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100 uwmol/L chloroquine (Sigma-Aldrich, St Louis, MO),
100 pmol/L RO-31-8220 (Calbiochem), 100 wumol/L
staurosporine (Calbiochem), 1 umol/L UO126 (Calbio-
chem), 30 mmol/L LiCl (Sigma-Aldrich), 30 mmol/L ken-
paullone (Calbiochem), or 5 umol/L BIO (Calbiochem).

For siRNA experiments, SW480 cells were transfected
with 100 nmol/L siRNA oligonucleotide along with 1 ug
of pCMV-Flag-WT-Hath1 for 12 hours, cultured for an
additional 12 hours under the usual conditions, and then
treated with MG132 or left untreated for 12 hours. A
siRNA oligonucleotide specific for human GSK38 was
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA), and a negative control (nonsense siRNA) oligonu-
cleotide was synthesized as described elsewhere.?* After
transfection, cells were harvested, washed with phos-
phate-buffered saline (PBS) once, and incubated on ice
for 15 minutes in 1% sodium dodecyl sulfate (SDS)-
containing radioimmunoprecipitation assay (RIPA)
buffer (10 mM Tris-HCl [pH 8.0}, 1% Triton X-100,
1% SDS, 0.1% sodium deoxycholate, 1 mmol/L EDTA,
0.5 mmol/L ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid, and 140 mmol/L NaCl). After
brief sonication of the lysates to shear genomic DNA, the
samples were centrifuged for 20 minutes and the super-
natant was used as whole cell extract. The protein con-
centration in each sample was determined by using pro-
tein assay reagent (Pierce, Rockford, IL). For
immunoblotting, 50 ug or 100 pg of whole cell extract
was separated in 12% SDS-polyacrylamide gels, trans-
ferred to polyvinylidene difluoride membranes, blocked,
and probed according to standard procedures.?# The fol-
lowing antibodies and dilutions were used: mouse anti-
Flag M2 (Sigma Chemical Co, St Louis, MO), 1:5000;
mouse anti-dephospho-f-catenin (Alexis, San Diego,
CA), 1:500; mouse anti-GSK3 (Calbiochem), 1:1000; rab-
bit anti-USF2 (loading control for the amount of nuclear
proteins; Santa Cruz Biotechnology), 1:1000; and mouse
anti-B-actin (loading control for the whole cell extracts;
Sigma Chemical Co), 1:5000. Horseradish peroxidase-
conjugated secondary antibodies were used for mouse
(Amersham Biosciences UK, Buckinghamshire, England)
and rabbit immunoglobulin G (Cell Signaling Technol-
ogy, Danvers, MA). Blots were visualized with the ECL
Plus System (Ametsham Biosciences UK) by using a
Lumi-Imager F1 system (Roche Diagnostics, Rotkreutz,
Switzerland). For immunoprecipitation assays, 300 ug of
whole cell extract in 1% SDS-containing RIPA buffer was
diluted with 9 vol of non-SDS-containing RIPA buffer to
give an SDS concentration of 0.1%, and then the total
volume was adjusted to 1 mL by adding an appropriate
amount of 0.1% SDS-containing RIPA buffer. The lysates
were precleared by incubation with 40 pL of protein
G/Sepharose (50% slurry in 0.1% SDS-RIPA buffer) for 1
hour, and then the supernatants were incubated with 1
pg of anci-Flag M2 antibody (Sigma Chemical Co) over-
night. A 40-uL aliquot of 50% protein G/Sepharose slurry
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was added to each sample and incubated for 2 hours at
4°C. Precipitates were washed 3 times in 0.1% SDS-
containing RIPA buffer, resolved by SDS/polyacrylamide
gel electrophotesis, and analyzed by immunoblotting us-
ing a mouse anti-myc antibody (Invitrogen, Carlsbad,
CA) at 1:1000 dilution. Protein visualization was per-
formed as described previously.

Semiquantitative Reverse-Transcription PCR
and Northern Blotting

Total RNA was isolated by using TRIzol reagent
(Invitrogen). Aliquots of S ug of total RNA were used for
complementary DNA synthesis in 21 L of reaction vol-
ume by using oligo dT primers. One microliter of com-
plementary DNA was amplified with 0.25 U of LA Taq
polymerase (Takara Bio, Otsu, Japan) in a 25-uL reaction.
Sense and antisense primers and the cycle numbers for
the amplification of each gene were as follows: sense Flag,
5'-CACCATGGATTACAAGGATGACGACGAT-3' and
antisense Hathl, 5'-TTGCCCGCGCCCCCTTCATAG-3'
for the fragment covering the region for Flag-Hath1 (20
cycles); sense Flag, 5'-CACCATGGATTACAAGGATGAC-
GACGAT-3' (common for the S primer for the Flag-
Hathl fragment) and antisense Flag-EGFP, 5'-AGGAT-
GTTGCCGTCCTCC-3' for Flag-EGFP (20 cycles); sense
GSK3B, S'-ATCTTAATCTGGTGCTGGACTATGT-3'
and antisense GSK3f, §'-TTGAGTGGTGAAGTTGAA-
GAGTGCA-3' for GSK3B (25 cycles); sense MUC2, 5'-
CTGCACCAAGACCGTCCTCATG-3' and antisense
MUC2, 5'-GCAAGGACTGAACAAAGACTCAGAC-3' for
MUC2 (25 cycles); sense c-Myc, 5'-CTTCTGCTGGAGGC-
CACAGCAAACCTCCTC-3' and antisense-c-Myc, §'-
CCAACTCCGGGATCTGGTCACGCAGGG -3’ for c-Myc
(25 cycles); sense Hathl, S5-AAGACGTTGCAGAA-
GAGACCCG-3' and antisense Hath1, 5'- TTGCCCGCGC-
CCCCTTCATAG-3' (common for the antisense primer for
Flag-Hath1 fragment) for endogenous Hathl (25 cycles);
and sense glyceraldehyde-3-phosphate dehydrogenase
(G3PDH), S'-TGAAGGTCGGAGTCAACGGATTT-
GGT-3' and antisense G3PDH, 5'-CATGTGGGCCAT-
GAGGTCCACCAC-3" for glyceraldehyde-3-phosphate
dehydrogenase (17 cycles). The amplification for each
gene was logarithmic under these conditions. PCR prod-
ucts were separated on 1.5% agarose gels, stained with
ethidium bromide, and visualized with a Lumi-Imager F1
(Roche Diagnostics).

Expression levels of Hathl mRNA in human tissues
were analyzed by using 2 human multiple tissue blots
(BioChain Institute, Hayward, CA). The complementary
DNA probe corresponding to nucleotides +1/+749 for
the Hathl gene was generated by reverse-transcription
(RT)-PCR from an RNA sample obtained from human
colonic tissues. The probe for G3PDH was also generated
by RT-PCR. The probes were labeled with [-32P]deoxy-
cytidine triphosphate by random priming using Re-
diPrime II (Amersham Biosciences UK) according to the
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manufacturer’s instructions. Hybridization was per-
formed in Ultra Hyb solution (Ambion, Austin, TX) at
42°C overnight for Hathl and at §5°C for 2 hours for
B-actin. Visualization of the hybridized signals was con-
ducted with the BAS-2000 image analyzing system (Fuji
Film, Tokyo, Japan).

Reporter Assays

SW480 cells were transiently transfected with 10
ng of renilla luciferase reporter plasmid pRL-TK-Luc
(Promega) along with 100 ng of either TOPflash, FOP-
flash, or an E-box-Luc reporter plasmid. One microgram
of the expression plasmid pCMV-Flag-WT-Hathl1 or its
empty control, and the same amount of pCS2-APC2 or
its empty control, were also cotransfected, keeping the
total amount of plasmid per transfection constant
Transfections of 293T cells were performed identically,
except for substituting the pCS2-APC2 with the pRLS-
Wntl and the pCS2 vector with the pRLS vector, respec-
tively. After 12 hours of transfection, cells were cultured
for 24 hours and lysed by 3 cycles of freezing and thaw-
ing. Firefly luciferase activity was normalized with renilla
luciferase activity in each sample by using the Dual Lu-
ciferase Kit (Promega). The E-box-dependent luciferase
activities were shown as arbitrary units normalized by
renilla luciferase activity, and the B-catenin/TCF- depen-
dent luciferase activities were shown as a ratio of TOP-
flash and FOPflash.

Immunocytochemistry

SW480 cells were cotransfected on a sterile glass
coverslip with 1 ug of a bicistronic expression vectot
pMX-Flag-Hath1-IRES-GFP or its empty control to-
gether with 1 ug of a pCS2-APC2 or pCS2 vector as
indicated. Twelve hours after transfection, cells were
fixed with 4.0% paraformaldehyde, rinsed twice with
PBS, and permeabilized with 0.2% Triton X-100 in PBS,
followed by incubation for 1 hour in 3% bovine serum
albumin-containing PBS to block nonspecific anti-
body binding. The samples were incubated for 3 hours
at 37°C with either mouse anti-Flag antibody (1 ug/
mL) or mouse anti-MUC2 antibody (1 pug/mL, CcpS8;
Santa Cruz Biotechnology), washed twice with PBS,
and then incubated for 1 hour at 37°C with Alexa
594 - conjugated anti-mouse fluorescent secondary an-
tibodies (Molecular Probes, Eugene, OR). The cells
were also counterstained with 4',6-diamidino-2-phe-
nylindole (Vector Laboratories, Burlingame, CA) to vi-
sualize nuclei. The samples were washed 3 times with
PBS and analyzed with an epifluorescence microscope
(BX-50; Olympus, Tokyo, Japan) equipped with a
PDMC device camera (Polaroid, Waltham, MA) for
coexistence of the fluorescent signals of the secondary
antibodies (Flag-Hathl or MUC2 protein) and green
fluorescent protein, the latter of which is translated
from the IRES element fused downstream of the cod-
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Figure 1. Expression of Hath1 mRNA is confined to the lower gastro-
intestinal tract. Hath1 mRNA expression in various adult human tissues
was analyzed by Northem biotting by using a complementary DNA
probe corresponding to nucleotides +1/+749 of the Hath1 gene. Hy-
bridization with a probe for B-actin is shown as a loading control. Hath1
mRNA is indeed exclusively expressed in the gastrointestinal tract of the
human adult body. Moreover, the amount of Hath1 mRNA expression
within the gastrointestinal tract increases as it reaches downward o the
anal verge, where the population of secretory lineage epithelial cells is
also increased.

ing region for Flag-Hathl protein. Images were pro-
cessed in Adobe Photoshop software (Adobe Systems
Inc, San Jose, CA).

Immunobistochemistry

Normal and cancerous colonic mucosae were ob-
tained from 4 patients with colorectal cancer who under-
went colectomy. Written informed consent was obtained
from all patients, and these experiments were approved
by the Tokyo Medical and Dental University Hospital
Ethics Committee on Human Subjects. Immunohisto-
chemistry for B-catenin was performed as described else-
where,?5 using anti-B-catenin antibody (BD Transduc-
tion, San Diego, CA) and the standard ABC method
(Vectastain; Vector Laboratories). Staining was developed
by addition of diaminobenzidine (Vector Laboratories).
Hath-1 antibody was generated by immunizing rabbits
with Hath-1 peptide (247-26S5). Samples were fixed with
4% paraformaldehyde and subjected for staining using a
TSA Signal Amplifying Kit (Molecular Probes) following
the manufacturer’s instructions. Staining was developed
by addition of Alexa 488 - conjugated tyramide. Sections
wete also counterstained with 4’,6-diamidino-2-phe-
nylindole (Vector Laboratories) to visualize nuclei.
Stained samples were analyzed with an epifluorescence
microscope (BX-50; Olympus) equipped with a PDMC
device camera (Polaroid).
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Results

Expression of Hath1 mRNA Is Confined
to the Lower Gastrointestinal Tract

The mRNA expression of Mathl and Hathl is
reported to be confined to the gastrointestinal tract in
adult mice?¢ and humans,'? respectively. However, pre-
cise analysis of the expression of Hath1l mRNA within the
gastrointestinal tract has never been reported. Thus, we
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compared mRNA expression of Hathl in each section of
the adult human gastrointestinal tract by Northern blot-
ting. Results revealed that Hathl mRNA is indeed exclu-
sively expressed in the gastrointestinal tract, from the
jejunum to the rectum (Figure 1). Moreover, the amount
of Hath1 mRNA expression was significantly increased in
the colon, compared with the jejunum or the ileum,
where the population of secretory lineage epithelial cells
is relatively increased. These results suggested that Hath1
expression is strictly regulated by mRNA expression, at
least in the normal adult human body, and may have
critical roles especially in the differentiation of colono-
cytes into secretory lineage cells,

Hath1 Undergoes Proteasome-Mediated
Proteolysis in Human Colon
Cancer—Derived Cells

To further analyze the functional role of Hathl
in colonocyte differentiation, we first asked whether an
overexpression of Hathl could change any phenotype
of human colon-derived epithelial cells. Because the
results of the former section suggested that expression
of Hathl mRNA may directly lead to Hathl protein

Figure 2. Hath1 undergoes proteasome-mediated proteolysis in hu-
man colon cancer—derived cells. (4) Hath1 protein expression cannot
be detected after introduction of a gene encoding Hath1 in human
colon cancer—derived cells. An expression plasmid encoding either
Flag-tagged WT-Hath1 (Flag-Hath1), Flag-tagged EGFP (Flag-EGFP),
or an empty control (Cont.) was transfected into human colon cancer—
derived cell lines (SW480, DLD-1, and HT-29) or a noncolonic cell line
(293T). Introduction of the genes was confirmed by semiquantitative
RT-PCR, and the expression of the corresponding protein was exam-
ined by immunoblot {IB). While Flag-tagged EGFP shows stable expres-
sion of both mRNA and protein in every cell line, protein expression of
Flag-Hath1 is detectable in 293T cells but not in colon cancer cell lines.
Semiquantitative RT-PCR shows an egual amount of Flag-Hath1
mRNA expression in both 293T cells and colon cancer cell lines.
(B) Hath1 protein is degradated by a proteasome-mediated mechanism
in colon cancer cells. Flag-WT-Hath1 (Flag-Hath1) expression vector
was transfected into SW480 cells and treated with various inhibitors of
cellular proteolytic systems during protein expression. Expression of
FLAG-Hath1 protein was examined by immunoblot using anti-Flag an-
tibodies. Only the inhibitors of the proteasome pathway (lactacystin and
MG132), but not any other inhibitor of the proteolytic pathway (calpain
inhibitor and chloroquine), significantly increased protein expression of
FLAG-Hath1. (C) Hath1 protein is polyubiquitinated in colon cancer
cells. Expression vectors for Flag-Hath1 and Myc-tagged ubiquitin
(Myc-Ub) were cotransfected into SW480 cells. Following transfection,
cells were treated with or without MG132 during protein expression.
The lysates were immunoprecipitated (IP) with anti-Flag antibodies and
subjected to immunoblot (IB) using anti-Myc antibodies. Cotransfection
of Flag-Hath1 and Myc-Ub, followed by inhibition of the proteasome
pathway by MG132, allowed detection of the stabilized, polyubiquiti-
nated FLAG-Hath1 protein by anti-myc antibody. Two bands labeled as
IgH and igl. represent heavy chain and light chain of anti-Flag antibody
used for immunoprecipitation, respectively. Reprobing the same mem-
brane (Re 1B) with anti-FLAG antibody shows efficient immunoprecipi-
tation of FLAG-Hath1 protein only in MG132-treated conditions, be-
cause FLAG-Hath1 proteins are readily ubiquitinated and degradated in
other conditions.
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expression and function to regulate differentiation in
colonocytes, we introduced an expression plasmid vec-
tor encoding Flag-tagged Hath1 (Flag-WT-Hathl) into
various human colon cancer-derived epithelial cell
lines. Surprisingly, significant expression of FLAG-
Hathl protein could not be observed in all 3 colon
cancer cell lines examined, which were SW480, DLD1,
and HT-29. This was not due to low efficiency of
transfection or poor sensitivity of the immunoblot,
because expression of Flag-EGFP protein could be eas-
ily detected by introducing the same amount of the
expression plasmid having the same plasmid backbone
(Figure 24). Furthermore, semiquantitative RT-PCR
showed an equal amount of Flag-Harh1 or Flag-EGFP
mRNA expression in every colon cancer cell line, con-
firming the efficient transfection of the FLAG-Hathl
gene. However, Flag-Hathl and Flag-EGFP showed
equal expression of both mRNA and protein in 293T
cells. These results suggested that there might be a
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posttranscriptional regulation of Hath1 expression in-
volving protein degradation, specifically in colon can-
cer cells (Figure 24). To confirm the involvement of
proteolysis in the significantly decreased expression of
Hathl protein in colon cancer cell lines, we used var-
ious pharmacologic inhibitors of the cellular proteo-
lytic system. When SW480 cells were treated with these
inhibitors after transfection of Flag-Hath1 expression
vectors, inhibitors such as calpain inhibitor or chloro-
quine had no effect on protein expression of Flag-
Hathl (Figure 2B). In sharp contrast, treatment with
proteasome inhibitors such as MG132 or lactacystin
significantly increased the protein expression of Flag-
Hath1, suggesting that Hath1 protein is degradated by
the proteasome-mediated proteolysis in colon cancer
cells (Figure 2B). Because proteasome-mediated prote-
olysis often requires conjugation of ubiquitins to the
target protein,?’-28 we next examined whether Hathl
proteins are ubiquitinated before degradation in

Figure 3. GSK3B-mediated Hath1 proteolysis in colon cancer cells
critically requires S54 and S58 of Hath1 protein. (A4) Schematic repre-
sentation of various FLAG-tagged Hath1 mutants. Deletion mutants of
the N-terminal or C-terminal part of the Hath1 protein are designated as
N1-N4 or C1 and C2 mutants. The deleted region of each mutant is
designated by amino acid numbers, that is, A1-10 designates deletion
of amino acid 1-10 of Hath1 protein. The basic helix-loop-helix domain
located in the central region as well as 2 serine (S) residues at positions
54 (S54) and 58 (S58) are shown. {B) The region consisting of amino
acids 5474 is required for active degradation of Hath1 protein. The
wild-type and mutant Hath1 protein shown in A were expressed with or
without MG 132 treatment in SW480 cells. Protein expression was de-
tected by immunoblot using anti-FLAG antibody. N4 and N5 mutant,
but not any other wild-type or mutant Hath1 protein, showed no differ-
ence in the amount of protein expression between MG132-treated or
untreated conditions. (C) Proteolysis of Hath1 is suppressed by specific
inhibitors of GSK38 in colon cancer cells. Flag-WT-Hath1 was trans-
fected into SW480 cells and treated with various protein kinase inhibi-
tors. Protein expression was detected by immunoblot using anti-FLAG
antibody. FLAG-Hath1 protein is stabilized by the proteasome inhibitor
(MG132) and kinase inhibitors specific for GSK3 (LiCl, kenpaulione,
BIO) but not by other kinase inhibitors (Ro-31-8220, staurosporine,
U0126). (D) Gene silencing of GSK3B by siRNAincreases Hath1 protein
expression. An siRNA specific for GSK38 was cotransfected with Flag-
WT-Hath1 into SW480 cells. Transfection of a nonsense siRNA served
as a control (Cont.). Expression of FLAG-Hath1 and GSK3p was ana-
lyzed by semiquantitative RT-PCR and immunoblotting. Transfection of
a GSK3B-specific siRNA significantly reduced both mRNA and protein
expression of GSK3B. The specific knockdown of GSK38 increased
protein expression of cotransfected FLAG-Hath1, which could also be
induced up to a similar level by MG132 treatment. (E) S54 and S58 are
the critical residues for GSK3g-mediated Hath1 proteolysis. An empty
vector encoding no protein (Empty), or FLAG-tagged, wild-type (WT), or
54/68 SA mutant of Hath1 (54/58SA), in which both S54 and S58 of the
Hath1 protein were substituted to alanines, was transfected into
SWA480 cells. The effect of treatment with a GSK3B-specific inhibitor
(BIO) on the expression of each protein in SW480 cells was examined
by immunoblot. 54/68 SA mutant of Hath1, but not the WT, showed stable
protein expression without BIO treatment. A trace signal examined in the
left end of the “Flag-Hath1” blot has been determined to be a nonspecific
signal and does not represent expression of a Flag-tagged protein.
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Figure 4. The canonical Wnt pathway reciprocally regulates Hath1 and B-catenin protein stability and downstream transcription activities via
GSK3B. (A) Suppression of Wnt signaling in colon cancer cells increases expression of Hath1 protein. Flag-WT-Hath1 and APC mutants that are
capable (APC2 and APC25) or incapable (APC3) of destabilizing 3-catenin were cotransfected into SW480 cells. Cell lysates were subjected to
immunoblotting for Flag-Hath1 (anti-Flag) or dephosphorylated 3-catenin. Cotransfection of APC2 or APC25, but not of APC3, reduced the amount
of dephosphorylated B-catenin protein and conversely increased the amount of Hath1 protein. {8) Activation of Wnit signaling induces degradation
of Hath1 protein. Expression vectors for Flag-Hath1 and Wnt1 were cotransfected into 293T cells. Cells were cultured with or without MG132 or BIO,
and protein expression of Hath1 and dephosphorylated B-catenin was analyzed by immunobiotting (IB). Equivalent transfection of Flag-Hath1 was
confirmed by semiquantitative RT-PCR. Expression of Wnt1 in 2937 cells induced dephosphorylation of B-catenin protein and also reduced
expression of the cotransfected Flag-Hath1 protein (lane 3). This reduction of Flag-Hath1 protein is rescued by addition of a proteasome inhibitor
(MG132) or a specific inhibitor of GSK3 (BIO). {C) Suppression of Wnt signaling in colon cancer cells up-regulates Hath1-mediated, E-box—
dependent transcription and reciprocally down-regulates B-catenin/TCF-dependent transcription. Flag-WT-Hath, APC2, and designated reporter
constructs were cotransfected into SW480 cells. E-box-dependent luciferase activities were shown as arbitrary units after normalization by renilla
luciferase activity, and B-catenin/TCF-dependent luciferase activities are shown as a ratio of TOPflash and FOPflash. *P < .005. Transfection of
APC2 significantly down-regulated g-catenin/TCF-dependent transcription but conversely up-regulated Hath1-mediated, E-box—dependent tran-
scription in SW480 cells. {D) Activation of Wnt signaling in 293T cells down-regulates Hathl-mediated, E-box—dependent
transcription and reciprocally up-regulates 3-catenin/TCF-dependent transcription. Flag-WT-Hath, Wnt1, and designated reporter constructs were
cotransfected into 293T cells. E-box—and g-catenin/TCF-dependent transcriptional activities were measured as described in the former section. *P
< .005. Transfection of Wnt1 significantly up-regulated B-catenin/TCF-dependent transcription but conversely down-regulated Hath1-mediated,
E-box—dependent transcription in 293T cells.

conjugated with random numbers of multiple ubiquitins
(polyubiquitinated). Reprobing the same membrane (Re IB)
with anti-FLAG antibody showed efficient immunoprecipi-
tation of FLAG-Hath1 protein only in MG132-treated con-

SW480 cells. For this purpose, Myc-tagged ubiquitin
and Flag-Hath1 were coexpressed in SW480 cells and,
subsequently, proteasome-mediated degradation was
inhibited by MG132. When the cell lysates were immu-

noprecipitated by anti-Flag antibody, conjugation of
Myc-tagged ubiquitin to Flag-Hathl protein was de-
tectable by immunoblot using anti-Myc antibody (Fig-
ure 2C). Ubiquitinated Hathl protein appeared as a
broad band on the membrane, suggesting that it is

ditions, because FLAG-Hath1 proteins are readily ubiquiti-
nated and degradated in other conditions (Figure 2C).
These results collectively suggested that Hathl proteins are
polyubiquitinated before degradation by the proteasome-
mediated proteolysis in colon cancer cells.
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Figure 5. Inactivation of canonical Wnt signaling is required for Hathi-
mediated colonocyte differentiation. (4) Suppression of canonical Wnt
signaling in colon cancer cells is required for Hath1-mediated colono-
cyte differentiation. Expression plasmids for Flag-Hath1 and APC2 were
cotransfected into SW480 cells. Expression of MUC2, C-MYC, Flag-
Hath1, endogenous Hath1 (Hath1), and G3PDH mRNA was analyzed
by RT-PCR. In the same experiment, protein expression of Flag-Hath1
and USF2 was examined by immunoblotting (IB). The expression of the
goblet cell-specific gene MUC2 was induced only when both FLAG-
Hath1 and APC2 were expressed in SW480 cells. (B) MUC2 protein is
expressed in cells that Hath1 protein stabilized by suppression of Wnt
signaling. A bicistronic expression vector pMX-Flag-Hath1-IRES-GFP
or its empty control was cotransfected with an expression vector for
APC2 into SW480 cells. Cells were stained by fluorescent immunocy-
tochemistry for MUG2 (upper half, red) or Flag-Hath1 (ower half, red).
The green signal of green fluorescent protein (GFP) represents tran-
scription of Flag-Hatht, encoded upstream of GFP and the IRES ele-
ment. Expression of MUC2 protein is induced only when FLAG-Hath1
protein is stabilized by cotransfecting FLAG-Hath1 and APC2 into
SW480 celis. DAPI, 4',6-diamidino-2-phenylindole.
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GSK3f3-Mediated Hath1 Proteolysis in Colon
Cancer Cells Critically Requires S54 and S58
of Hathl Protein

Former results confirmed that Hathl protein is
constitutively degradated by proteasome-mediated prote-
olysis in colon cancer cells. This raised the question
whether there is a specific region within the Hathl pro-
tein that is critically required for the present proteolysis
system. Although it is well known that Hathl protein
contains a basic helix-loop-helix domain that is critically
required for binding to the target sequence of DNA 2629
other regions of the protein have not been functionally
characterized. To determine the region that may be crit-
ically required for the degradation of Hathl protein,
various mutants of Flag-tagged Hathl protein (Figure
3A) were expressed in SW480 cells (Figure 3B). Immuno-
blot using anti-Flag antibody revealed that, although a
trace amount of Flag-tagged protein was detected with-
out MG132 treatment by increasing the amount of
loaded lysates, deleting up to 53 amino acids of the
N-terminal end (N1 to N3), or 140 amino acids of the
C-terminal end (C1 and C2), appeared to have no effect
on protein stability of the Hathl protein. However, dele-
tions up to 74 or 109 amino acids of the N-terminal end
(N4 and NS) showed markedly stable expression of
Hathl protein without MG132 treatment. These results
indicated that the region between amino acids 54 and 74
is critically required for proteasome-mediated Hathl pro-
teolysis.

The region between amino acids 54 and 74 of the
Hathl protein included 2 serine and 3 threonine resi-
dues. It is well known that one of the important mech-
anisms required for proteasome-dependent degradation
is the phosphorylation of specific amino acid resi-
dues.?03! Based on these data, we searched, using Scan-
site software (Scansite, Boston, MA), for whether a puta-
tive phosphorylation site may exist within the region
between amino acids 54 and 74 of the Hathl protein.
Surprisingly, a distinct site extending from serine residue
at position 54 (S54) to position 58 (S58) matched the
consensus substrate sequence (S/T-X-X-X-S/T) for
GSK3p (Figure 3A). These results raised a possibility that
Hathl protein is a substrate of GSK38, and therefore
Hath1 protein degradation is regulated by the phosphor-
ylation of specific serine residues by GSK3f. To deter-
mine whether kinase activity of GSK38 is required for
Hathl protein degradation, SW480 cells were treated
with inhibitors of various protein kinases and examined
for FLAG-Hath1 protein expression by immunoblot (Fig-
ure 3C). Confirming the in silico search for putative
phosphorylation sites, FLAG-Hathl protein was stabi-
lized by the proteasome inhibitor, MG132, and kinase
inhibitors specific for GSK3f such as LiCl, kenpaullone,
and BIO, but not by other kinase inhibitors such as
Ro-31-8220, staurosporine, or U0126, which does not
inhibit GSK38.

— 374 —




216 TSUCHIYA ET AL

To further confirm the involvement of GSK3f8 in
Hathl proteolysis, we used an siRNA-mediated gene
knockdown system to specifically knock down GSK3f
gene expression in colon cancer cells. Transfection of
GSK3B-specific siRNA into SW480 cells successfully de-
creased both mRNA and protein expression of GSK38 in
SW480 cells (Figure 3D). Under this condition, expres-
sion of the cotransfected Flag-Hathl protein was signif-
icantly increased up to a comparable level with MG132
treatment. No change was observed in the quantity of
Flag-Hath1 mRNA, suggesting that the increase of Flag-
Hath1 protein is due to increased protein stability. These
results further confirmed that kinase activity of GSK38 is
critically required for Hath1 protein degradation in colon
cancer cells.

We next examined whether the 2 serine residues found
in the putative GSK3p target region (S54 and S58) are
critically required for GSK3B-mediated Hathl proteoly-
sis. Por this purpose, a mutant Flag-Hathl in which 2
serine residues (S54 and S58) were replaced into 2 ala-
nines (54/58SA) was expressed in SW480 cells. Consis-
tently, examination of protein expression by immunoblot
revealed that the 54/58 SA mutant of Hathl (54/58SA),
but not the wild type, showed stable protein expression
without inhibition of GSK3 by BIO treatment.

These data collectively indicated that the kinase activ-
ity of GSK3@ is critically tequired for the degradation of
Hathl in colon cancer cells and also that the S4th and
58th serine residues of the Hathl protein are critically
required for GSK3B-mediated Hathl proteolysis.

The Canonical Wnt Pathway Reciprocally
Regulates Hathl and [-catenin Protein
Stability and Downstream Transcription
Activities via GSK3[3

Former findings raised an important question as
to how the kinase function of GSK38 for Hathl prote-
olysis is regulated by the upstream signaling events in
colon cancer cells. GSK38 is known to participate not
only in the canonical Wnt pathway but also in other
pathways such as insulin signaling.3> However, it is also
known that the kinase activity of GSK38 is regulated by
a single signaling pathway within a single cell and is
usually not modified or affected by multiple pathways.3
In most human colorectal cancer cells, Wnt signal is
aberrantly activated by various gene mutations. Indeed,
all the colon cancer cell lines used in this study harbor
mutations in the APC gene, which suppress the kinase
activity of GSK38 on B-catenin phosphorylation and con-
sequently stabilize 3-catenin protein.!® Moreover, a recent
study showed that the Wnr signal activates GSK3 to
phosphorylate LRP6 in opposite relationship to B-cate-
nin?4 Therefore, we hypothesized that GSK38 kinase
activity is dominantly regulated by Wnt signaling in
colon cancer cells, and the abertant activation of this
signal may be involved in Hathl protein degradation via
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GSK3B. To confirm the hypothesis, we first examined
whether Hathl protein may be stabilized by the inacti-
vation of the aberrant Wnt signaling in colon cancer cells.
For this purpose, we used SW480 cells, in which aberrant
Wnt signaling is caused by truncated mutation of APC.
When the aberrant Wnt signaling of SW480 cells was

A

W

Hath1

B-catenin

Figure 6. Hath1 protein expression is decreased in human colon can-
cer tissues expressing Hath1 mRNA and nuclear-located B-catenin
protein, {A) Hath1 mRNA is expressed in both normal and cancer tis-
sues of human colon. Four cases of colorectal cancer were examined
(cases 1-4). N, normal colon mucosa; T, colon cancer tissue of each
patient. Semiquantitative analysis of Hatht, C-MYC, MUC2, CK-19,
and G3PDH mRNA expression was performed by RT-PCR., CK-19
served as a control for epithelial cell population, whereas G3PDH
served as a loading control. In cases 1, 2, and 4, Hatht mRNA is
expressed in both normal and cancer tissue. (8) Hath1 protein expres-
sion is decreased in colon cancer tissue. The border lesion of the tumor
in case 2 was subjected to immunohistochemical analysis. A lower
magnification of the border lesion of the tumor (a and d) and also the
magnified view of the cancer tissue {c and f) and the adjacent normal
mucosa (b and e) are presented. Tissue sections were stained with
either anti-Hath1 (Alexa 488, green signal, a—¢) or anti~B-catenin (dia-
minobenzidine, brown signal, d-f). The figures show a significant de-
crease of Hath1 staining in cancer tissues compared with normal co-
lonic mucosa, whereas nuclear located B-catenin is significantly
increased in cancer tissues {original magnification: a and d, 100X; b, ¢,
e, and f, 400X).
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Figure 7. Schematic representation of Wnt-GSK3B-mediated regula-
tion of colonocyte differentiation and proliferation. In normal colono-
cytes, differentiation is accelerated by turning off the Wnt signaling,
which leads to GSK3g-mediated degradation of B-catenin protein and
up-regulation of Hath1-mediated transcription of yet-unknown target
genes. Conversely, during transformation of colonocytes into carci-
noma cells, proliferation is accelerated by constitutive activation of Wnt
signaling, which leads to GSK3g-mediated degradation of Hath1 pro-
tein and up-regulation of B-catenin/TCF-mediated transcription.

inactivated by transfecting APC mutants (APC2 and
APC25) that are capable of forming complexes with
B-catenin, Axin, and GSK3B,?2 the amount of endoge-
nous dephosphorylated B-catenin as a stabilized form of
B-catenin was significantly decreased but, surprisingly,
the expression of cotransfected Flag-WT-Hathl protein
was significantly increased (Figure 44). Transfection of
the C-terminal fragment of human APC (APC3; amino
acids 2130-2843) that is incapable of forming complexes
with B-catenin, Axin, and GSK3?2 into SW480 cells had
no effect on both B-catenin phosphorylation and Flag-
Hathl protein stability (Figure 4A4). This reciprocal reg-
ulation of Hath1 and B-catenin protein stability by Wnt
signaling was also observed in 293T cells, in which Wnt
signaling is usually inactivated. Activation of Wnt signal-
ing in 293T cells by overexpression of the Wntl gene
resulted in a significant increase of the endogenous de-
phosphorylated, stabilized form of B-catenin protein and
also a significant decrease in Flag-Hathl protein expres-
sion. Treatment with MG132 or BIO completely restored
the reduction of Flag-Hath1 protein expression induced
by activation of Wnt signaling in 293T cells, suggesting
that proteasome-mediated Hath1 proteolysis is regulated
by the kinase activity of GSK-38 downstream of the
canonical Wnt pathway (Figure 4B).

We further examined whether Wnt-GSK3B-mediated
reciprocal regulation of Hathl and B-catenin protein
stability may also change the transcriptional activity of
the cotresponding downstream target genes of each pro-
tein. Consistent with previous reports,?? expression of
APC2 in SW480 cells decreased the ratio of TOPflash and
FOPflash reporter activity by 0.14-fold, regardless of Flag-
Hathl cotransfection (Figure 4C). In sharp contrast, E-
box-dependent reporter activity was increased by 2.3-
fold by cotransfection of APC2 with Flag-Hathl
compared with single transfection of Flag-Hathl into
SW480 cells (Figure 4C). Thus, expression of APC2 in
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SW480 cells significantly down-regulated p-catenin/
TCF-dependent transcription but conversely up-regu-
lated Hathl-mediated, E-box-dependent transcription.
In contrast, forced expression of Wntl gene in 293T cells
up-regulated the ratio of TOPflash and FOPflash reporter
activity by 6-fold and, conversely, when Wntl was coex-
pressed with Flag-Hath1 in 293T cells, E-box-dependent
reporter activity was down-regulated by 0.6-fold
(Figure 4D). Thus, expression of Wntl in 293T cells
significantly up-regulated B-catenin/TCF-dependent
transcription but conversely down-regulated Hathl-me-
diated, E-box-dependent transcription. Single transfec-
tion of APC2 or Wntl does not change E-box-dependent
transcription activity in both SW480 and 293T cells,
suggesting that the observed E-box-dependent transcrip-
tional activity represents Hathl-mediated transcription.

These data collectively indicated that GSK3B-medi-
ated proteolysis of Hath1 protein observed in colon can-
cer cells is dependent on the aberrant activation of the
canonical Wnt pathway and that GSK3B reciprocally
regulates Hath1 and B-catenin protein stability in a Wnt-
dependent manner, directly leading to significant
changes in transcriptional activity of the downstream
target genes.

Inactivation of Canonical Wnt Signaling Is
Required for Hathl-Mediated
Colonocyte Differentiation

It is well known that B-catenin/TCF-dependent
transcription often promotes cell proliferation, whereas
Hathl-dependent transcription promotes cell differenti-
ation. Therefore, we next examined whether the Wnt-
GSK3-mediated, reciprocal regulation of B-catenin and
Hathl protein stability and function may regulate the
differentiation of colonocytes. For this purpose, we ex-
amined whether stabilization of Hathl protein induced
by inactivation of Wnt signaling may lead to spontane-
ous differentiation of pootly differentiated colon cancer
cells. Consistent with former results, single transfection
of APC2 into SW480 cells down-regulated mRNA expres-
sion of c-Myc but had no effect on colonocyte differen-
tiation (Figure 5A4). However, when Flag-Hathl was co-
transfected with APC2 in SW480 cells, Hath1 protein was
stably expressed and subsequently induced expression of
MUC2 mRNA, a specific marker for goblet cell differen-
tiation.3%3¢ Immunocytochemical analysis of Hathl and
MUC2 protein expression in SW480 cells showed that
both stabilization of Flag-Hathl protein and up-regula-
tion of MUC2 protein expression were induced under the
same condition (Figure SB). Moreover, MUC2 protein
was detected exclusively in green fluorescent protein-
positive cells that were the bicistronic expression of Flag-
Hathl gene, indicating that Hathl protein caused the
increase of MUC2 protein (Figure SB).

Collectively, these results suggested that both inactiva-
tion of Wnt signaling and stable expression of Hathl
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protein are required for colonocyte differentiation to-
ward goblet cells.

A previous report showed that merely inactivating the
aberrant Wnt signaling in HT-29 cells induced significant
up-regulation of the MUC2 gene.!® In our experience,
HT-29 cells are different from SW480 cells, because they
readily express a small amount of Hathl and MUC2
mRNA (data not shown). Thus, we speculate that inacti-
vation of aberrant Wnt signaling in HT-29 cells may have
up-regulated both mRNA expression and protein stabil-
ity of the endogenous Hathl gene, leading to the signif-
icant up-regulation of MUC2 expression.

Hath1 Protein Expression Is Decreased in
Human Colon Cancer Tissues Expressing
Hathl mRNA and Nuclear-Located
B-catenin Protein

To reveal the role of Wnt-GSK3-mediated recip-
rocal proteolytic regulation of B-catenin and Hathl in
vivo, we analyzed the correlation between Hathl mRNA,
Hathl protein, and nuclear localized f-catenin protein
expression in human colon cancer tissues. In 3 of 4 cases,
we found that tumor tissues expressed Hathl mRNA at
an amount comparable to the adjacent normal mucosa,
as judged by RT-PCR (Figure 64). Constitutive activation
of Wnt signaling in cancer tissue of these cases was
confirmed by the significant expression of ¢-MYC, one of
the well-known target genes by B-catenin/TCF. Strik-
ingly, in these cases, immunohistochemical analysis re-
vealed that Hathl protein is expressed in the normal
mucosa but not in the tumor lesion (Figure 6B). In
contrast, nuclear localized B-catenin protein was easily
observed in the tumor lesion but was hardly found in the
normal mucosa (Figure 6B). These data indicated that at
least in some populations of colon cancers, Hath1 expres-
sion might be strictly suppressed by Wnt-mediated pro-
tein degradation, rather than the suppression of mRNA
expression, thereby contributing to maintenance of the
undifferentiated state of the tumor tissue.

Discussion

The present study describes a novel function of
the canonical Wnt signaling, reciprocally regulating
Hath1 and B-catenin protein stability via GSK38 (Figure
7). The “on” and “off” status of the Wnt signal directly
converted the target of GSK3fB between Hathl and
B-catenin protein, leading to subsequent protein degra-
dation. Our results suggest that this mechanism not only
regulates the amount of Hathl and B-catenin protein
expression burt also contributes to the significant change
in the expression of the downstream target genes and to
the cell fate decision between cell differentiation and
proliferation. Furthermore, our observations that the
dysregulation of the Wnt pathway by components up-
stream of GSK3p, such as APC, not only contribute to
the activation of B-catenin/TCF transcription but also
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induce concomitant destruction of the gut-specific tran-
scription factor Hathl, provides new insights into the
tissue-specific processes of colon cancer development.

It is known that the ubiquitin-proteasome pathway
plays crucial roles in the carcinogenesis of some tissues
by regulating the protein expression of transcriptional
factors such as nuclear factor kB3” and hypoxia-inducible
factor 1.38 However, our findings suggest that proteolytic
regulation of Hathl protein expression by the ubiquitin-
proteasome pathway is a tissue-specific event observed
exclusively in colon cancer cells. Moreover, the present
system has an outstanding advantage for colon cancer
carcinogenesis, in that a single mutation of an upstream
gene in Wnt signaling could accelerate cell proliferation
by B-catenin/TCF-dependent transcription and immedi-
ately shut down cell differentiation at the same time by
rapid degradation of Hath1 protein, regardless of Hathl
mRNA expression. Therefore, the present function of the
Wnt-GSK pathway further emphasizes the importance of
aberrant Wnt signaling in colonocyte transformation.

This study also provides a new insight into the canon-
ical Wnt pathway, because it indicates that GSK38 func-
tions continuously, even when the upstream signal is
inactivated, by changing its substrate specificity accord-
ing to the upstream signal status. It is known that
GSK3p changes target amino acid residue within a single
substrate protein such as Map1b*® and Snail,*® depend-
ing on its upstream signals. Our study suggests for the
first time that GSK3f could even change the substrate
protein itself due to upstream Wnt signaling, leading to
immediate degradation of the substrate protein by the
ubiquitin-proteasome system. However, the present study
could not provide precise evidence to understand
whether Hathl is directly phosphorylated by GSK38 or
how changes of GSK3p target are sequentially regulated
between Hathl and B-catenin. In our recent study, in
vitro kinase assay using recombinant Hathl protein and
activated GSK3p did not show any phosphorylation of
Hathl protein (data not shown). This result indicated
that the phosphorylation of Hath1 might require specific
adapter proteins such as Axin and APC to form a com-
plex with GSK3f, as is the case with phosphorylation of
B-catenin. However, so far we cannot completely exclude
that the effect of GSK3p activity on Hathl protein sta-
bility is possibly indirect. Overexpression of GSK3f had
no effect on Hathl and B-catenin protein stability, sug-
gesting that the total amount of GSK38 protein is abun-
dant enough and does not contribute to limit the sub-
strate protein (data not shown). Thus, it is more likely
that Wnt signal controls target specificity of the GSK38
by regulating the complex formation of the substrate
with GSK3f and a yet-unknown adapter protein.

In summary, we showed for the first time a novel
function of the Wnt-GSK3 signaling pathway, working as
a molecular switch changing the cell fate between differ-
entiation and proliferation by proteolytic, reciprocal reg-
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ulation of Hath1 and B-catenin in colonocytes. Moreover,
the aberrant Wnt signaling contributes to the carcino-
genesis of colon cancers not only by the stabilization of
B-catenin protein but also by the degradation of Hathl
protein in an intestine-specific manner. These findings
provide better understanding of the molecular mecha-
nism regulating Wnt-mediated carcinogenesis in colorec-
tal cancers and further emphasize the importance of
aberrant Wnt signaling in colonocyte transformation.
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Unique CD14+ intestinal macrophages
contribute to the pathogenesis of
Crohn disease via IL-23/IFN-y axis

Nobuhiko Kamada,! Tadakazu Hisamatsu,’ Susumu Okamoto,* Hiroshi Chinen,’
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Division of Gastroenterology and Hepatology, Department of Internal Medicine, Keio University School of Medicine, Tokyo, Japan.
2Department of Surgery, Yokohama Gity Hospital, Yokohama, Japan. 3Department of immunology, National Institute of infectious Diseases, Tokyo, Japan.

Intestinal macrophages play a central role in regulation of immune responses against commensal bacteria. In
general, intestinal macrophages lack the expression of innate-immune receptor CD14 and do not produce pro-
. inflammatory cytokines against commensal bacteria. In this study, we identified what we believe to be a unique
macrophage subset in human intestine. This subset expressed both macrophage (CD14, CD33, CD68) and DC
markers (CD205, CD209) and produced larger amounts of proinflammatory cytokines, such as IL-23, TNF-a,
and IL-6, than typical intestinal resident macrophages (CD14-CD33* macrophages). In patients with Crohn
disease (CD), the number of these CD14* macrophages were significantly increased compared with normal
control subjects. In addition to increased numbers of cells, these cells also produced larger amounts of IL-23
and TNF-o compared with those in normal controls or patients with ulcerative colitis. In addition, the CD14*
macrophages contributed to IFN-y production rather than IL-17 production by lamina propria mononuclear
cells (LPMCs) dependent on IL-23 and TNF-a. Furthermore, the IFN-y produced by LPMCs triggered further
abnormal macrophage differentiation with an IL-23-hyperproducing phenotype. Collectively, these data sug-
gest that this IL-23/IFN-y-positive feedback loop induced by abnormal intestinal macrophages contributes to

the pathogenesis of chronic intestinal inflammation in patients with CD.

Introduction
Although the precise etiologies of inflammatory bowel diseases
(IBDs), including Crohn disease (CD) and ulcerative colitis (UC),
remain unclear, several reports have indicated that dysfunction of
the mucosal immune system plays important roles in its pathogen-
esis (1, 2). It has been suggested that skewed Th1 immune respons-
es, represented by IFN-y, TNF-0, and IL-2, in the inflamed mucosa,
play a pivotal role in the pathogenesis of CD (3, 4). Recently, it has
become evident that abnormal innate-immune responses to com-
mensal bacteria are responsible for the pathogenesis of CD (S5).
Macrophages, the major population of tissue-resident mono-
nuclear phagocytes, play key roles in bacterial recognition and
elimination as well as in the polarization of innate and adaptive
immunities. Besides these classical antibacterial immune roles, it
has recently become evident that macrophages also play impor-
rant roles in homeostasis maintenance, for example, inflamma-
tion dampening via the production of antiinflammarory cytokines
such as IL-10 and TGE-f, debris scavenging, angiogenesis, and
wound repair (6-8). Since the intestinal mucosa of the gut is
always exposed to numerous commensal bacteria, it is considered
that the gut may possess regulatory mechanisms preventing exces-
sive inflammatory responses against commensal bacteria. Indeed,
it was previously reported that human intestinal macrophages do
not exptess innate response receptors (9, 10), and although these

Nonstandard abbreviations used: CD, Crohn disease; CM, conditioned media; IBD,
inflammatory bowel disease; LP, lamina propria; LPMC, LP mononuclear cell; PB,
peripheral blood; UC, ulcerative colitis.
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cells retain their phagocytic and bacteriocidal functions, they do
not produce proinflammatory cytokines in response to several
inflammatory stimuli, including microbial components (11). In
addition, a recent study also revealed that intestinal macrophage
expressed several antiinflammatory molecules, including IL-10,
and induced the differentiation of Foxp3* Treg by a mechanism
dependent on IL-10 and retinoic acid. Moreover, such intestinal
macrophage supptesses the intestinal DC-derived Thi and Th17
immunity dependent on or independent of Treg induction (12).
Thus, recent studies have suggested that macrophages located in
the intestinal mucosa play important roles in the maintenance of
intestinal homeostasis by protecting the host from foreign patho-
gens and negatively regulating excess immune responses to com-
mensals (13). On the other hand, disorders in such antiinflam-
matory functions of intestinal macrophages may cause abnormal
immune responses to commensals and lead to the development
of chronic intestinal inflammation, such as IBD (14-19). In fact,
intestinal macrophages contributed to the development of Th1-
and Th17-mediated chronic colitis via the production of both IL-12
and IL-23 in response to commensal bacteria in IL-10-deficient
mice, an animal model of CD (20). In the present study, we focused
on the functions of human intestinal macrophages to clarify their
role in the pathogenesis of CD.

Resuits

Presence of unique proinflammatory CD14* macrophages in the intestinal
lamina propria. To identify the role of intestinal macrophage in the
pathogenesis of human IBD, we first analyzed the macrophage
population in the human intestine. Although many previous
reports have indicated that CD14 is downregulated in intestinal
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macrophages (9, 11), a small number of CD14" cells positive for
the intestinal macrophage marker CD33 were present in normal
human intestine (Figure 1A). Moreovet, these CD14* cells were
significantly increased in the patients with IBDs, especially in the
patient with CD (Figure 1, A and B). On the other hand, there were
no significant differences in the number of CD14"* cells between
noninflamed and inflamed mucosa in individual patients (Figure
1B). To clarify whether these cells were a new subset of intestinal
macrophages or newly recruited monocytes, morphology and mac-
rophage marker expression were assessed on both tissue localized
and purified CD 14" cells from the intestinal mucosa of patients
with CD. Immunohistochemical analysis revealed that the CD14*
cells also expressed macrophage marker CD68 (Figure 1C), and
the purified CD14" cells were adherent and showed spindle-like
typical macrophage morphology (Figure 1D).

Next, we analyzed the phenotype of these CD14*CD33" cells.
These CD14*CD33* cells expressed CD13, HLA-DR, Fc receptors
(CD32, CD64), transferrin receptor (CD71), mannose receptor
(CD206), and IL-3 receptor (CD123) but did not express the CD16
or DC markers CD1a, CD1c, and DC-LAMP (CD208). However, this
subset expressed some DC markers such as DEC-205 (CD205) and
DC-SIGN (CD209) and the costimulatory molecules CD80, CD86,
CD40, and TLRs (Figure 2A and Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
JCI34610DS1). In addition, CD14*CD33* cells expressed several
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chemokine receptors such as CCR1,-2,-4, -9, CXCR4, and CX;CR1
(Figure 2A). In terms of the expression of surface markers, there
were no marked differences among the CD14*CD33" cells from
normal control subjects and 2 types of IBD patients, at least among
those subjects we tested (data not shown). On the other hand, con-
sistent with previous reports, the CD14-CD33* subset did not
express most macrophage and DC markers (Figure 2A). Thus, these
CD14* cells are thought to be a unique macrophage subset in intes-
tine, which has both macrophage and DC markers.

Because this CD14* unique myeloid cell subset was increased
in IBD patients, there is a possibility that these cells cantributed
to the intestinal inflammation. To clarify this, CD14*CD33* and
CD14-CD33" cells were isolated from the lamina propria (LP) of
CD patients, and the cytokine productive function after stimula-
tion with commensal bacteria Escherichia coli and Enterococcus faecalis
was assessed. CD14*CD33* cells produced larger amounts of pro-
inflammatory cytokines IL-12/IL-23p40, IL-23, TNF-a, and IL-6,
but not IL-12p70, in response to bacterial stimuli. In contrast,
CD14-CD33* cells produced only limited amounts of these pro-
inflammatory cytokines (Figure 2B). Even in the production of
antiinflammatory cytokines, CD14*CD33* cells produced a larger
amount of IL-10 than CD14-CD33* cells, and both subsets could
produce only limited amount of TGF-. These results suggest that
CD14*CD33* intestinal macrophage subsets act as a proinflam-
matory subset in the pathogenesis of human IBD.
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CD14* intestinal macropbages in patients with CD produce a large
amount of IL-23 and TNF-o. in response to commensal bacteria. Since
the number of CD14* macrophages was significantly increased in
intestinal tissues from IBD patients, especially in CD patients, we
next examined whether these CD14* cells in CD patients were only
increased in numbers or exhibited functional differences com-
patred with normal controls and UC patients. We first analyzed
the expression of IL-12-related genes by isolated CD14" macro-
phages from normal control subjects or patients with IBD. As a
result, the levels of IL-12/IL-23p40, IL-23p19, and IL-27p28, but
not IL-12p35, were significantly increased in CD14* macrophages
from CD patients compared with those from normal individuals
and patients with UC (Figure 3A). Moreover, in response to com-
mensal bacteria stimulation, CD14* intestinal macrophages from
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CD patients produced abundant levels of IL-23 and TNF-a, but
not IL-12p70, compared with those from normal individuals and
UC patients (Figure 3, B and C). CD14" macrophages from the CD
patient also produced IL-6, but the level was lower than thatin UC
patients (Figure 3B). Thus, the CD14" intestinal macrophages in
CD patients are distinct from those in normal and UC patients,
being hyperproducers of IL-23 but not IL-12.

CD14" intestinal macrophages in CD patients are a main source of com-
mensal-induced IL-23 by LPMCs. It has become clear that CD14" mac-
rophages from patients with CD produced abundant levels of IL-23.
Next, we tried to identify the role of these IL-23-producing CD14*
intestinal macrophages in intestinal inflammation. To clarify the
role of these macrophage subsets in the intestinal inflammation,
whole LPMCs in a mixed cultute system were used for evaluation
Number 6 2271
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CD14+ intestinal macrophages from patients with CD produced abundant levels of IL-23 and TNF-a in response to commensal bacteria antigen
stimulation. (A) Quantitative RT-PCR of basal mRNA expression levels in isolated CD14* macrophages from normal and |BD patients. (B)
Cytokine production by CD14+ intestinal macrophages stimulated by heat-killed E. cofi or E. faecalis (1 x 108 CFU/mI) for 24 hours. (C) Quantitative
RT-PCR of IL-12-related cytokines by CD14+ intestinal macrophages stimulated by heat-killed £. coli or E. faecalis (1 x 108 CFU/ml) for 24 hours.
All CD14+ macrophages used in this experiment are from inflamed mucosa of IBD patients and noninflamed mucosa of normal control subjects.
Data are expressed as mean = SEM of individual patients or controls (normal, n = 9; UC, n = 9; CD, n = 13). Statistical analysis was performed
using Kruskal-Wallis 1-way ANOVA and the Tukey-Kramer test for multiple comparisons, *P < 0.05, **P < 0.01, ***P < 0.001 versus normal

control subjects; *P < 0.05, #P < 0.01 versus UC.

of macrophage-lymphocyte interaction. Intestinal LPMCs were
isolated from inflamed mucosa of UC and CD patients or not-
mal colon, respectively, and cultured with or without commensal
bacteria stimulation. As shown in Figure 4A, commensal bacteria
E. faecalis strongly induced the production of IL-23, TNF-a, and
IL-6, but not IL-12p70, from LPMCs from patients with CD.
Interestingly, TNF-a, which strongly contributes to the intesti-
nal inflammation of CD, was constitutively produced to a greater
extent by LPMCs from CD patients. In addition, not only proin-
flammatory cytokines TNF-a. and IL-6, which are mainly produced
by innate-immune cells, but T cell-related cytokines, such as IFN-y,
were also significantly elevated in LPMCs from CD patients
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both before and after bacteria stimulation (Figure 4A). Surpris-
ingly, although the Th17-related cytokine IL-23 was significantly
induced in LPMCs from patients with CD, IL-17 production was
not induced by LPMCs even after bacteria stimulation. We further
checked the mRNA transcription promoted by commensal stimu-
lation. Consistent with the results of protein secretion, commensal
bacteria significantly upregulated the expression of IL12/IL23p40,
IL23p19, and IEFNG mRNA; however, stimulation did not induce
IL12p35 and IL17 mRINA in LPMCs from CD patients (Figure 4B).
In contrast to IL17, the other Th17-related cytokines IL22 and
CCL20 were significantly induced by LPMCs from CD patients
after commensal stimulation (Figure 4B). To further confirm the
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CD14* cells as the major source of IL-23, the CD14" cells were
depleted from LPMCs, and then CD14- LPMCs were stimulated
with E. faecalis. As expected, the production of proinflammatory
cytokines IL-23, TNF-a, and IL-6 was dramatically reduced in
CD14- LPMCs compared with whole LPMCs (Figure 4C). Because
this reduction of cytokines by LPMCs was not due to the nonspe-
cific cell damage caused by CD14* cell depletion (Supplemental
Figure 4), it seems likely that these phenomena were caused by
the lack of CD14* macrophages from LPMCs. Moreover, IFN-y
production was also dramatically decreased in the CD14- LPMCs
(Figure 4C). Because CD4* T cells are a major source of IFN-y in
the inflamed mucosa of CD patients (3, 4) and CD14* cells could
not produce IFN-y (data not shown), IFN-y was thought to be pro-
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duced by T cells as a resulc of the interaction with bacteria-acti-
vated innate-immune cells, such as macrophages, in the LPMCs.
Collectively, these results suggest that CD14* macrophages were
the major source of IL-23 in the LP of CD patients and might have
contributed to the promotion of IFN-y production from LP T cells.
CD14* intestinal macrophages in CD patients promote IFN=, rather
than IL-17, by LP T cells via an 1L-23- and TNF-o—dependent manner.
To unravel the role of IL-23, which is produced by CD14"* intesti-
nal macrophages, we examined the effect of IL-23 on the intesti-
nal inflammatory response using LPMC cultures. Consistent with
the results of commensal bacteria stimulation, recombinant IL-23
(rIL-23) significantly induced IFN-y, but not IL-17, production by
LPMCs. Indeed, the amounts of IFN-y were dramatically higher in
Number 6 2273
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Figure 5

Intestinal macrophage-derived IL-23 induced IFN-y production by LPMCs, and LP CD4+ T cells synergize with TNF-a in patients with CD. (A) IL-23—
induced proinflammatory cytokine production by LPMCs from normal control subject or inflamed mucosa of patients with IBD. Data represent
mean + SEM (normal control, n = 5; UC, n = 8; CD, n = 8). *P < 0.05 versus normal control; #P < 0.01 versus UGC; P < 0.05, WP < 0.01 versus
unstimutated controls. (B) Synergistic effect of TNF-a and IL-6 on the IL-23-induced IFN-y production by LPMCs and LP CD4+ T cells from
inflamed mucosa of patients with CD. Data represent mean + SEM from 4 individuals. (C) Analysis of the suppressive effect of anti-p40 or anti-
TNF-a Abs on the commensal bacteria-induced IFN-y production by LPMCs from inflamed mucosa of CD patients. a-p40 Ab, o—~IL-12/1L.-23p40
Ab. Data represent mean + SEM from at least 4 individuals. Statistical analysis was performed using Kruskal-Wallis 1-way ANOVA and the

Tukey-Kramer test for multiple comparisons.

patients with CD than in normal control subjects or patients with
UC (Figure SA). While rTL-23 significantly promoted the production
of IFN-y by LPMCs, the amount of commensal-promoted IFN-y was
2-fold larger than that of rIL-23-promoted IFN-y, especially in CD
patients (Figure 4A and Figure 5SA). To explain this difference, we
focused on the possibility that other proinflammatory cytokines
exhibit synergistic effects with IL-23 on IFN-y induction by LPMCs.
Commensal bacteria stimulation induced not only IL-23 burt also
TNF-¢ and IL-6, while IL-23 alone did not induce such proinflam-
matory cytokines. Hence, there is a possibility that IL-23 and TNF-a
or IL-6 can act synergistically on IFN-y induction. As shown in Fig-
ure SB, both TNF-a and IL-6 did not induce IFN-y production by
LPMCs and LP T cells. However, TNF-a, but not IL-6, synergistically
induced IFN-y from LPMCs and LP CD4* T cells with IL-23. Indeed,
commensal bacteria-induced IFN-y by LPMCs was suppressed by
neutralizing IL-12/IL-23p40 and TNF-o (Figure 5C). Thus, bacteria-
induced TNF-0. may act in cooperation with IL-23 on IFN-y induc-
tion in the intestinal inflammatory site in CD patients. Collectively,
CD14" macrophages are a major producer of IL-23 and TNF-ain
the intestinal LP of CD patients. Such IL-23 and TNF-o. synergisti-
cally induce the production of IFN-y by LP T cells.
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The intestinal inflammatory microenvironment in CD patients promotes
abnormal differentiation of intestinal macrophage. As we have demon-
strated so far, an abnormal macrophage subset might contribute
to the pathogenesis of intestinal inflammation of CD patients via
IL-23 overproduction. In the next part of this study, we tried to
identify how such abnormal intestinal macrophage differentiation
is triggered in CD patients. We hypothesized thar local inflamma-
tory microenvironments in CD patients might cause abnormal
macrophage differentiation. To examine this hypothesis, condi-
tioned media (CM) wete prepared from whole-cell cultures of intes-
tinal LPMCs from normal subjects and patients with IBD, without
stimulation. Then, the effect of LPMC-CM was assessed using an
in vitro macrophage differentiation system. Peripheral blood (PB)
CD14" monocytes were obtained from healthy donors and differ-
entiated into macrophage by M-CSF with or without LPMC-CM.
There was no significant difference in morphology (Figure 6A),
but the expression of cell-surface markers was different among
the differentiated cells (Figure 6B). M-CSF-induced macrophages
expressed CD14 and CD33 but not CD209 and CD206. Alterna-
tively, CM-derived macrophages expressed all of these markers
regardless of the source of CM, and the phenotype was similar to
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Figure 6

The intestinal inflammatory microenvironment affects macrophage differentiation and induces an IL-23-producing phenotype. (A) Morphological
findings of in vitro—differentiated macrophages from peripheral CD14+ monocytes of normal controls with or without LPMC-CM. Scale bar: 20 pm.
(B) Flow cytometry for the surface phenotypes of LPMC-CM~induced in vitro—differentiated macrophages. The shaded histogram shows pro-
files of indicated Ab staining and the open histogram shows staining with isotype controls. The data shown are representative of 5 independent
experiments. (C) Cytokine production by LPMC-CM-induced in vitro—differentiated macrophages stimulated with heat-killed £. coli for 24 hours.
Data represent mean + SEM from 6 independent experiments. (D) Cytokine production by macrophages differentiated from normal and CD
monocytes with or without UC- and CD-CM. Data represent mean = SEM from 6 independent experiments. All data used at teast 3 different CM
from individual patients and at least 3 different monccytes from individual patients and controls. Statistical analysis was performed using Krus-
kal-Wallis 1-way ANOVA and the Tukey-Kramer test for multiple comparisons. **P < 0.01, ***P < 0.001 versus M-CSF induced macrophages;
P < 0.01, #P < 0.01 comparison between normal control monocytes and monocytes from CD patients.

that of intestinal macrophages. However, production of IL-23 and
[L-12/IL-23p40 by these macrophages was significantly different
and clearly higher in CD-CM-induced macrophages, as shown in
Figure 6,C and D. Thus, it seems possible that CD-CM specifically
affects monocyte differentiation, at least on the cytokine produc-
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tion ability, and induces IL-23-hyperproducing macrophages.
These results indicate that the inflammatory microenvironment
of intestinal mucosa in patients with CD affected macrophage
differentiation and altered their phenotype to abnormal macro-
phages with an IL-23-hyperproducing phenotype. Then, we tried
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Figure 7

IFN-y in CD-CM promotes IL-23-hyperproducing proinflammatory macrophage differentiation. (A) Quantification of IFN-y and IL.-6 in LPMC-CM. Data
are shown as mean + SEM from 3 individual normal controls and 4 individual patients with IBD used for macrophage differentiation experiments. (B)
Flow cytometry for the surface phenotypes of IFN-y—induced in vitro-differentiated macrophages. The shaded histogram shows the profiles of the
indicated Ab staining and the open histogram shows staining with isotype controls. (C) Production of IL-12/1L-23p40 and IL-23 by bacteria-stimulated
macrophages differentiated with or without IFN-y. Data represent mean + SEM from 3 independent experiments. (D) Effect of IFN-y signal blocking
using anti-IFN-y Ab (a-IFNy Ab) (1 pg/mi) combination with anti~IFN-y receptor 1 Ab (a-IFNyR Ab) (10 ug/ml) or same amount of those isotype con-
trols (mouse 1gG; mouse 19Gga for a-IFNy Ab, and mouse 1gG; for a-IFNyR Ab) from CD-CM on macrophage differentiation. Statistical analysis was
performed using paired t test. Data represent mean + SEM from 5 independent experiments. *P < 0.05 compared with controls.

to determine whether only inflammatory conditions affected mac-
rophage differentiation or if CD patients have some abnormali-
ties in monocytes. To address this issue, monocytes from patients
with CD were used for in vitro mactophage differentiation with
UC- or CD-CM. Compared with normal monocyte-derived mac-
rophages, CD monocyte-derived macrophages produced more
IL-23 in response to bacterial stimuli. These results suggest that
CD monocytes are distinct from normal monocytes and are more
susceptible to CD-CM and altered their phenotype into IL-23
hyperproducers (Figure 6D).

IEN- in CD-CM leads to abnormal macrophage differentiation with an
IL-23~hyperproducing phenotype. As described above, it has become
evident that intestinal microenvironments in patients with CD lead
to abnormal macrophage differentiation with an IL-23-hyperpro-
ducing phenotype. However, it was still unclear which factors in
CD-CMs cause abnormal macrophage differentiation. As shown
in Figure 4, some proinflammatory cytokines, such as IFN-y and
TNF-a, were spontaneously produced by LPMCs after culture for 24
hours, especially in CD patients. Hence, we focused on the effect of
such proinflammatory cytokines on macrophage differentiation. To
identify these factors, the cytokines in CD-CM were analyzed. In fact,
the amount of IFN-y was highest in CD-CM among normal-, UC-,
and CD-CM groups (Figure 7A). In contrast, other proinflamma-
tory cytokines, such as IL-6, were elevated in both CD- and UC-CM
(Figure 7A). Unexpectedly, in contrast to the results in Figure 4, all

LPMC-CMs used in this study did not contain a detectable amount
of TNF-a (data not shown). This difference might occur due to dif-
ferences in culture times (LPMC-CMs were prepared by 60-hour
culture of LPMCs in the absence of stimulation, while the resultin
Figure 4A revealed the cytokine amounts at 24-hour culture). There-
fore, we examined the effect of recombinant IFN-y on macrophage
differentiation. IFN-y-derived macrophages were similar to intesti-
nal CD14* macrophages or CD-CM-derived macrophages in terms
of the expression of sotne sutface markers, and commensal bacteria
stimulation induced the hyperproduction of IL-12/IL-23p40 and
IL-23 (Figure 7, B and C). However, other proinflammatory cytokines,
including TNF-o.and IL-6, did not affect macrophage differentiation
(data not shown). In addition, blocking of IFN-y and its receptor in
the culture of monocytes with CD-CM significantly, but not com-
pletely, attenuated such abnormal IL-23 production by macrophages
(Figure 7D). These results indicate that IFN-y in the CD-CM is a fac-
tor that promotes abnormal macrophage differentiation and leads to
an IL-23-hyperproducing phenotype.

Discussion

It has been reported that human intestinal macrophages do not
express typical macrophage innate-immune receptors, such as
CD14 or TLRs, and that they exhibit antiinflammatory anergic phe-
notypes (9, 11). On the other hand, in IBD, it has been reported that
abnormal proinflammatory macrophages, such as TREM-1* mac-
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rophages, are increased in intestinal mucosa and contributed to the
intestinal inflammation (19). In addition to the prior report, it was
also shown that CD14* and TLR* myeloid cells ate also increased
in the LP of patients with IBD (21, 22). Thus, such innate-immune
receptor-positive myeloid cells may contribute to the pathogenesis
of human IBD. In the present study, we identified what we believe
to be unique CD14* intestinal macrophages in the human intestinal
LP. Consistent with the prior report, these cells expressed TREM-1
(Supplemental Figure 1). We also showed that the chemokine recep-
tor expression pattern was quite different between CD14*CD33"
intestinal macrophages and CD14-CD33" intestinal macrophages,
which are considered to be the typical resident macrophages. These
data suggest the possibility that these 2 intestinal macrophage sub-
sets are derived from different subsets of monocyte, such as inflam-
matory or resident monocytes as previously reported (6, 23).

Moreover, the number of unique CD14* macrophage subsets was
dramatically increased not only in inflamed mucosa but also in non-
inflamed mucosa with CD (Figure 1B). This result suggests that the
increasing number of CD14* macrophages in CD patients was not
simply caused as a secondary event associated with increased inflam-
mation in CD. Moreover, not only the numbers but also the func-
tions of this subset were dramatically changed in CD patients. The
CD14* macrophage subset from CD patients produced abundant
levels of IL-23 and TNF-a compared with normal control subjects
and patients with UC in response to bacteria stimulation. However, it
was unclear whether this enhanced IL-23 and TNF-a level produced
by CD14* macrophages in CD patients plays a causal role in the
inflammation of CD patients or represents a secondary event associ-
ated with increased inflammation observed in CD, because the basal
production of these proinflammatory cytokines by CD14* macro-
phages was also higher in patients with CD. A similar unique macro-
phage subset has already been reported in mice. A subset of murine
intestinal macrophages expressed both murine macrophage marker
F4/80 and DC marker CD11cand directly induced the development
of granuloma (24). In order for these unique intestinal macrophages
subset in mice to develop granuloma formation, commensal bacte-
ria-induced IL-23 is an essential factor. Based on these reports, the
CD14"* intestinal macrophages identified herein in humans might be
a counterpart of such unique intestinal macrophages subset in mice
and contribute to the development of granulomas, a typical char-
acteristic finding in patients with CD, owing to the production of
excess IL-23 and TNF-o. in response to commensal bacteria.

This abnormally large amount of IL-23 observed in CD patients
was induced by specific commensal bacteria, such as E. faecalis and
E. coli, which were determined as colitogenic bacteria in a murine
model of CD (25). In addition, stimulation with pathogen-associ-
ated molecular patterns (PAMPs) alone could not induce IL-23.
Furthermore, inhibition of phagocytosis suppressed IL-23 pro-
duction (Supplemental Figure 2). These findings imply that the
specific species of commensal bacteria, considered to be colito-
genic bacteria, strongly induce IL-23 production via intracellular
recognition pathways. A recent study has demonstrated that the
intracellular bacteria recognition receptor NOD?2 is important for
the bacteria-induced IL-23 production by monocyte-derived DCs
from patients with CD (26). However, a NOD2 ligand muramyldi-
peptide (MDP) could not induce IL-23 by CD14* intestinal macro-
phages (Supplemental Figure 2D).

Because it has become evident that the IL-23/Th17 axis is more
important than the IL-12/Th1 axis in various autoimmune and
inflammatory diseases (27-30), including animal models of IBD (31,
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32), the role of the IL-23/Th17 axis in the pathogenesis of human
CD has become increasingly attractive. In fact, recent studies have
suggested the existence of an IL-23 receptor polymorphism that is
associated with the pathogenesis of IBD (33). In the present study,
it has become clear that unique CD14* macrophages were the major
source of IL-23 in the LP in response to commensal bacteria stimu-
lation. Interestingly, these cells never produced IL-12p70. Moreover,
such macrophages were not observed in PBMCs, and IL-23 did not
show any effect on the production of IFN-y or IL-17 by PBMCs or
PB CD4* T cells (data not shown). Because it was previously report-
ed that IL-23 is important for local inflammation rather than sys-
temic inflammation, while IL-12 shows the opposite effect (34), the
unique macrophage subset that we identified might play a central
role in local inflammation of the gut via IL-23, but not IL-12.

In the present study, we demonstrated that IL-23 and TNF-a
but not IL-6 produced by CD14* macrophages synergistically
promoted IFN-y production by LPMCs and LP CD4* T cells,
Unexpectedly, however, IL-17 was not induced by LPMCs after
IL-23 or commensal bacteria stimulation. In contrast, IL-17 was
detected from longer-duration culture supernatants of LPMCs
(48 hours and 72 hours), but the amounts were quite low and
were not significantly induced with commensal bacteria stimu-
lation (Supplemental Figure 3). These results suggest the possi-
bility that while IL-17 contributes mote to the pathogenesis of
CD patients in the later phase of inflammation than IFN-y, com-
mensal bacteria recognition by CD14* intestinal macrophages
predominantly enhances IFN-y production rather than IL-17
production by LPMCs in patients with CD. On the other hand,
we found an abundant amount of IL-17 was produced by puri-
fied LP CD4* T cells from patients with CD, both with and with-
out TCR engagement (data not shown). These results collectively
suggest the possibility that although LP CD4" T cells potentially
produce both IFN-y and IL-17, IL-17 production was suppressed
in LPMCs, albeit by a largely unknown mechanism. However, we
demonstrated that the other Th17-related cytokines IL-22 and
CCL20 were significantly induced by LPMCs in CD patients after
commensal stimulation. Thus, IL-23/Th17 immune responses
were actually induced in CD patients after commensal bacteria
stimulation. Since both IFN-y and IL-17 producing cells, named
Th17/Th1 cells, were identified in the patients with CD (35), there
is a possibility that IL-23 induced the IFN-y from Th17/Th1 cells
rather than Th1 cells. Collectively, although IL-23 contributes to
the induction of IL-17, IL-23 predominantly induces IFN-y in the
LP and leads to Th1- or Th17/Th1-mediated intestinal inflamma-
tion in CD. In agreement with our findings, although the IL-23/
IL-17 axis is important in the pathogenesis of several animal mod-
els of colitis, IFN-y production was strongly elevated (36, 37) and
not only IL-17 but also IFN-y production was markedly decreased
when these mice were under IL-23-deficient conditions (38, 39).
These results indicate that not only the IL-23/IL-17 axis but also
the IL-23/IFN-y axis is important for the pathogenesis of animal
colitis models as well as pathogenesis of humans.

Meanwhile, it was also reported that the IL-23/IFN-y axis was
observed in both T cell dependent and independent colitis models
(38). In these models, non-T cell-derived IFN-y or IL-17 are impor-
tant for colitis development. In fact, we have demonstrated that
not only LP T cells but also LP CD3-CD56* NK cells can produce
IFN-y in response to IL-23 (Supplemental Figure 5). A recent study
has demonstrated that unique intestinal NK cell differentiation
was accelerated in patients with CD, and such intestinal NK cells
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