyperplasia), crypt base exhibited both diffused cytoplasmic and nuclear staining while
staining in the remaining 2/3' of the crypt was predominantly nuclear (Fig 6A). This pattern
of Tcf-4 staining correlated very well with B-cat*}/45 staining recorded at the same time point
suggesting that B-cat41/4> may co-localize with Tcf-4 in these compartments thereby
modulating transcriptional activity during crypt hyperplasia. Supplementary Figure 2
represents counterstaining with hematoxylin to stain the nuclei. Since IHC data with anti-B-
cat*1/45 predominantly showed membrane staining at days 27 and 34, we used anti-B-cat*® for
immunoprecipitation studies. Co-immunoprecipitation with anti-g-cat*® followed by blotting
with anti-Tcf-4 exhibited significant interaction of p-cat*® with Tcf-4 at Days 6-27 before
declining at Day 34 (Fig 6B). These associations correlated with changes in cyclin-D1
expression during the progression/regression phases of TMCH.

Role of APC and GSK-3B during hyperplasia/regression phases of TMCH

Cytosolic levels of free B-catenin are regulated by APC protein. We have previously shown
that increases in cellular abundance of B-catenin at Day 12 were not due to either mutational
activation of p-catenin or loss of function of APC protein [23]. In the current studies, we
examined cellular levels of APC during both the progression/regression phases of TMCH, by
Western blot analysis. A significant increase in cellular levels of p312 was measured at Day 6
followed by appearance of a 130kDa (p130) band at Day 12 of TMCH (Fig 7A). p130 levels,
however, started to decline by Day 19 with dramatic reappearance of p312 at Days 19 and 24
which peaked at Day 26; p312 levels returned to baseline at Day 34 (Fig 7A). These findings
suggest that truncation followed by reappearance of p312 may be a homeostatic response of
the colonic epithelium to perhaps counter the changes in levels of activated B-catenin. The
significance of truncation (loss of function?) of APC between Days 12-15 however, remains
unknown, but may contribute to the exaggerated increase in cellular B-catenin at Day 12; these
intriguing possibilities need to be examined in future studies.

Levels and activity of GSK-3 were also measured to determine whether lack of -
cat33:37/41 at early time points could be due to changes in GSK-3p phosphorylation/
inactivation. We recently reported significant Ser9-phosphorylation of GSK-3p leading to 40—
70% decrease in its activity [24]. In the current study, we further examined both Ser and Tyr
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phosphorylation of GSK-3p and also measured its activity in crypt cellular extracts during
progression/regression phases of TMCH. Relative levels of Ser 9-GSK-3p increased
significantly both at Days 6 and 12 of TMCH, as reported earlier [24], and surprisingly persisted
during the regression stages, suggesting that inhibition of GSK-3p activity may not play a major
role in dictating the observed changes in B-catenin levels during the regression phase.
Interestingly, relative levels of total GSK-3p also increased albeit modestly, during TMCH. In
addition to Ser phosphorylation, GSK-3 also undergoes tyrosine phosphorylation at residues
279 (GSK-3a) and 216 (GSK-3p) which leads to GSK-3a/p activation [32]. Since we measured
a gradual increase in levels of p-cat3337/41 on Days 12-27 (Fig 3B) suggesting a partial
recovery of GSK-3p activity, we measured Tyr phosphorylation of GSK-3 in cellular extracts
of colonic crypts. Relative levels of tyrosine-phosphorylated GSK-3a/p increased significantly
at Days 6 and 12 of TMCH, and high levels of Tyr 216-phosphorylated GSK-3p persisted until
Day 34 (Fig 7B). To confirm if this led to any reversal in GSK-3p inhibition, we measured
GSK-3p activity in anti-GSK-3B-immune complexes. We observed significant inhibition of
GSK-3p activity at Days 6 and 12 of TMCH (Fig 7C) as reported earlier [24]. At Day 20, we
observed partial recovery of GSK-3p activity (Fig 7C); however, the activity failed to recover
completely suggesting that partial recovery may be sufficient to modulate Ser33:37/Thr41
phosphorylation of p-cat#®. These cellular changes in GSK-3p and an increase in the levels of
CKle may play an essential role in modulating relative levels of both p-cat#° and total B-catenin
during TMCH. The reappearance of p312, along with partially active GSK-3p, may facilitate
j-catenin degradation coinciding with abrogation of hyperplasia leading to mucosal recovery
from TMCH at Day 34. Thus, it appears that a complicated interplay between cellular changes
in some key elements within the Wnt signaling pathway, probably dictates the length of the
hyperplastic response of colonic crypts to CR infection in Swiss-Webster mice; the reversal of
these changes results in eventual loss of hyperplasia.

Discussion

Activation of B-catenin is recognized as a critical factor in tumorigenesis. Several pathways of
f-catenin activation have been delineated, e.g. APC mutations, Wnt signaling and gain-of-
function mutations in B-catenin. We previously described novel mechanisms of p-catenin
activation in vivo using the transmissible murine colonic hyperplasia (TMCH) model: Ser®
phosphorylation and inactivation of GSK-3p leading to stabilization, nuclear translocation and
DNA binding of Ser4>-phosphorylated/total p-catenin [24]. As a continuation of these studies,
we now present a complicated interplay between cellular/nuclear changes in p-catenin, APC
and GSK-3p beyond Day 12 of TMCH, which likely dictates the sustained hyperplastic
response of the distal colonic crypts from Days 6—27, culminating in sharp reversal/attenuation
of the hyperplastic response at Day 34.

Specifically, utilizing the TMCH model, we demonstrate that: i) Hyperplasia persists until Day
27 despite lack of bacterial presence; ii) p-Cat*® along with unphosphorylated p-catenin,
increase by Day 1 post-infection preceding gross changes in crypt morphology and persists
until Day 27 of TMCH before regressing by Day 34; iii) Cellular CKle levels increase and co-
immunoprecipitate with p-catenin at these time points correlating with changes in cellular 8-
cat®> and regression of hyperplasia; iv) Ser33:37/Thr4! residues in B-catenin (B-cat33:37/41),
remained unphosphorylated at Days 6 and 12 of TMCH, suggesting lack of GSK-3p action on
B-cat?®; v) Cellular B-cat33:37/41 Jevels however, gradually increased at Day 20 and peaked by
Day 27 before declining to basal levels by Day 34; vi) Cellular GSK-3p remain phosphorylated
at Ser? and exhibits only partial recovery despite subtle increases in Tyr-216 phosphorylated-
GSK-3p at these time points; Cellular levels of total GSK-3p exhibited only modest increase;
vii) Wild type APC (p312) expression increases at Day 6 followed by appearance of truncated
p130APC at Day 12 TMCH; p130 disappears at Day 19 with concomitant reappearance of
p312 which peaks by Day 26 before returning to baseline by Day 34: viii) Cellular p-cat*>/p-
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cat®2/B-catenin stabilize, translocate to the nucleus, undergo acetylation at Lys-49, co-
immunoprecipitate with Tcf-4 and localize immunohistochemically within Tcf-4-positive
regions; ix) Cyclin-D1 expression increases significantly from Day 6-27, before returning to
baseline levels by Day 34 correlating with changes in B-catenine/Tcf-4 and with hyperplastic/
regression phases of colonic crypt growth in response to CR.

Epithelial renewal in crypts requires coordinated series of events involving proliferation,
differentiation and migration towards the intestinal surface. Pluripotent stem cells at the crypt
base generate progenitors that occupy the lower third of the colonic crypt. Cells in the
amplification compartment divide approximately every 12 hr. In the mid crypt region, the cells
differentiate into one of the functional cell types of the colon. At the epithelial cell surface,
cells undergo apoptosis and/or extrusion into the lumen. The entire process takes approximately
3-5 days in mice [33]. Proliferation kinetics during TMCH demonstrated significant increase
in PCNA immunoreactivity through the length of the crypt axis from Days 6-27, with a peak
extension of proliferative zone at Day 12 of TMCH suggesting that altered cytokinetics induced
by bacteria may foster an environment which promotes expansion of the proliferative zone
during TMCH. Thus, TMCH-associated hyperproliferation/hyperplasia mimics aberrant Wnt
signaling wherein constitutive signaling through the canonical Wnt pathway may impose a
crypt progenitor phenotype on rapidly proliferating colonocytes.

We have shown previously that epithelial hyperplasia in the distal colon of outbred Swiss-
Webster mice infected with C. rodentium is associated with alterations in CKle that influences
B-catenin signaling [24]. In the current study, we once again observed dramatic increases in
CKle abundance and co-immunoprecipitation with p-catenin which paralleled increases in
cellular levels of B-cat*® (see Fig 3) during progression/regression phases of TMCH. CKle
[34,35] along with CKly [36], and Casein Kinase Il [37] have been im plicated as positive
regulators of the Wnt signaling pathway. This canonical pathway is regulated by several
switches serving to ensure that levels of B-catenin are commensurate with the requirements of
the cell during mitogenesis. Recent studies have shown that CKle functions as one of the
switches to direct Dishevelled from the c-Jun N-terminal kinase pathway to the B-catenin
pathway thereby positively regulating Wnt signaling [38]. We observed constitutive
phosphorylation of B-catenin at Ser#> which partitioned equally into Triton-X-soluble and
insoluble fractions along with unphosphorylated p-catenin. Changes in B-cat33:37/41 were
however minimal, exhibiting only a gradual increase at later time point of hyperplasia (see Fig
3). These studies suggest that priming of B-catenin at Ser45, probably by CKle, occurs in
vivo as reported earlier [24]. However, B-cat* does not effectively enter the degradation
pathway during the period of sustained proliferatory activity of the colonic epithelium. It is
tempting to speculate therefore that upregulation of CKle expression/activity during TMCH,
probably through Wnt, may be critical in the pathogenesis of colonic hyperplasia. However, a
cause-and-effect relationship needs to be established in future studies.

APC has many functions; the most prominent is regulation of p-catenin-mediated gene
transcription in response to Wnt signaling. Loss of APC leads to de-regulated B-catenin and
subsequent neoplasia. However, the increases in 3-catenin cellular abundance in TMCH are
neither due to mutational activation of -catenin nor due to dysfunction related to APC protein
[23]. Inthe current study, we measured cellular levels of APC during the progression/regression
phases of TMCH in order to understand how changes in APC expression affect -catenin
function. As reported earlier, we observed significant increase in wtAPC (p312) at Day6 of
TMCH followed by the surprising appearance of a truncated molecule (p130) at peak
hyperplasia. Interestingly, p130 disappeared with concomitant increase in p312 at later time
points (see Fig 7A). Such changes in APC expression are novel and have not been previously
reported in native epithelium. The increase in APC may represent a homeostatic response by
the colonic epithelium to regulate cellular levels of B-catenin during TMCH. However, despite
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reappearance of p312 at Day 19, which peaked by Day 26, B-cat*>/p-catenin did not return to
baseline levels until Day 34 suggesting that other cellular signaling events may be linked to
non-entry of B-cat*® into the degradation pathway [24].

Indeed, GSK-3B was phosphorylated at Ser® throughout the 34 days of TMCH, albeit at lower
levels towards the end, while total levels of GSK-3p exhibited only modest increase at these
time points (see Fig 7B). It has been shown recently that transgenic mice overexpressing kinase-
inactive GSK-3p develop mammary tumors with overexpression of B-catenin and cyclin-D1
[39]. Similarly, transgenic mice overexpressing PKCBII exhibit significant decrease in
GSK-3B activity [40]. Thus, phosphorylation and inactivation of GSK-3p in vivo is not
unprecedented and corroborates earlier findings [24]. GSK-3p also undergoes phosphorylation
at Tyr 216 which along with phosphorylation at Tyr 279 for GSK-3q, activates the enzyme
[32]. We measured significant phosphorylation of GSK-3a/p at Tyr 279 and 216 respectively
during the course of TMCH. Despite these post-translational changes which activate the
enzyme, GSK-3p exhibited only partial recovery at later time points (see Fig 7C). It is tempting
to speculate that this partially active GSK-3p may be sufficient to promote gradual increase in
B-cat33:37/41 gt these time points and along with wtAPC, may be instrumental in facilitating
B-catenin degradation leading to regression of hyperplasia.

Nuclear accumulation of p-catenin, a hallmark of activated Wnt signaling, results in the
induction of a variety of oncogenic target genes which promote cell proliferation and survival.
We previously showed that both unphosphorylated and B-cat*® translocated to the nucleus and
interacted with Tcf-4 [24]. In the current study, in addition to B-cat*®/p-catenin, we also
observed significant nuclear accumulation of Akt and PKA-catalyzed p-cat®>2 suggesting the
involvement of Wnt-independent pathway in modulating cellular hyperplasia during TMCH.
Tcf-4 has been shown to exhibit highly restricted expression pattern related to the development
stage of the intestinal epithelium [31]. In the adult mice, Tcf-4 immunoreactivity is restricted
to the crypt surface, away from the proliferatory zone [31]. In the uninfected mice, the pattern
of Tcf-4 staining in the colonic crypts was consistent with earlier findings [31]. At Days6-27
however, Tcf-4 staining was observed to extend downwards to areas positive for B-cat*®
staining. This was confirmed in a biochemical assay where p-cat*® co-immunoprecipitated
with Tcf-4 (see Fig 6B). To our knowledge, this has not been previously reported. Thus, Tcf-4
may work in conjunction with p-cat#® to affect target gene upregulation thereby modulating
hyperplasia during proliferative phases of TMCH.

We have shown previously that CREB-binding protein (CBP) co-immunoprecipitates with -
ca®/p-catenin leading to significant increases in acetylation of these catenins [24]. Since CBP
binds and acetylates p-catenin at Lys 49 [13,14], we utilized an antibody which detects
endogenous B-catenin only when acetylated at Lys 49. Relative levels of Lys-49-acetylated p-
catenin increased significantly during proliferative phases of TMCH just as observed with
changes in p-cat*/p-cat>2/p-catenin; the reverse was measured during regression. A dramatic
upregulation of cyclin-D1 expression was measured at days which correlated with changes in
Lys-49-acetylated B-catenin levels and increases in cell census during TMCH; a cause-and-
effect relationship however, will need to be examined in future studies. Figure 8 describes
proposed mechanism of hyperplasia during TMCH.

Thus, while TMCH is a self-limiting disease in Swiss-Webster mice, persistent B-cat4>/p-
cat®2/p-catenin-mediated hyperplasia until Day 27 of TMCH suggests that there may be an
expansion of the stem and/or progenitor cell pool during TMCH. Indeed, transgenic mice
overexpressing activated B-catenin demonstrate constitutive renewal and aberrant expansion
of the stem/progenitor cell pool [41]. This provocative hypothesis is the focus of our ongoing
effort to link changes in cell census during TMCH to mucosal priming for neoplasia.
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Figure 1. Relative hyperproliferation/hyperplasia of colonic crypts during TMCH in Swiss outbred
mice, compared to that in non-infected (N) mice
H&E of transverse sections of distal colons from non-infected (N) and infected (Days 6-34)

mice, demonstrating the relative length of the colonic crypts. Bar = 100 um (n=5).
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Figure 2. Crypt hyperplasia as measured by proliferating cell nuclear antigen (PCNA) staining
Immunofluorescent labeling of PCNA as a marker of proliferation (arrow heads) in frozen
sections prepared from non-infected (N) and infected (Days 6-34) mice. PCNA labeling
correlated with changes in crypt hyperplasia during the time course of TMCH. Bar = 75 pm
(n=5).
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Figure 3. Relative levels of phosphorylated and total g-catenin at early stages of colonic crypt

hyperplasia in relation to cellular CKle levels

A.Western blots showing relative levels of phosphorylated and total B-catenin in non-infected
(N) and days 1-12 colonic crypt samples. B-Actin was used as loading control (n=5). B. Cellular
levels of CKle in non-infected (N) and Days 1-12 colonic crypt samples. +C is calyculinA-
treated HEK293 cells used as positive control. C. Sub-cellular distribution of

phosphorylated/total -catenin in relation

to relative levels of CKle. Crypts isolated from

uninfected (N ) and Days 6-34 days post-infected distal colons were fractionated into
TritonX-100-soluble (C) and TritonX-100-insoluble (cytoskeletal, D) components and probed
with antibodies to p-cat?® or p-cat33:37/41 and total p-catenin (B-cat). p-Actin was used as
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loading control. E. CKle expression and co-immunoprecipitation (co-ip) with p-catenin
during TMCH. Ei. Cellular crypt extracts prepared from normal uninfected (N) and Days 6—
34 post-infected distal colons were probed with anti-CKle. B-Actin was used as loading control
(n=5). Eii. Co-ip with anti-CKle in N and Days 6-27 colonic crypt extracts followed by blotting
with anti-B-catenin and CKle, respectively. F. Akt and PKA-catalyzed phosphorylation of
p-catenin at Ser>32, Western blotting of crypt cellular extracts (N and Days 6-34) with an
antibody recognizing Ser-552 in B-catenin. g-Actin was used as loading control (n=5).
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Figure 4. Nuclear accumulation of phosphorylated and acetylated p-catenin in relation to cellular
cyclin-D1

A. Crypt nuclear extracts prepared from normal and Days 6—34 post-infected distal colons were
probed with antibodies for B-cat#®, p-cat>®2, total (B-Cat) and acetylated p-catenin (Ac-p-
Catlys49), respectively. B. Changes in cyclin-D1 levels parallel proliferation kinetics
during TMCH. Cellular crypt extracts prepared from uninfected (N) and Days 6—34 post-
infected distal colons were analyzed by blotting with antibody against cyclin-D1. B-Actin was
used as loading control (n=5).
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Figure 5. Immunohistochemistry of phosphorylated g-catenin in frozen sections

Frozen sections prepared from uninfected (N) and Days 6—34 post-infected mouse distal colons
were stained with antibody for p-catenin phosphorylated at Thr41/Ser® and analyzed with light
microscopy (Magnification = 40X; n=3).
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Figure 6. Immunohistochemistry of Tcf-4 in frozen sections and co-immunoprecipitation with -
cat

A. Frozen sections prepared from uninfected (N) and Days 6—-34 post-infected mouse distal
colons were stained with anti-Tcf-4 and analyzed by light microscopy. In normally
proliferating crypts, Tcf-4 staining was restricted to mature colonocytes at the crypt surface
(arrows; expanded in inset). At Days 6-27, almost the entire longitudinal crypt axis exhibited
positive immunoreactivity (arrows; expanded in inset). At Day 34, Tcf-4 staining returned to
crypt surface paralleling staining pattern recorded in uninfected crypts (magnification = 20X;
n=3). B. Co- immunoprecipitation was performed in N and Days 6-34 crypt nuclear extracts
with anti--cat4> and immune complexes were probed for Tcf-4 (Bi) and p-cat*® (Bii).
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Figure 7.

A. Increases in cellular levels of APC during TMCH. Western blots showing relative levels
of APC in non-infected (N) and Days 6—34 post-infected mouse distal colonic crypt samples.
Triton X-100-solubilized total crypt extracts were analyzed by blotting with anti-APC N-
terminal antibody.2° Protein loading was normalized to f-Actin (n=6). B. Phosphorylation
status of GSK-3a/p during TMCH. Western blots showing relative levels of phosphorylated
and total GSK-3a/p in non-infected (N) and Days 6—34 post-infected mouse distal colonic crypt
samples. Triton X-100-solubilized total crypt extracts were analyzed by blotting with
antibodies detecting either Ser-9-phosphorylated (GSK-3p-Ser®) or Tyr-279/216-
phosphorylated GSK-3a/p and total GSK-3p. +C, mouse brain extract used as positive control.
C. Measurement of GSK-3p activity during TMCH. Crypt cellular extracts from N and
Days6-34 post-infected colons were immunoprecipitated with anti-GSK-3p and activity was
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measured in the immune-complexes with phospho-GSK-3p substrate. *P<0.05 over control;
n=2.
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Figure 8. Proposed mechanism of CR-induced hyperplasia

Both canonical (through Wnt?) and non-canonical pathways may be involved in modulating
j-catenin’s stability and nuclear interaction with CBP and Tcf-4 thereby affecting CR-induced
hyperplasia.
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Table 1

Crypt lengths and nuclear positivity for PCNA/crypt

Days of Infection

Crypt length (um)

# Cells +ve/crypt

Uninfected (N) 163+22.0 3.0
Day 6 310+31.0% 15.0
Day 12 143+66.0" 35.0
Day 20 300+26.0" 230
Day 27 290+23.0" 17.0
Day 34 298420.0" 40
*
P<0.05; n=5.
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