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phosphorylation
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1 The transcription factors of the NF-xB/Rel family form dimeric complexes that control expression
of various genes involved in inflammation and proliferation.

2 During transmissible murine colonic hyperplasia (TMCH) induced by Citrobacter rodentium,
nuclear translocation of NF-xB in isolated colonic crypts increased 3 day’s post-infection and
continued over 12 days paralleling peak hyperplasia. Antibody supershifts for both p65/p50 hetero-
and p50/pS0 homodimers occurred. Expression levels of both p50 and p65 subunits increased in
cytosolic/nuclear extracts and correlated with NF-xB activation kinetics. IxBa levels decreased during
this time.

3 Phosphorylation of IKK« (at Ser'’*'8) and -f (at Ser'’”/!8!) increased significantly during TMCH
suggesting activation in vivo.

4 p65-Ser**® (p65°%°) exhibited increased phosphorylation on immunoblotting and immunohisto-
chemistry (THC) both at day 6 and 12 TMCH. p65>¢ translocated to nucleus and interacted with
transcriptional coactivator CREB binding protein (CBP).

5 Proteasomal inhibitor bortezomib (Velcade®™) caused accumulation of Ser*?*®-phosphorylated
IxBo and significant inhibition of NF-xB activity in vivo. Velcade® also blocked nuclear translocation
of activated p65: both immunoblotting and THC failed to detect p65™*® nuclear immunoreactivity.
Velcade®, however, did not abrogate TMCH.

6 p65 interacted strongly with ribosomal S6 kinase 1 (RSK-1) during coimmunoprecipitation but
not with IKKu or -f.

7 Thus, NF-xB activation during TMCH involves both IxBo degradation and p65-Ser®*®
phosphorylation. p65/RSK-1 interaction and concomitant increase in p65>*® complexed with CBP
may be important in modulating NF-kB activity in vivo. Activated NF-xB, besides modulating
proliferation, may aid in providing protective immunity against C. rodentium infection in vivo.
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Introduction

Transmissible murine colonic hyperplasia (TMCH) is a disease
of mice characterized by significant epithelial cell proliferation
and variable degrees of inflammation and necrosis, depending
upon the genetic background (Barthold et al., 1976; Barthold
et al., 1978; Brenner et al., 1993; Schauer et al., 1995). The
causative agent Citrobacter rodentium (C. rodentium), is a
natural non-invasive bacterial pathogen which infects the
distal colon of mice. It uses the same molecular mechanisms of
type III secretion as human enteropathogenic (EPEC) and
enterohemorrhagic Escherichia coli (EHEC) to colonize the
epithelial cells of the gut (Kenny et al., 1996; Goosney et al.,
2000; Donnenberg & Whittam, 2001). In Swiss outbred adult
mice, the response is almost purely proliferative with minimal
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inflammation suggesting that such an axis if present resolves
quickly (Barthold et al., 1976; Barthold et al., 1978; Brenner
et al., 1993; Schauver et al., 1995). C. rodentium infection in
young mice produces pathology and elicits a mucosal Ty-1
immune response very similar to mouse models of inflamma-
tory bowel diseases (Higgins et al., 1999). These proinflamma-
tory responses are regulated by activation of a key
inflammatory marker, NF-kB. However, unlike studies where
EPEC and EHEC infections trigger activation of NF-xkB and
subsequent modulation of the proinflammatory gene expres-
sion, it is not known whether C. rodentium infection induces
NF-kB activation in vivo.

Many of the chemokines, cytokines and innate defense
molecules produced by intestinal epithelial cells in response to
bacterial infection are target genes of NF-xB (Hobbie et al.,
1997; Savkovic et al., 1997; Elewaut et al., 1999; O’neil et al.,
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1999; Philpott et al., 2000). NF-«kB appears to be a central
regulator of the epithelial cell innate immune response to
infection by a spectrum of bacteria that use different strategies
to adhere to and invade intestinal epithelial cells (Elewaut
et al., 1999). NF-kB is a dimeric transcription factor composed
of homodimers and heterodimers of Rel proteins, of which
there are five family members in mammalian cells (i.e., RelA
(p65), c-Rel, RelB, NF-xBl (p50), and NF-xB2 (p52))
(Baeuerle, 1991; Baeuerle & Henkel, 1994). NF-xB dimers
are held in the cytoplasm in an inactive state by inhibitory
proteins, the IxBs. IxkB proteins include IxBa, IxBf, IxBe,
pl05 and pl100. NF-xB activation entails the signal-induced
phosphorylation and degradation of IxB molecules, which in
turn releases NF-«B to translocate into the nucleus and bind to
response elements of target promoters (Beg et al., 1993; Henkel
et al., 1993; Scherer et al., 1995; DiDonato et al., 1997; Lee
et al., 1997, Mercurio et al., 1997; Zandi et al., 1997). The
various NF-xB subunits and IxBs enable the cell to modulate
NF-«B responses in a highly controlled manner.

NF-kB can be activated via distinct pathways. The
commonest, called the classical pathway, triggered in response
to microbial or proinflammatory cytokine insult, leads to
recruitment and activation of the IxB-kinase (IKK) complex
which includes the scaffold protein NF-«B essential modulator
(NEMO; also named IKK7y), IKK« and IKKf kinases (Zandi
et al., 1997). Once activated, IKK complex phosphorylates
NF-kB-bound IxBs and targets them for ubiquitination-
dependent degradation. IkB phosphorylation depends mainly
on the IKKp catalytic subunit of the IKK complex (Li et al.,
1999a, b).

IxBa degradation is incomplete and delayed in intestinal
epithelial cells, resulting in buffered responses to luminal
stimuli. The stimulatory environment partially determines
whether the effect of NF-xB is protective or deleterious for
the host. kB-dependent proinflammatory gene expression,
particularly chemokines, major histocompatibility complex
class II antigens and adhesion molecules may be extremely
important in early protective responses to mucosal pathogens
but, when deregulated, could lead to the development of
chronic inflammation, as seen in inflammatory bowel diseases.

Regulation of NF-xB activation is not only dependent on
phosphorylation of IxBs but is also dependent on the inducible
phosphorylation and transactivation activity of p65 subunit.
p65 phosphorylation events occur in the cytoplasm or in the
nucleus and are stimuli-specific and, probably, cell-type
specific. Atleast three serine residues in p65, namely Ser?’®,
Ser®® and Ser**® have been shown to undergo phosphorylation
by kinases such as protein kinase A (PKA) (Zhong et al.,
1997), casein kinase II (Kato et al., 2003), IKKf (Ghosh &
Karin, 2002) and RSK-1 (Bohuslav et al., 2004); these phos-
phorylations enhance p65’s transactivation potential. These
findings illustrate a crucial role for p65 phosphorylation in
NF-«xB activation. However, these p65 phosphorylation data
were obtained using different cell lines and it is unclear
whether all these p65 phosphorylations occur simultaneously
in vivo across different cell types. Moreover, it remains to be
experimentally demonstrated whether or not p65 phosphory-
lation on all these sites is required for optimal NF-xB activity.

Utilizing the TMCH model, we demonstrate for the first
time that NF-xB activation in hyperproliferating colonic
epithelium involves both phosphorylation and degradation of
IxBa and phosphorylation of p65 subunit which may facilitate

NF-«B’s nuclear function. We also demonstrate that p65/
RSK-1 and not necessarily p65/IKK interaction may poten-
tially regulate p65 phosphorylation and subsequent NF-xB
activation during C. rodentium infection.

Methods
Transmissible murine colonic hyperplasia

TMCH was induced in Helicobacter-free Swiss-Webster mice
(1520 g; Harlan) by oral inoculation with a 16-h culture of
C. rodentium, as previously described (Umar et al., 2000a, b, c;
2003). Age- and sex-matched control mice received sterile
culture medium only. At appropriate day after exposure to
C. rodentium, animals were Kkilled, colons were harvested,
morphological changes in the colon were determined following
staining with hematoxylin and eosin (H&E) as described
previously (Umar et al., 2000a, b, ¢; 2003).

Treatment of animals with bortezomib (Velcade® )

Velcade®™ was purchased from Millennium Pharmaceuticals
Inc. (Cambridge, MA, U.S.A.). Both normal and infected mice
received Velcade® intraperitoneally (i.p.; at 1mgKg~! body
weight). The treatment groups were: C. rodentium infected mice
receiving vehicle alone (0.9% sodium chloride); Velcade®
injection twice a week for 2 weeks prior to and during
C. rodentium infection; Normal mice receiving Velcade®
injection. Animals in each group tolerated the drug well and
weight gain was similar in each group (data not shown).
Animals in all the groups were killed 4 h after the last injection,
their colons utilized to isolate crypts while a portion of the
distal colon from each group was processed for biochemical
and immunohistochemical studies as described elsewhere. We
have observed significant increases in accumulation of poly-
ubiquitinated proteins in response to Velcade® in vivo which
was due to inhibition of its chymotryptic activity (manuscript
under preparation).

Isolation of crypts

Distal colons were attached to a paddle and immersed in
Ca’*-free standard Krebs-buffered saline (in mmoll™": 107
NaCl, 4.5 KCl, 0.2 NaH,PO,, 1.8 Na,HPO,, 10 glucose, and
10 EDTA) at 37°C for 10-20 min, gassed with 5% CO,/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 mmoll~": 100
potassium gluconate, 20 NaCl, 1.25 CaCl,, 1 MgCl,, 10
HEPES, 10 glucose, and 5 sodium pyruvate) and 0.1% BSA.
Crypts were then concentrated by centrifugation and processed
for biochemical analyses.

Subcellular fractionation and protein estimation

Crude cellular homogenates were prepared from crypts
isolated from distal colons of normal, C. rodentium-infected
mice and mice that received Velcade®™ by homogenization in
buffer (50 mM Tris-HCI, 250 mM sucrose, 2mM EDTA, 1 mM
EGTA (pH 7.5), 10mM 2-mercaptoethanol, 0.5% Triton
X-100, plus protease and phosphatase inhibitors). After a
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low-speed spin (15000 x g for 15min), the clear supernatant
was saved as total solubilized protein cell extract. Nuclear
extracts were prepared from freshly isolated crypts essentially
as described by us and elsewhere (Brenner et al., 1993; Bohuslav
et al., 2004). Protein concentrations were determined, and
extracts were frozen in liquid nitrogen and stored at —70°C.

Electrophoretic mobility shift assay

Crypt nuclear extracts were prepared from normal or
Citrobacter-infected mouse distal colon essentially as described
(Umar et al., 2000a, b, c; Sellin et al., 2001). 10 ug of nuclear
extract in 10 ul buffer was mixed with 2 ug of poly(dI-dC) and
1 ug BSA to a final volume of 19 ul. After 15- min incubation
on ice, 1 ul of [y-3*P] ATP end-labeled double-stranded NF-xB
consensus oligonucleotide (TGAGGGGACTTTCCCAGGC)
was added to each reaction and incubated at room tempera-
ture for an additional 15min. The reaction products were
separated on a 4% native-polyacrylamide-0.5% x  Tris-
borate-EDTA gel and analyzed by autoradiography. Super-
shift antibodies (1 ul) were included in the binding reaction as
indicated (all supershift antibodies were obtained from Santa
Cruz Biotechnology, Santa Cruz, CA, U.S.A.).

Immunoprecipitation and Western blotting

For immunoprecipitation (IP) studies, crypt cytosolic or
nuclear extracts were normalized for protein concentration
and precleared for 1h at 4°C with 30 ul of protein A-coated
Sepharose beads. IP was carried out at 4°C by incubating the
fractions for 2 h with appropriate antibodies and then for 2h
with 50 ul of protein A/G-Sepharose beads. Control experi-
ments were performed by carrying out the IP in the presence
of the immunizing peptides, or with control IgG antisera. The
immunoprecipitated proteins were recovered by boiling the
sepharose beads in 2 x SDS sample buffer.

Total crypt cellular extracts, subcellular fractions (30-100 ug
protein/lane) or immunoprecipitated proteins were subjected
to SDS-PAGE and electrotransferred to nitrocellulose mem-
brane. The efficiency of electrotransfer was checked by back
staining gels with Coomassie blue and/or by reversible staining
of the electrotransferred protein directly on the nitrocellulose
membrane with Ponceau S solution. No variability in transfer
was noted. Destained membranes were blocked with 5%
nonfat dried milk in TBS (20 mM Tris-HCI and 137 mM NaCl
(pH 7.5)) for 1h at room temperature (21°C) and then
overnight at 4°C. Immunoantigenicity was detected by
incubating the membranes for 1-2h or overnight with the
appropriate primary antibodies (0.5-1.0 ugml™' in Tris-buf-
fered saline (TBS) containing 0.1% Tween 20 (TBS/Tween);
Sigma, St Louis, MO, U.S.A.). These antibodies were:
polyclonal anti p65, p65-Ser>*, IxBe, IxBa-Ser’>*, IKKa/p,
IKKo/p-Ser'’®1%0 (Cell Signaling Technology, Beverly, MA,
U.S.A.); polyclonal anti p50, laminB (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, U.S.A.); mono and polyclonal anti
caspase 3 (active), and PCNA (BD Biosciences Pharmingen,
San Jose, CA, U.S.A.); monoclonal anti f-actin, RSK-1
(Chemicon International, Temecula, CA, U.S.A.). After
washing, membranes were incubated with horseradish perox-
idase-conjugated anti-mouse or anti-rabbit secondary anti-
bodies, and developed using the ECL detection system

(Amersham Corp., Arlington Heights, IL, U.S.A.) according
to the manufacturer’s instructions.

Immunohistochemistry

Immunohistochemistry (IHC) for phospho IxBo or p65 was
performed on 5-um-thick frozen sections from distal colons of
normal, TMCH and TMCH mice receiving Velcade®, utilizing
the HRP labeled polymer conjugated to secondary antibody
using Envision+ System-HRP (DAB; DakoCytomation,
Carpinteria, CA, U.S.A.) with microwave accentuation.
Briefly, the sections were heated for 30 min at 65°C, dewaxed
in xylene and rehydrated through graded ethanols. Antigen
retrieval was performed by heating sections in a microwave in
10 mM sodium citrate buffer (pH 6.0) for 1 min at full power
followed by 9 min at medium power. Slides were cooled for
20 min and sections were washed with dH,O three times for
Smin each. To quench the endogenous peroxidase activity,
sections were incubated with peroxidase block for 5 min. After
washing, sections were incubated O/N at 4°C with either
primary or control antibodies respectively, in a humidified
chamber. Incubation with secondary antibody and color
development was carried out as per the instructions provided
in the kit. Nuclei were stained with hematoxylin. The
visualization was carried out using a light microscope.

Results
NF-xB activity increases during TMCH

Infection with C. rodentium induced a predictable and
reproducible hyperproliferation/hyperplasia in adult Swiss-
Webster outbred mouse distal colon at 12 days postinfection
with significant increases in crypt length (Figure 1a) with no
obvious increase in epithelial or submucosal inflammatory cell
numbers as is shown previously (Umar et al., 2000a,b,c;
2003). We measured NF-xB activity in the nuclear extracts

cold competitors
b P65 _pS0 NFxB AP1
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NF-xB-DNA
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Figure 1 NF-kB activity increases during TMCH: (a) Colonic
crypts isolated from normal (N) and day 12 (D;,) mucosa exhibited
significance increase in crypt length during TMCH (bar = 50 um;
x 400 magnification; n=06). (b) NF-xB activity in nuclear extracts
prepared from normal (N) or TMCH crypts (D;,) were measured by
electrophoretic mobility shift assay (EMSA). NF-«xB activity
increases dramatically during TMCH (lane 3). Super shift studies
were performed by p65 (lane 4) and p50 (lane 5) antibodies,
respectively. A DNA competition reaction to show that the NF-xB
DNA-binding activity is specific: nuclear extracts prepared from day
12 crypts were incubated with a 50-fold excess of cold competitor
DNA containing an NF-«kB and AP-1 binding sites (lanes 6 and 7,
respectively). Competition for the radioactive NF-«B oligonucleo-
tide binding is observed only with the cold NF-«B oligonucleotide.
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prepared from normal or day 12 TMCH crypts by EMSA.
NF-kB activity increased dramatically after 12 days of
infection (Figure 1b) and exhibited supershifts with antibodies
for both p65 and p50 subunits, respectively. Antibodies for
p52, c-Rel, and Rel-B, however, failed to shift NF-xB signal
(data not shown). Specificity was further established by
incubating nuclear extracts with a 50-fold excess of cold
competitor DNA containing an NF-xB and AP-1-binding
sites. These studies suggest that NF-xB activation during
TMCH may be mediated predominantly by p50/p65 hetero-
dimers.

To determine the kinetics of NF-xB activation, we measured
(1) NF-xB activity, (ii)) p50/p65 and (iii)) IxkBa protein
abundance at different time points during the first 2 weeks
after C. rodentium infection. NF-xB activity started to increase
as early as 3 days after infection and continued to rise over
12-day-period (Figure 2a), paralleling peak hyperplasia. Both
p50 and p65 antibodies exhibited corresponding supershifts
while cold competition with molar excess of unlabeled probe
established the specificity of EMSA studies. When cellular/
nuclear levels of pS0 and p65 were measured, both p50 and
p65 subunits exhibited significant increase in abundance and
nuclear translocation during TMCH (Figure 2b), thereby
correlating with NF-«xB activation kinetics while levels of IxBa
decreased significantly during this time (Figure 2c) suggesting
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Figure 2 NF-xB/IxBa kinetics. (a) A time course was performed
for NF-xB, demonstrating an increased activity as early as day 3 and
continued to rise over 12-day-period. Both p65 and p50 antibodies
exhibited supershifting of protein-DNA complexes, while cold
competition established the specificity of EMSA studies. (b) Cellular
and nuclear levels of both p50 and p65 NF-«xB subunits increased
and paralleled NF-xB activation kinetics. Actin and laminB are
loading controls for cytosolic and nuclear extracts, respectively.
(c) IkBo degradation preceded NF-kB activation during TMCH.
+ C is HeLa cell extracts used as positive control.

existence of a classical pathway of NF-«xB activation during
TMCH.

In cell lines, stimulation with IL-1 or TNF-« activates a
signaling cascade that culminates in the phosphorylation of
IxBs. Both IKKa and IKKf can directly phosphorylate IxBo.
However, these kinases themselves undergo phosphorylation
in response to the stimulus and are activated in the process. We
therefore assessed phosphorylation status of both IKKs during
TMCH. As shown in Figure 3, both IKK« and -f exhibited
significant increases in phosphorylation while the levels of
unphosphorylated IKKs did not change during TMCH. These
studies suggest presence of activated IKKs in hyperproliferat-
ing crypts which may be involved in regulating IxBa functions
in vivo.

Phosphorylation of two serine residues at the NH,-terminus
of IxBa (Ser***) by IKKo/f leads to polyubiquitination and
subsequent degradation by the 26S proteasome. While we did
not directly measure IKK activity in vivo, we set out to
determine the phosphorylation status of IxkBa during TMCH
in order to see whether phosphorylation of IxBo preceded its
degradation as reported earlier (see Figure 2c). We chose two
time points, day 6 when the hyperplasia first surfaces and day
12, the time of peak hyperplasia, as focal point for initial
investigation. Given that IxB phosphorylation particularly
that of IxBe, is a transient event and may not be detectable
without blocking its proteasomal degradation, the protea-
somal activity was inhibited in vivo with Velcade®. Frozen
tissue sections were then analyzed through IHC to detect
presence/absence of phosphorylated IxBa during TMCH.
Indeed, proteasomal blockade in vivo caused significant
accumulation of Ser3>3¢-phosphorylated IxBx on THC both
at day 6 and day 12 TMCH (Figure 4a).

As IkBua is phosphorylated by both IKK catalytic subunits,
accumulation of phosphorylated IxkBo during proteasomal
blockade suggested that Velcade®™ treatment in vivo may not
interfere with IKK function during TMCH. Indeed, Velcade®
treatment in vivo neither affected phosphorylation intensity of
either IKKs nor changed the protein levels of unphosphory-
lated IKKs during TMCH (Figure 4b) paralleling earlier
studies (see Figure 3). As blocking degradation of IxBa causes
inhibition of NF-kB activation, we next determined the effect
of Velcade® on NF-kB activity in vivo. Proteasomal blockade
in vivo led to significant inhibition of NF-xB activity while
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Figure 3 Both IKKa« and -f undergo increased phosphorylation
in vivo. Western blot analysis of total crypt extracts prepared from
normal (N), day 6 and day 12 TMCH, revealed significant increases
in phosphorylation of both IKKa and -f, compared to control
(upper panel) while the levels of unphosphorylated IKKs did not
change during TMCH (lower panels). + C is extracts from HeLa
cells treated for 5min with TNF-o and calyculin A and used as
positive control.
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Figure 4 Ser’>*%-phosphorylated IxBa accumulates after in vivo

proteasomal blockade. (a) IHC on frozen sections prepared from
normal (N), day 6 (Ds), day 6 + Velcade® (Dg + Vel), day 12 (D)
and day 12+ Velcade® (D, + Vel) TMCH mice Velcade®-treated
and untreated distal colons revealed significant accumulation of
phosphorylated IkBo both at day 6 and day 12 TMCH, respectively.
(bar = 150 um; n = 3). (b) Velcade™® neither affected phosphorylation
status of IKKs nor changed the protein levels of unphosphorylated
IKKs during TMCH. Supplemental material: Concurrently pro-
cessed crypts in which the primary antibody was replaced with
purified mouse IgG, failed to exhibit staining.

vehicle alone had no effect (Figure 5a). Intriguingly, NF-xB
inhibition in vivo neither blocked increases in proliferating cell
nuclear antigen (PCNA) abundance (Figure 5bi) nor exhibited
increases in appearance of activated caspase 3 even in
overexposed gels (Figure 5bii). Total caspase 3 cellular levels
therefore did not change in normal, infected or infected +
treated samples (Figure 5bii). Inhibition of NF-xB did not
abrogate hyperplasia as characteristic findings of TMCH
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Figure 5 Velcade® blocks NF-xB activity but neither abrogates
hyperplasia nor induces apoptosis. (a) EMSA studies were
performed in Velcade®-treated normal and day 12 crypt nuclear
extracts. Velcade® significantly blocked NF-xB activity at day 12
TMCH while normal animals treated with the same dosage had no
effect. Specificity of the gel shift was established both via supershift
with anti-p65 antibody and by molar excess of cold probe. (bi)
Measurement of PCNA abundance in cellular extracts of distal
colonic crypts isolated from normal (N) and 6 (Dg), day
6+ Velcade® (Dg+), day 12 (Dy,) and day 12+ Velcade®
(Dy2+ )-treated distal colons. PCNA abundance was not affected
by Velcade®. (bii) Caspase 3 measurement in infected and either
treated or untreated samples did not exhibit appearance of activated
enzyme even in overexposed gel (upper panel) while total caspase 3,
measured with a different antibody, remained unchanged (lower
panel). (¢) H&E staining of tissue sections prepared from normal
(N), day 6 (Dg), day 6+ Velcade®™ (Dg+), day 12 (D;,) and day
12+ Velcade® (D, + )-treated distal colons. Velcade® did not
abolish proliferatory activity of the colonic epithelium as no changes
in crypt lengths were noted (bar =100 um; n=13).

(Umar et al., 2000a) were invariably present in the distal
colons of treated animals (Figure 5¢) indicating that Velcade®™
does not interfere with C. rodentium’s ability to cause
hyperplasia. Thus, NF-xB may have additional role(s) besides
modulating proliferation in vivo during C. rodentium infection.

p65 phosphorylation and interaction with CBP/p300:
role of ribosomal S6 kinase-1 (RSK-1)

The transcriptional activity of NF-xB can be additionally
controlled by various post-translational modifications, includ-
ing phosphorylation of the p65 subunit at Ser™® (p65¥°).
Utilizing an antibody specific for p65>*, we evaluated the
phosphorylation status of p65 in both cellular and nuclear
extracts during TMCH. A dramatic increase in p65>¢ was
observed both at day 6 and day 12 TMCH (Figure 6ai) in crypt

British Journal of Pharmacology vol 148 (6)
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Figure 6 p65 undergoes significant increases in phosphorylation. Total crypt cellular (ai) and nuclear (aii) extracts from normal
(N), day 6 (D) and day 12 TMCH (D) distal colon were probed with antibodies for: phospho-Ser™¢ for p65 (p65>°), actin and
laminB for protein loading. A dramatic increase in cellular p65°*® both at days 6 and 12, was observed (ai). + C is TNFa-treated
HeLa cell extracts used as positive control. p65>¢ also translocated to the nucleus (aii) and interacted with transcriptional
coactivator CBP during colP with «p65>¢ in the nuclear extracts followed by Western blotting with «CBP (b). Lower panel
represents blotting with op65>° to confirm presence of p65¥° in the immunoprecipitates. (c) IHC shows significant nuclear
accumulation of p65***during TMCH. Frozen sections prepared from normal (N), day 6 (Ds) and day 12 (D) mouse distal colon,
were stained with anti phospho p65°* and analyzed with light microscopy. While normal tissue exhibited barely detectable staining
in the crypts, day 12 tissues exhibited dramatic increase in nuclear p65>*® staining encompassing the entire proliferation zone along
the longitudinal crypt axis (ci, bar =75 um, N; 100 um, Dg and D,,, n=3). cii is the 40X version of ci showing detailed nuclear

staining at day 12 (arrows).

cellular extracts. p65>¢ also translocated to the nucleus at

these time points (Figure 6aii).

We next investigated phosphorylated p65’s interaction with
transcriptional coactivator CBP. p65°* not only translocated
to the nucleus but also interacted with nuclear CBP (Figure 6b)
suggesting presence of transcriptionally competent NF-«B in
the nuclei of hyperproliferating colonic epithelium.

THC in the frozen sections with p65 antibody specific for
Ser* revealed dramatic increases in both cytoplasmic and
nuclear staining compared to control. In normally proliferat-
ing crypts, cells at the base exhibited weak cytosolic labeling
without any nuclear staining (Figure 6ci, Ni). At day 12
TMCH, intense cytoplasmic immunoreactivity extending
throughout the longitudinal cellular axis of the crypt along-
with punctate nuclear staining could be seen (Figure 6ci, D,i).
Interestingly, the lamina propria was devoid of any immuno-
reactivity for p65°*°. Concurrently processed crypts in which
the primary antibody was replaced with purified mouse IgG,
failed to exhibit staining (Figure 6c¢i, Nii, D»ii). Figure 6cii is
a higher magnification view of 6c¢i which shows clear nuclear
staining in day 12 section (arrows) whereas normal tissue failed
to exhibit any nuclear staining.

To delineate a mechanistic basis of NF-xB inhibition
following Velcade® treatment, we next looked at presence/
absence of activated p65 (p65°*°) in the nuclei of sections
prepared from the distal colons of normal, day 12 and day
12 + Velcade®-treated animals. As shown in Figure 7a, sec-
tions from normal distal colon when stained with p65>¢

D+ Dy, Dyt

Figure 7 Velcade® mechanistically blocks p65>¢ nuclear transloca-

tion. (a). IHC on frozen sections prepared from normal (N), day 12
(Dy») and day 12+ Velcade® (D, + PS)-treated distal colons. While
significant nuclear staining was observed at day 12, Velcade®-
treated tissues exhibited significantly reduced nuclear immunoreac-
tivity at this time point. (b) Phosphorylation status of p65 was not
affected by Velcade®™ (bar = 100 um; n=13). Supplemental material:
Concurrently processed crypts in which the primary antibody was
replaced with purified rabbit IgG, failed to exhibit staining.

antibody, exhibited negligible staining. At day 12 TMCH,
however, significant p65>*® nuclear immunoreactivity was
recorded (Figure 7) thereby paralleling earlier observation
(see Figure 6¢). Interestingly, the staining was not limited to
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Figure 8 Different regions of the same section exhibit similar
staining. (a) IHC on frozen sections prepared from day 12 (D,,) and
day 12 + Velcade® (D), + PS)-treated distal colons. Positive nuclear
staining for p65°*° was evident in different regions (1-4) of the same
sections at day 12 TMCH. Velcade®™ almost completely blocked
p65¥¢ nuclear immunoreactivity. [bar =150 um; n=23]. (b) Crypt
nuclear extracts prepared from normal (N), day 12 (D;,) and
dayl2 + Velcade®™ (D, + )-treated distal colon were probed with
antibodies for: p65>¢, p65 and laminB. While day 12 crypt nuclear
extracts exhibited significant increases in both p65°*¢ and unphos-
phorylated p65, Velcade® significantly blocked nuclear transloca-
tion of both species of p65 paralleling IHC studies.

the base of the crypt. Instead, positive nuclear immunoreac-
tivity was observed throughout the longitudinal crypt axis
which correlated with expanded proliferative zone in TMCH.
Proteasomal blockade in vivo led to redistribution of p65>¢
immunoreactivity from the nucleus into the subapical regions
of the crypt without significantly reducing its cellular
phosphorylation levels (Figure 7b). These results were not
only consistent in different regions of the same sections
(Figure 8) but also in sections prepared from different animals
(data not shown). To determine if Velcade® treatment also
affected nuclear translocation of unphosphorylated p65, we
performed ITHC with antibody recognizing regular p65.
Velcade® treatment in vivo also reduced movement of unphos-

a (i) IB: aRSK-1 b  IP:ap6s
(ii) IP: ap65 (i) IB: alKKor
IB: aRSK-1 (ii) 1B: al KKB

(M h.- ARSK-1 —
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[ IKKa
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——— |4 Actin

N Dg Dy,

Figure 9 p65 interacts with RSK-1 but not with IKKs. (a) RSK-1
expression analyzed in total crypt extracts prepared from normal
(N), day 6 and day 12 TMCH, did not change (i). RSK-I’s
interaction with p65, however, increased significantly in vivo (ii). (b)
Co-immunoprecipitation with anti-p65 and blotting with either anti-
IKKo (i) or -f (i) did not reveal any interaction of IKKs with p65.
(c) p65/RSK-1 interaction correlated with concomitant increase in
cellular p65°%*¢ during TMCH. *Represents 1gG heavy chain while
C + is positive control for RSK-1.

phorylated p65 into the nucleus (data not shown).To confirm
these findings biochemically, crypt nuclear extracts prepared
form normal and day 12 animals either untreated or treated
with Velcade®™ were analyzed for the presence and/or absence
of both species of p65. As shown in Figure 8b, Velcade®
treatment led to significant block in nuclear translocation of
both species of p65 while untreated samples clearly exhibited
nuclear translocation of both phosphorylated and unphos-
phorylated p65, similar to those observed in Figures 2 and 6,
respectively. These studies suggest that phosphorylation of
p65 may be a cytoplasmic event which may be critical for
subsequent nuclear functions of activated NF-xB in vivo. This
to our knowledge is the first report where effect of an NF-xB
inhibitor on nuclear translocation of phosphorylated p65 has
been investigated in a native epithelium.

Ser** of p65 can be phosphorylated by the IKKs (Sakurai
et al., 1999; Jiang et al., 2003a, b; O’Mahony et al., 2004), but
there is also evidence for phosphorylation by serine/threonine
kinase ribosomal S6 kinase 1 (RSK-1) (Bohuslav et al., 2004).
Indeed, alongwith IKKs (see Figure 3), we also detected
expression of RSK-1 in cellular extracts of isolated crypts
(Figure 9a). Coimmunoprecipitation with anti-p65 and im-
munoblotting with IKKa/f and RSK-1 revealed significant
increases in association of RSK-1 with cytoplasmic p65 both at
day 6 and day 12 TMCH, compared to control (Figure 9a)
while p65 did not associate with either IKKa« or -f at these
time points (Figure 9b). The kinetics of RSK-1/p65 interaction
correlated with increases in p65 phosphorylation as shown in
Figure 9¢ and elsewhere (see Figure 6). Thus, while it remains
to be established whether p65 is a direct target of RSK-1 action
in vivo, our results suggest that RSK-1 and not necessarily
IKKs may be potentially involved in modulating p65
phosphorylation during TMCH.
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Discussion

Bacterial attachment enhances the induction of cellular
cytokine responses by an unknown mechanism. As many of
the genes that are activated in intestinal epithelial cells after
bacterial infection are target genes of NF-kB, we investigated
the effect of C. rodentium infection on NF-xB activation
in vivo. During C. rodentium-induced hyperproliferation/
hyperplasia: (a) nuclear translocation of NF-xB in the isolated
colonic crypts increased as early as day 3 postinfection and
continued to rise for the next nine days paralleling peak
hyperplasia, (b) correlating with NF-xB activation, both p65
and p50 subunits exhibited increased abundance in cellular and
nuclear extracts while that of IxBa decreased significantly
during this time, (c) Phosphorylation of both IKK« (at Ser'”®
180) and - (at Ser'”/'®1) increased significantly during TMCH,
(d) Ser™ of p65 (p65°*°) underwent increased phosphorylation
both at day 6 and 12 TMCH as was revealed by Western
blotting and THC, (e) p65°*¢ also translocated to the nucleus
and interacted with CBP, (f) proteasomal blockade in vivo with
Velcade® caused accumulation of Ser*?*®-phosphorylated
IxBa which led to significant inhibition of NF-kB activity
in vivo, (g) Velcade®™ also blocked nuclear translocation of
activated NF-xB as both immunoblotting and IHC failed to
detect any nuclear immunoreactivity for p65>¢, (h) Velcade®,
however, did not abrogate hyperplasia, (i) colP studies
revealed significant increases in p65’s interaction with ribo-
somal S6 kinase 1 (RSK-1) but not with IKKa or - during
TMCH.

NF-xB activation during TMCH

NF-«B activation in response to bacterial infection usually
involves upstream cellular signals that result in inflammation.
Signaling cascades initiated by microbial products culminate in
activation of the IxB kinase complex, which phosphorylates
inhibitory kB proteins, leading to their degradation (DiDonato
et al., 1995; Karin & Ben-Neriah, 2000). This enables NF-xB
to enter the nucleus, bind to its cognate DNA element and
induce target gene transcription. In the present study, we
provide a mechanistic basis of NF-xB activation during
C. rodentium infection in vivo that is both (i) dependent on
phosphorylation and degradation of IxBa and (ii) relies on
post-translational modification of RelA/p65 subunit.

We observed NF-xB activation as early as day 3 postinfec-
tion (see Figure 2a) accompanied by concomitant increases in
both p65 and p50 protein abundance and nuclear translocation
(see Figure 2b). Our supershift studies showed that NF-xB
activation during C. rodentium infection predominantly
involved p50 and p65 heterodimer formation. NF-kB com-
plexes change as colonocytes mature: p65-p50 complexes
predominate in proliferating cells while p50-p50 dimer is
prevalent in mature epithelial cells (Inan et al., 2000). As
TMCH is associated with an eight-fold increase in prolifera-
tory index of the colonic epithelium (Umar et al., 2000a), our
findings correlate with earlier studies and suggest that p65—p50
heterodimerization may be vital in maintaining an activated
NF-xB status during TMCH.

Infection of intestinal epithelial cells with microbes or
stimulation of cells with proinflammatory cytokines such as
IL-1 and TNFa, activates a signaling cascade that leads to
phosphorylation of IKK complex at appropriate residues in

the activation loop: IKKa at Ser 176 and Ser 180, IKK /3 at Ser
177 and Ser 181, respectively. This causes conformational
change that leads to their activation. Activated IKKs catalyze
phosphorylation of IxBs which earmarks them for degradation
(Karin, 1999). We observed significant increases in phosphor-
ylation of both catalytic subunits suggesting presence of
activated IKKs in hyperproliferating colonic epithelia. These
findings are consistent with studies performed in cell lines
where IKKs may play a physiological role in facilitating
NF-«B activation in response to bacterial infection (Savkovic
et al., 1997; Elewaut et al., 1999). We also noted IxBa
degradation during TMCH and kinetics of degradation
correlated with NF-xB activation. Our findings in vivo parallel
earlier investigations where NF-xB activation follows IxBa
degradation during infection with either enteroinvasive or
noninvasive bacteria in cell lines (Savkovic et al., 1997,
Elewaut et al., 1999; Haller et al., 2002). These studies suggest
presence of an activated IKK signaling in hyperproliferating
colonic epithelia. While it will be important to determine IKK
activity in vivo using purified IxBa as a substrate, in the present
study, we focused on detecting presence of phosphorylated
IxBo as a measure of IKK activation during TMCH.

Phosphorylation of IxBo however, is a transient event and
may not be detectable without blocking its proteasomal
degradation. Velcade® is a small dipeptidyl boronic acid
derivative that binds reversibly to the catalytic threonine and
selectively blocks the chymotryptic activity of the 26S
proteasome. As 26S proteasome is predominantly involved
in the degradation of IkBo, we determined whether blocking
proteasomal activity in vivo leads to accumulation of
phosphorylated IxkBa and inhibition of the NF-xB activity.
Indeed, proteasomal blockade in vivo caused significant
accumulation of Ser***-phosphorylated 1xBa as was revealed
by IHC (see Figure 4a). This led to significant inhibition of
NF-xB activity in Velcade® -treated nuclear extracts (see
Figure 5a). These results are consistent with earlier reports in
which accumulation of phosphorylated but not nonphos-
phorylated IxBa was shown to inhibit NF-xB activity in vivo
(Satou et al., 2004).

Phosphorylation of p65 subunit and interaction with
CBP/p300: Role of RSK-1

Once activated, inducible post-translational modifications
including phosphorylation and acetylation of the p65 subunit
allow the regulation of NF-kB transcriptional activity (Zhong
et al., 1997; Anrather et al., 1999; Sizemore et al., 1999; Deng
et al., 2003). Several phosphorylation sites, among them Ser>*,
are required for p65 activation (Wang & Baldwin, 1998;
Madrid et al., 2001; Jiang et al., 2003a, b). Earlier studies have
shown that nonpathogenic Gram-negative Bacteroides vulgatus
induces transient RelA/p65 phosphorylation, NF-xB activa-
tion and proinflammatory gene expression in native and
intestinal epithelial cell lines (Haller ez al., 2002). To test the
possibility that the enormous increases in NF-xB activity
during TMCH may not be solely dependent on IxBo
degradation, we examined the potential role of phosphoryla-
tion of Ser®® of the p65 transactivating domain 1 (TA1) in
modulating NF-xB activity during TMCH.

Phosphorylation of p65 occurs within the cytosolic NF-xB/
IxB complex which facilitates phosphorylated p65’s nuclear
import (Mattioli et al., 2004). During TMCH, we observed
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significant increases in phosphorylation of cellular p65 at
Ser®® both at day 6 and day 12, respectively. We also observed
nuclear translocation of p65>¢ at both time points suggesting
that NF-xB activation during C. rodentium infection besides
involving IxBa degradation, also requires p65 phosphorylation
which may provide additional driving force for nuclear
translocation of activated NF-«B. Indeed, in a recent report
using mouse epidermal cells, Hu et al. (2004) demonstrated
that a MEK inhibitor U0126 blocks MEK-1-induced IKK-f
activation and p65 phosphorylation at Ser®*® preventing p65’s
nuclear import and subsequent interaction with transcriptional
coactivator CBP/p300.

For a real-time assessment of this activation therefore, IHC
studies were performed in frozen tissue sections prepared from
C. rodentium infected mice using antibodies specific for Ser*-
phosphorylated p65. Our results clearly show significant
increases in nuclear immunoreactivity of p65>¢ at peak
hyperplasia (see Figures 6¢ and 8). Thus, phosphorylation of
p65 at Ser™® may be critical in modulating NF-xB activity
during TMCH.

It has been shown previously that phosphorylation of p65 at
either Ser’’® or Ser™* following cellular stimulation facilitates
NF-xB’s nuclear import and recruitment of CBP to the p65
complex for active transcription (Zhong et al., 2002; Hu et al.,
2004). This ensures that only stimulus-induced NF-xB
activates transcription and NF-xB in the nucleus for any
other reason is transcriptionally inactive (Zhong et al.,
2002).To determine whether p65/CBP interaction exist in vivo,
colP studies were performed in the isolated crypt nuclear
extracts of normal and 12 days’-infected animals. Indeed,
p653¢ not only translocated to the nucleus but also interacted
with CBP/p300 during TMCH (see Figure 7). Thus, our
findings correlate with in vitro studies (Zhong et al., 2002;
Hu et al., 2004) and suggest presence of a transcriptionally
competent protein with ability to recruit coactivator proteins.

We next delineated a mechanistic basis of NF-«B inhibition
following Velcade® treatment. Velcade® dramatically reduced
nuclear translocation of p65°*° without significantly altering
phosphorylation status of p65 in the cytoplasm (see Figures 7
and 8). These studies suggest that phosphorylation of both p65
and IxBa in vivo probably occurs within the cytosolic NF-xB/
IxkB complex which facilitates degradation of IxkBa and
subsequent nuclear functions of p65°¢. Phosphorylation of
p65 at Ser**® has been shown in cell lines to lower its affinity
for IxBu leading to p65™®s nuclear import (Bohuslav et al.,
2004). The fact that p65°*° nuclear immunoreactivity decreased
significantly in Velcade®-treated samples suggests that Vel-
cade®, besides blocking IxBa degradation, may additionally
target proteins involved in nuclear import of phosphorylated
p65.This is in contrast to in vitro studies where proteasome
inhibitor MG-132 reduced nuclear translocation of unphos-
phorylated but not phosphorylated p65 (Sasaki ez al., 2005).
While to our knowledge, this is the first report of a possible
mechanism of NF-xB inhibition after a pharmacological
intervention in vivo, its important to understand that changes
in cellular microenvironment may affect differential responses
to a relatively similar approach in vitro and in vivo.

Blocking NF-xB activity in vivo, however, did not abrogate
hyperproliferation/hyperplasia suggesting that Velcade® may
specifically be blocking NF-xB activation rather than inter-
fering with C. rodentium’s ability to cause hyperplasia.
Moreover, NF-«B’s inhibition in vivo did not invoke any

changes in apoptotic pathway in the colonic mucosa of
Velcade® treated animals. These findings suggest that other
epigenetic pathways may compensate for the loss of NF-«B in
response to Velcade® and may provide survival advantage
to hyperproliferating colonic epithelia in vivo. We have shown
recently that f-catenin is integral to hyperproliferation/
hyperplasia observed during TMCH (Sellin et al., 2001; Umar
et al., 2003). Although NF-xB and f-catenin signaling path-
ways are independent, both IxBo and f-catenin are regulated
by phosphorylation at similar consensus NH,-terminal serines
leading to targeted ubiquitination and proteasomal degrada-
tion. The consequences of this regulation are, however, very
different. Indeed, ongoing studies from our lab have shown
that proteasomal blockade in vivo neither interfered with
accumulation of phosphorylated f-catenin nor affected pro-
liferation during TMCH (manuscript in preparation). Given
that TMCH is a naturally occurring, self-limiting disease,
NF-«B hyperactivity during TMCH, besides exhibiting re-
dundancy with f-catenin, may be additionally required to
provide protective immunity to the injured mucosa.

p65 is phosphorylated at Ser®*® by a variety of kinases via
various signaling pathways. In most cases, these phosphoryla-
tions enhance p65’s transactivation potential. Upon stimula-
tion by TNF-a (Sakurai er al., 1999) or the human T-cell
lymphotropic virus type 1 Tax protein (O’Mahony et al.,
2004), activation of the IKK complex leads to phosphorylation
of p65 at Ser™¢. The IKK -mediated phosphorylation of p65
also occurs at Ser®® upon T-cell costimulation by the T-cell
receptor. Most of these p65 phosphorylations occur upon
stimulation by proinflammatory cytokines, but other mole-
cules such as DNA-damaging agents, in addition to their
ability to target IxB-a degradation via an IKK-independent
pathway (Kato et al., 2003), also lead to p65 phosphorylation
(Bohuslav et al., 2004). Indeed, drugs such as doxorubicin or
etoposide activate NF-kB via a p53-dependent pathway that
relies on RSK-1-mediated p65 phosphorylation at Ser>¢ (14).
We also observed significant increases in p65’s interaction with
RSK-1 both at day 6 and day 12 TMCH (see Figure 9) with
concomitant increase in p65 phosphorylation at Ser**. Thus,
p65/RSK-1 interaction and not necessarily p65/IKK interac-
tion may be modulating NF-xB activity during TMCH.

TMCH in context

NF-«B participates in the regulation of cell proliferation and
death in many cell types. Its participation in these events has
been studied extensively in cell culture, where NF-xB is
typically found to promote cell proliferation and suppress
apoptosis. However, its role in regulating cell turnover in vivo
is less well understood.

Our studies have provided novel insights into the mechan-
istic basis of NF-xB activation in the nonmalignant hyperpro-
liferating crypt. NF-xB activation during TMCH appears to
involve both IkBa degradation and p65 subunit phosphoryla-
tion which may be critical for NF-xB’s nuclear function.
Inhibition of the signaling pathways that lead to IxBa
degradation prevents NF-xB-dependent gene transcription.
Indeed, pharmacological intervention through Velcade®
blocked NF-xkB activity without significantly altering
C. rodentium-induced hyperproliferation/hyperplasia. This is
in contrast to studies in cell lines where Velcade®™ blocked
cellular growth and promoted apoptosis (Fahy er al., 2003;
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Yang et al., 2004) while administration of Velcade®™ into SCID
mice bearing tumors suppressed tumor growth (Satou et al.,
2004). These studies suggest that blocking NF-xB activity
alone in situations where redundant epigenetic pathways
(e.g., p-catenin; Sellin et al., 2001) exist may not be sufficient
to block cellular proliferation. Thus, during TMCH, NF-xB
may have additional role(s) to perform, for example, in the
expression and production of pro-inflammatory cytokines
during C. rodentium infection and may be even bacterial
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