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INTRODUCTION

Ulcerative colitis (UC) is a chronic inflammatory bowel disease
characterized by periods of remission interrupted by episodes
of clinical relapse due to recurrent intestinal inflammation (1).
The immunopathogenesis of UC reflects a dysregulated interac-
tion among environmental factors, intestinal flora, and genetic
susceptibility factors within the immune system, which triggers
inflammatory activities in colonic mucosa (2). Increased mucosal
vascular permeability is followed by an influx of vast numbers of
granulocytes, monocytes/macrophages into the colonic mucosa
in active UC (3). The local and infiltrated leukocytes in colonic
mucosa produce and release soluble mediators, including proin-
flammatory cytokines, chemokines, and proteases, which can
exacerbate inflammation and tissue injury (2,4,5). Furthermore,
there is evolving evidence for peripheral blood granulocytes
and monocytes as being major factors in the immunopatho-
genesis of UC (2,6). Accordingly, patients with active UC may
harbor an elevated peripheral granulocyte (7,8) with activation
behavior (6) and prolonged survival time (9). Furthermore,
UC is exacerbated and perpetuated by cytokines such as tumor
necrosis factor-oi, 1L (interleukin)- 1B, IL-6, and 11-12, which are
strongly proinflammatory (10,11) and are released by granulo-
cytes and monocytes as well (5,12). These cytokines have given
rise to the inference that elevated and activated granulocytes and
monocytes should be targets of therapy in UC.

Conventional medications including 5-aminosalicylic acid,
prednisolone, and immunomodulators such as azathioprine
and 6-mercaptopurine have been used for many years in the
treatment of UC (13-18). However, the use of these drugs has
often been associated with adverse side effects that add to dis-
ease complexity (15,17-19). Therefore, there is a need for effec-
tive and well-tolerated therapies for UC.

Granulocyte and monocyte adsorptive apheresis (GMA) is an
extracorporeal therapy that is performed with the Adacolumn
(JIMRO, Takasalki, Japan), which selectively depletes granulo-
cytes and monocytes from peripheral blood (8). A number of
studies have reported the therapeutic efficacy of GMA in patients
with UC, Crohn’s disease, and rheumatoid arthritis (20-22). In
patients with UC, up to now, most physicians have relied on
weekly, one GMA session per week, and in spite of reporting
60-80% efficacy outcomes, the effects take several weeks to
be observed (23). With this in mind, we had the impression
that an intensive course of GMA should produce a more rapid
efficacy compared with weekly GMA. Initially, we undertook a
pilot study that showed that rapid remission could be achieved
by intensive GMA (24). We have now expanded this idea to the
present large, prospective, randomized, multicenter study to
evaluate the safety, efficacy, and time to remission of intensive
GMA, alongside the routine weekly GMA treatment in patients
with active, mild-to-moderate UC.

METHODS
This was an open-label, prospective, randomized, multicenter
study aimed at evaluating the clinical efficacy, safety, and the
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appropriate treatment schedule for GMA in patients with
mild-to-moderately active UC. The study was conducted at 24
medical institutions from January 2004 to November 2005; 15
were academic, university institutes, 4 were municipal hospi-
tal centers, and 5 were private community clinics. All centers
had adequate experience to perform GMA for the treatment of
UC. The protocol and patients’ informed consent forms were
reviewed and approved by an Institutional Review Board at
each study center before the study. The study was conducted
in accordance with the Declaration of Helsinld, in compliance
with the consolidated Good Clinical Practice guidelines and
the applicable regulatory requirements,

Patient population

Male or nonpregnant female UC patients older than 12 years
were eligible if they had newly diagnosed or relapsing mild-
to-moderately active disease. The severity of UC was assessed
by the clinical activity index (CAI) according to Lichtiger
et al. (25). Patients who had a CAl score from 5 to 12 were clas-
sified as having mild-to-moderately active UC (25) and were
enrolled. An endoscopy that visualized the extent of disease
within the previous 6 months was necessary.

Patients with granulocytopenia (neutrophil count <2,000
per {l), serious heart or kidney disease, coagulation disorder,
and infection were excluded. Oral maintenance treatment
was permitted if given at a stable dose for at least 2 weeks
before inclusion for 5-aminosalicylic acid and for at least 8 weeks
for azathioprine/6-mercaptopurine. Concomitant medications
used for diseases other than UC, which did not violate the pro-
tocol inclusion, were allowed.

Assignment

After screening and enrollment for this study, patients were
randomty assigned to weekly GMA or intensive GMA, two
sessions per week, in a 1:1 ratio. Randomization was based on
a central computer-generated scheme that assigned the eligible
patient to the next randomization for the concerned center.

Treatment
GMA  treatment was performed as previously described
(20,21,26). Briefly, Adacolumns and blood circuit lines were
primed with sterile saline to remove air bubbles from the col-
wmn and flow lines, and a second priming of the system was
carried out with heparinized saline. Blood access was through
the antecubital vein in one arm and from the outflow, blood
returned to the patient through the antecubital vein in the can-
tralateral arm. The duration of one GMA session was 60 min at
a flow rate of 30 ml/min as per protocol. Treatment was carried
out partly in outpatient facilities and partly in hospital facilities.
Patients in weeldy GMA received one treatment per week
and those in intensive GMA received two treatments per week.
The maximum number of treatments that was allowed was
10. However, when patients achieved remission, GMA was
discontinued. The treatment/observation period was 70 days in
weekly GMA and 35 days in intensive GMA.
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With respect to the UC disease status, each patient was evalu-
ated by Lichtiger’s CAI at screening, baseline, and then before
each GMA session. Similarly, the GMA performance condition
was recorded at each study visit.

Outcomes

Primary end point: The primary measure of response was clini-
cal remission at the end of the study. Clinical remission was
defined as Lichtiger’s CAI <4. Clinical response was defined
as a decrease in CAI by 23 points, but that did not reach <4.
Remission rate was assessed by a per-protocol population
analysis.

Secondary end points: The time to remission when a patient
achieved remission was compared between the two groups.
Analysis of time to remission was carried out by a life-table
analysis using the method of Kaplan and Meier. Statistical com-
parison was carried out by the log-rank test. The incidence and
severity of adverse side effects were also analyzed.

Statistical analysis

When appropriate, data are presented as meants.e. values.
For statistical analysis, data were processed using SAS soft-
ware (SAS Institute, Cary, NC). Data analysis was carried out
with the Wilcoxon signed rank test or as otherwise indicated
in figure or table legends. P <0.05 was considered statistically
significant.

Determination of sample size. This trial was designed as a su-
periority study. To show a statistical difference in the remission
rate between an assumption of 60% in weekly GMA and 80%
in intensive GMA, with a first-kind error of 5% and a power
of 80%, a sample size of 81 patients per each group in the per-
protocol population was estimated. With a 15% withdrawal, a
total of 100 patients had to be included in each group.

RESULTS

Participant flow and follow-up

A total of 163 patients met the study inclusion criteria and
were randomized to weekly GMA (1=79) and intensive GMA
(n=284). As outlined in Figure 1, 3 patients in weekly GMA
and 11 patients in intensive GMA could not be included in
the efficacy analysis. Of the three cases that were excluded in
weekly GMA, two had reached CATI values >12 at baseline (an
exclusion item), and one had CAI <4 at baseline. Similarly, the
11 excluded cases in intensive GMA had baseline CAI values
>12, had newly added concomitant medication (an exclusion
item), were younger than 12 years of age, or their interim fol-
low-up was not sufficient. Therefore, a total of 149 cases (76
cases in weekly GMA and 73 cases in intensive GMA) were
available for efficacy evaluations. There was no significant
difference between the two groups with respect to patients’
gender, age, inpatients/outpatients, duration of UC, and CAL
Past or concomitant conventional pharmacological agents used
by these patients were salazosulfapyridine, 5-aminosalicylic
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Total number of patients enrolled; N<163
Randomized assignment

Weekly GMA group, n=79 Intensive GMA group, n=84

Patlenits for efficacy analysis, 75767 “Patients -y analy

Figure 1. Flowchart of patients enrolled in the study. CAl, clinical activity
index; GMA, granulocyte and monocyte adsorptive apheresis.

Table 1. Baseline demographics of patients in weekly or
intensive GMA

Weekly GMA Intensive GMA

Characteristic (n=76) {n=73) Pyalue
Sex.{male: 47:29 42:31 0.59
fermale)
Age (years; 37.8(15-75) 41.6(17-78) 0.13
range)
Body weight 55.7£9.3 56.6£11.2 0.62
(kg; meanzxs.e.)
Duration of UC 90.6 (1-444) 86.5(1-312) 0.65
{months; range)
UC extension 37:39:0 36:36:1 0.57
(total colitis:
left-sided colitis:
proctitis)
Inpatient: 31:45 39:33 0.10
outpatient
Average CAl 9.8x1.7 9.3x1.9 0.08
{méants.e.)
Use of salfasala- 74 67 0.41
zopyrine/5-ASA
Use of steroids 74 72 0.96
Average stercid 125+3.2 13.8+40 0.49
dose (PSL; mg/day
meanzs.e.)

Use of 17 16 0.98
AZA/6-MP :

5-ASA, S-aminosalicylic acld; CA!, clinical activity Index; GMA, granulocyte and
monacyte adsorptive apheresis; 6-MP, 6-mercaptopurine; PSL, prednisolone;
UG, uleerative colitls.

By ¥ test or Fisher's exact test.

acid, prednisolone, azathioprine, or 6-mercaptopurine. All
patients who were on one or more of these medications had
shown inadequate response and there was no significant dif-
ference between the two groups with respect to past or con-
comitant use of these medications. Full patients’ demography
is presented in Table 1.
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Primary efficacy evaluation

As stated above, 76 of 79 patients randomized to weekly GMA
and 73 of 84 patients randomized to intensive GMA were
available for efficacy assessment as per protocol. During the 70
days of study period in weekly GMA, 41 of 76 patients (54.0%)
achieved clinical remission, whereas during the 35 days of
the study period in intensive GMA, 52 of 73 patients (71.2%)
achieved clinical remission (P=0.029). Therefore, intensive
GMA was associated with a significantly higher remission rate
compared with routine weekly GMA.

All of the 79 patients randomized to weekly GMA and 82 of
the 84 patients randomized to intensive GMA were available for
intention-to-treat analysis. The two patients who were excluded
had not been treated with GMA and were not included in the
intention-to-treat analysis. 'The intention-to-treat analysis
showed that 43 of 79 patients (54.4%) achieved clinical remis-
sion in weekly GMA, and 57 of 82 patients (69.5%) achieved
clinical remission in intensive GMA (P=0.047).

Secondary efficacy evaluation

The changes in the cumulative remission rate among patients
in weekly and intensive GMA are shown in Figure 2. The mean
lime to remission among 41 patients in weekly GMA who
achieved clinical remission was 28.1+16.9 days, whereas the
mean time to remission in 52 patients of intensive GMA who
achieved clinical remission was 14.949.5 days (P<0.0001).
Therefore, intensive GMA was associated with rapid remission
as compared with routinely applied weekly GMA.

Safety and tolerability

No device-related serious adverse event or unexpected adverse
event was observed in either group. Similar to previous studies
(27), adverse events were consistent with those generally
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Figure 2. Cumulative remission rates of routine granulocyte and monacyte
adsorptive apheresis (GMA) therapy (one GMA session weekly) and inten-
sive GMA (two GMA sessions per week) shown using the Kaplan-Meijer
method. Intensive GMA, bold lines; weekly GMA, dotted lines. During the
70 days of the study pericd in weekly GMA, 41 of 76 patients (54.0%)
achieved clinical remission (clinical activity index <4), whereas during the
35 days of the study pericd in intensive GMA, 52 of 73 patients (71.2%)
achieved clinical remission (P=0.029). Furthermore, the mean time to re-
mission for 41 patients in weekly GMA who achieved clinical remission was
28.1+16.9 days vs. 14.9x9.5 days in 52 patients of group B (P<0.001).
Patients who dropped out during the study because of exacerbating
disease are regarded as censored, as shown by the tick on the line.
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acknowledged to accompany extracorporeal procedures
(such as nausea, flushing, lightheadedness, and dizziness).
A total of 31 adverse events in weekly GMA (y1=14) and
intensive GMA (1n=17) were observed (P=0.88). Adverse
incidents in 11 of 14 cases in weekly GMA and 13 of 17 cases
in intensive GMA were considered to be likely treatment
related. None of these adverse events was serious and did
not require medication or a discontinuation of GMA treat-
ment. No episode of opportunistic infection was observed
in either group, suggesting that depletion of large quantities
of leukocytes by GMA would not lead to immunodeficiency.
Furthermore, both intensive and weekly GMA treatments
were well tolerated by patients and there were no technical
problems.

DISCUSSION

In this study, we have shown that intensive treatment with
GMA was more effective in mild-to-moderately active UC
compared with conventional weekly GMA. Furthermore,
induction of remission was rapidly achieved with intensive
GMA without increasing the incidence of side effects.

Activated granulocytes and monocytes/macrophages are
known to produce an array of pleiotropic cytokines that can
exacerbate and perpetuate mucosal inflammation (5,7,12).
Hence, depleting excess and activated granulocytes and mono-
cytes by GMA should alleviate inflammation and promote
remission of active UC. On the basis of this idea, this multi-
center study was undertaken to better understand the thera-
peutic potential of GMA. The study was designed to have the
routinely used weekly one GMA session as a standard treat-
ment with known clinical efficacy (20,28). Efficacy assessment
as per protocol showed a remission rate of 54.0% for weekly
{one GMA session per week) and 71.2% for intensive GMA
(two sessions per week). The mean time to remission in the
intensive GMA group was shortened to approximately half of
that in the weekly GMA group. This was consistent with our
preliminary pilot study (24). Hence, intensive GMA was asso-
ciated with both a shortening of morbidity time and a higher
rate of efficacy. Intensive GMA seemed to be safe, no serious
adverse event was observed in either group, and patients’ com-
pliance was excellent. Similarly, no increase in complications
related to GMA was observed.

Since its clinical application, GMA has been routinely used
oncea week for a duration of 5-10 weeks. This treatment sched-
ule has achieved a clinical response rate of 50-80% by a number
of researchers, and has been assigned as the standard regimen
of GMA by the Japanese Ministry of Labor and Welfare. How-
ever, the duration to achieve remission was 3-5 weeks in the
majority of patients, which was relatively long compared with
corticosteroids and other medications. The results of our pilot
trial suggested that there might be a frequency-dependent or
dose-dependent response in GMA. This study was designed to
seek the optimal treatment schedule of GMA in a more power-
ful, multicenter, randomized, control trial. The results of our
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study further strengthen the notion that the eflicacy of GMA is
frequency dependent. On the basis of the idea of dose depend-
ency, we are conducting a trial in which GMA is performed for
120 min instead of the routine 60 min. Preliminary results indi-
cate that when GMA processes a larger volume of blood, it may
show more efficacy. Furthermore, by decreasing the duration to
achieve remission, intensive GM A may be an alternative for the
treatment of severe active UC, wherein prolonged morbidity is
not desirable. However, as this study was an open-label study,
we need to confirm these results in a double-blinded placebo-
controlled study.

Recently, Sands ef al. (27) conducted a large, randomized,
sham-controlled study of GMA for active UC. The results of
their study failed to show the eflicacy of GMA. The rate of
remission, delined by a Mayo score of 0-2, was 17% for GMA
and 11% for sham-apheresis. The overall low rate of remis-
sion in their study is because of the different criteria of remis-
sion that were applied. Their protocol was more similar to the
standard weekly schedule, which may have limited the efficacy
of GMA. There was even a week in which no treatment was
performed in the middle of the schedule, which could have
affected the results. Taking into account that there may be a
{requency-dependent and dose-dependent effect in GMA, we
suggest that a more intensive treatment schedule, in which the
processed volume of blood is adjusted on the basis of the weight
of the patient, be applied to seek the efficacy of GMA in a dou-
ble-blinded placebo-controlled study.

Basic research studies have shown that GMA not only quan-
titatively depletes granulocytes/monocytes from peripheral
blood but also induces qualitative changes in leukocytes. We
have recently shown that GMA modulates the function of
monocyte-derived dendritic cells (29). Monocyte/dendritic cells
are potent antigen-presenting cells that continuously migrate
to the inflamed intestine. Repetitive depletion of inflammatory
monocytes/dendritic cells by intensive GMA may account for
the high eflicacy of intensive GMA.

In conclusion, an intensive GMA treatment of patients with
active UC was more eflicacious than was the routine weekly
GMA, and induced rapid remission in the majority of patients
with mild-to-moderately active UC. Placebo/sham-controlled
trials are required to confirm the results of our study.
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Study Highlights
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WHAT IS CURRENT KNOWLEDGE

/Granulocyte and monocyte adsorptive apheresis (GMA),
applied weekly for 10 weeks, induces remission in
approximately 60-80% of active ulcerative colitis.

The optimal treatment schedule of GMA remains
unclear.

WHAT IS NEW HERE

/lntensive GMA, with 2 sessions per week, was more
efficacious than weekly GMA.

s/lntensive GMA shortened the time to remission
compared with weekly GMA.

The efficacy of GMA may be frequency dependent.
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Smad2 and Smad3 Phosphorylated at Both Linker and COOH-
Terminal Regions Transmit Malignant TGF-3 Signal in
Later Stages of Human Colorectal Cancer
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Abstract

Transforming growth factor (TGF)- initially inhibits growth
of mature epithelial cells. Later, however, autocrine TGF-3
signaling acts in concert with the Ras pathway to induce a
proliferative and invasive phenotype. TGF-3 activates not only
TGE-B type I receptor (TRI) but alse Ras-associated kinases,
which differentially phosphorylate the mediators Smad2 and
Smad3 to create distinct phosphorylated forms: COOH-
terminally phosphorylated Smad2/3 (pSmad2C and pSmad3C)
and both linker and COOH-terminally phosphorylated Smad2/
3 (pSmad2L/C and pSmad3L/C). In this study, we investigated
actions of pSmad2L/C and pSmad3L/C in cancer progression.
TGF-3 inhibited cell growth by down-regulating c-Myc
oncoprotein through the pSmad2C and pSmad3C pathway;
TGF-3 signaling, in turn, enhanced cell growth by up-
regulating c-Myc through the cyclin-dependent kinase (CDK)
4-dependent pSmad2L/C and pSmad3L/C pathways in cell
nuclei. Alternatively, TBRI and c-Jun NH,-terminal kinase
(JNK) together created cytoplasmic pSmad2L/C, which en-
tered the nucleus and stimulated cell invasion, partly by
up-regulating matrix metalloproteinase-9. In 20 clinical
samples, pSmad2L/C and pSmad3L/C showed nuclear local-
ization at invasion fronts of all TGF-3-producing human
metastatic colorectal cancers. In vitro kinase assay confirmed
that nuclear CDK4 and cytoplasmic JNK obtained from the
tumor tissue could phosphorylate Smad2 or Smad3 at their
linker regions. We suggest that CDK4, together with JNK, alters
tumor-suppressive TGF-3 signaling to malignant character-
istics in later stages of human colorectal cancer. The linker
phosphorylation of Smad?2 and Smad3 may represent a target
for intervention in human metastatic cancer. [Cancer Res
2009:69(13):5321-30]

Introduction

Transforming growth factor (TGF)-p, a potent inhibitor of
epithelial cell growth, acts as a tumor suppressor in early cancer. In
later stages of cancer, however, TGF- interacts with the Ras
pathway to induce an epithelial-mesenchymal transition toward an

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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8506, Japan. Phone: 81-6-6992-1000, ext. 41201; Fax: 81-6-6996-4874; E-mail:
matsuzak@takiikmu.ac.jp.
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invasive and metastatic tumor phenotype (1-3). Tumor-promoting
effects of TGF-p have been shown by the ability of agents that
block TGF-p signaling to inhibit invasiveness of cancer cell lines
in vitro and their metastatic potential in vivo (4-6) and by data
showing that TGF-p can directly stimulate growth and motility of
cancer cells (7). Mechanisms by which TGF- acts both to promote
and inhibit tumor progression have been extensively studied but
remain unclear.

Smads, central mediators converting signals from receptors for
TGF-p superfamily members to the nucleus (8), are modular
proteins with conserved Mad homology (MH) 1, intermediate
linker, and MH2 domains (9). Catalytically active TGF-B type 1
receptor (TRRI) phosphorylates the COOH-terminal serine residues
of receptor-activated Smads (10), which include Smad2 and the
highly similar protein Smad3. The linker domain undergoes
regulatory phosphorylation by Ras-associated kinases, including
extracellular signal-regulated kinase (ERK), c-Jun NH,-terminal
kinase (JNK), and cyclin-dependent kinase (CDK) 4 (11-13). TRRI
and Ras-associated kinases differentially phosphorylate Smad2 and
Smad3 to create three phosphorylated forms: COOH-terminally
phosphorylated Smad2/3 (pSmad2C and pSmad3C), linker phos-
phorylated Smad2/3 (pSmad2L and pSmad3L), and both linker and
COOH-terminally phosphorylated Smad2/3 (pSmad2L/C and
pSmad3L/C; refs. 14, 15). Phosphorylated Smad2 and Smad3
rapidly oligomerize with Smad4 and translocate to the nucleus,
where they regulate transcription of target genes (16).

Reversible shifting of Smad3-mediated signaling between tumor
suppression and oncogenesis in hyperactive Ras-expressing epi-
thelial cells indicates that TRRI-dependent pSmad3C transmits a
tumor-suppressive TGF-p signal, whereas oncogenic features such
as cell growth and invasion are promoted through the JNK-
dependent pSmad3L pathway (17, 18). Linker phosphorylation of
Smad3 indirectly inhibits its COOH-terminal phosphorylation and
subsequently suppresses tumor-suppressive pSmad3C signaling
(Supplementary Fig. S1). TGF-B signaling confers a selective
advantage on tumor cells by shifting from a tumor-suppressive
TRRI/pSmad3C pathway to an oncogenic JNK/pSmad3L pathway
during sporadic human colorectal carcinogenesis (19), an obser-
vation that has been extended to hepatic carcinogenesis (20-22).
However, the biological significance of pSmad2L/C and pSmad3L/C
remains unknown (15).

In this study, we investigated the role of pSmad2L/C and
pSmad3L/C in cancer progression. Based on our findings, we
conclude that perturbation of autocrine TGF-B signaling by nuclear
CDK4 and cytoplasmic JNK accounts for the critical role of Smad in
the malignant cell behavior characterizing advanced stages of
human cancer.
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Materials and Methods

Generation of mouse embryo-derived fibroblasts. Cells from several
Smad3 wild-type (Smad3™*) and knockout (Smad3?“*4%%%) litermate
embryos (23) were pooled by genotype to generate fibroblasts, which were
used for experiments as mouse embryo-derived fibroblasts (MEF) after
three passages. Smad2™/~ MEFs were provided by Dr. A. Roberts (National
Cancer Institute).

Cell culture. ACBRI 519 human intestinal epithelial cells and COL0320
human colon cancer cells were obtained from Applied Cell Biology Research
Institute and Health Science Research Resources Bank, respectively. ACBRI
519 cells were sensitive to growth inhibition by TGF-f and COLO320 cells
were resistant {24). Smad2~/~ and Smad3™/~ MEFs were used for infection
experiments.

Domain-specific antibodies against phosphorylated Smad2 and
Smad3. Nine polyclonal anti~phospho-Smad2 and anti-phospho-Smad3
sera were raised against the phosphorylated linker and COOH-terminal
regions of Smad2 and Smad3 by immunization of rabbits with synthetic
peptides (Supplementary Fig. S2; ref. 17). Relevant antisera were affinity
purified using the phosphorylated peptides as described previously (25).

Constructs. Flag-tagged wild-type or CDK/JNK phosphorylation
mutants of Smad2 and Smad3 were inserted into a retroviral vector
(pQCXIN; Clontech) containing a puromycin resistance marker as described
previously (17).

Retroviral infection and expression of Flag-tagged Smad2 and
Smad3 mutants. Smad2™/~ or Smad3~/~ MEFs were infected with
retroviral solutions carrying Flag-tagged Smad2 or Smad3 mutants lacking
phosphorylation sites in the linker and/or COOH-terminal regions as
described previously (17).

Immunoprecipitation and immunoblotting. Immunoprecipitation
and immunoblotting were performed as described previously (12, 17).
Where indicated, cells were pretreated with a JNK inhibitor SP600125
(Calbiochem), a TRRI inhibitor SB431542 (Calbiochem), or a CDK4 inhibitor
(Calbiochem) for 2 h before adding TGF-B or platelet-derived growth factor
{PDGF). To detect pSmad2L/C and pSmad3L/C, nuclear extracts were
immunoprecipitated with anti-pSmad2/3C antibody and the immunopre-
cipitates were immunoblotted using anti-pSmad2/3L antibody. Immuno-
blots were also analyzed using 1 pug/mlL anti-c-Myc antibody (Santa Cruz
Biotechnology) and 0.1 pg/mL anti-matrix metalloproteinase-9 (anti-
MMP-9) antibody (R&D Systems).

Nuclear/cytosolic extracts and in vitro kinase assay. Nuclear and
cytosolic extracts were prepared according to the manufacturer’s protocol
(Qiagen). Activated JNK was immunoprecipitated from cytosolic extract
with anti-phospho-JNK antibody (Promega). CDK4 was immunoprecipi-
tated from nuclear extract with anti-CDK4 antibody (Millipore). The
immune complexes were collected with protein G-Sepharose (GE Health-
care). Bacterial expression and purification of glutathione S-transferase
(GST)-Smad2 and GST-Smad3 were carried out, and kinase reaction was
performed as described previously (12).

Immunohistochemical studies. Immunohistochemical analyses of
human liver specimens were performed as described previously (19).

[*H]thymidine incorporation. DNA synthesis was measured by
incorporation of 1 puCi/mL [{*H]thymidine (GE Healthcare) into 5%
trichloroacetic acid-precipitable material after a 4-h pulse exposure as
described previously (12).

Matrigel invasion assay. Membranes with 8-um pores covered with
Matrigel (BD Biosciences) on the upper surface were coated with type I
collagen on the lower side. Where indicated, cells were pretreated with a
MMP-2/MMP-9 inhibitor II (Calbiochem) for 1 h before adding TGF-B or
PDGF. Infiltrating cells were counted in five randomly selected regions as
described previously (17).

Tumor specimens. Pathology reports and histologic slides were
reviewed independently by two pathologists at Kansai Medical University
Hospital. Sites of cancers included transverse colon (n = 1), sigmoid colon
(n = 10), and rectum (n = 9). Tumors were staged at the time of surgery by
standard criteria using tumor-node-metastasis-based staging according to
the unified international colorectal cancer staging classification (26).

We scored pSmad2 and pSmad3 positivity in cell nuclei as follows: 0, no
positivity; 1, <25% of nuclei showing positivity; 2, from 25% to 50%; 3, from
50% to 75%; 4, >75% (20, 21). Written informed consent was obtained from
each patient according to the Helsinki Declaration, We also obtained
approval for this study from our institutional ethics committee.

Reverse transcription-PCR. Isolation of RNA, RT, and PCR of TGF-p
type II receptor (27, 28); Smad2 (29); and Smad4 (30) was performed as
described previously (19).

Results

TGF-3 signaling converts JNK-dependent pSmad2L into
pSmad2L/C. To investigate the role of individual phospharylation
domains of Smad2 and Smad3, we generated a total of nine
antibodies directed at each phosphorylation site in the linker and
COOH-terminal regions (Fig. 14; ref. 17). We initially studied the
kinetics of Smad2 and Smad3 phosphorylation in MEFs after
stimulation by PDGF. PDGF-dependent phosphorylation occurred
on one threonine and three serine residues within the linker
regions but was not observed at their COOH-terminal regions
(Fig. 1B). The linker segments serve as substrates for JNK both
in vivo and in vitro at 15 min after PDGF treatment (Fig. 1C).
TGF-p signal in the presence of PDGF induced an increase in
phosphorylation of Smad2L/C: pSmad2L/C appeared at 15
minutes, reached a maximum at 30 minutes, and returned to the
basal level by 2 hours (Fig. 1D). TGF-R treatment induced only
weak phosphorylation of Smad3L/C at Thr in comparison with
pSmad2L/C at Thr. Because Ras-activated JNK signaling caused
nuclear translocation of pSmad3L (Supplementary Fig. S3; ref. 17)
and linker phosphorylation of Smad3 indirectly blocked its COOH-
terminal phosphorylation (Supplementary Fig. §1), TGF-p signaling
in the presence of activated Ras could induce COOH-terminal
phosphorylation mainly of pSmad2L at Thr**® and Ser?®,

pSmad2L/C signaling enhances cell invasion by up-regulation
of MMP-9, We next assessed whether TGF-p and PDGF treat-
ment induced infiltrative potency in Smad2”~/~ MEFs expressing
Smad2 mutants lacking individual phosphorylation sites (Fig. 24).
TGF-p and PDGF treatment additively increased the infiltrative
potency of Smad2** MEFs (Fig. 2B). Forced expression of wild-type
(WT*) Smad2 in Smad2~/~ MEFs led to recovery of infiltrative
potency triggered by TGF-f and/or PDGF stimulation, indicating
that Smad2 is essential for the ligand-dependent activities. As
expected, Smad2™/~ MEFs carrying Smad2(3SA), which lacks
COOH-terminal serine residues, showed no invasion in a chamber
assay after either TGF-B or PDGF stimulation. Surprisingly,
neither TGF-B nor PDGF treatment could induce any infiltrative
potency in Smad2 mutants lacking individual phosphorylation sites
at Thr*”’, Ser”®, Ser®™, or Ser” in the linker region, Taken together,
the results indicated that promotion of cell invasion by TGF-B
required both complete linker and COOH-terminal phosphorylation
of Smad2.

Because MMP-2 and MMP-9 are important in metastasis, we
examined whether MMP-2 or MMP-9 is required for TGF-B- or
PDGF-induced invasion by Smad2*/* MEFs and Smad2™/~ MEFs
expressing Smad2WT*. Both basal and ligand-induced invasive
activities in the MEFs were inhibited by a MMP-2/MMP-9 inhibitor
(Fig. 2C) but were less inhibited by a MMP-13 inhibitor (data not
shown), TGF-# and/or PDGF treatment to Smad2*/* MEFs did not
show induction of MMP-2 expression (data not shown). In
addition, because invasion and metastasis of cancer are closely
associated with TGF-B~mediated up-regulation of MMP-9 (31),
we investigated the effect of linker and/or COOH-terminal
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Figure 1. TGF-p signaling converts JNK-dependent pSmad2L into pSmad2L/C. A, schematic diagram of phosphorylation sites in Smad2 and Smad3 recognized by
antibodies (Ab). B, serum-derived Smad2*”* MEFs were treated with 400 pmol/L PDGF for the indicated times. Following immunoprecipitation (IP) of cell lysates
with anti-Smad2/3 antibody, phosphorylation of Smadz2 (left) and Smad3 (right) was analyzed by immunablotting (/B) as indicated. C, leff, serum-deprived
Smad2** MEFs were pretreated with a JNK inhibitor, SP600125, at the indicated concentration for 2 h before being stimulated for 15 min with 400 pmol/l. PDGF.
Phosphorylation of Smad2 and Smad3 was analyzed as described above, Right, serum-deprived Smad2™* MEFs were incubated for 15 min with 400 pmol/L PDGF.
Cytosalic extracts were immunoprecipitated with anti~phospho-JNK antibody. In vitro kinase assays were performed using GST-tagged Smad2 and Smad3 as
substrates. Phosphorylation of Smad2/3 was analyzed by immunoblotting as indicated. D, serum-deprived Smad2*** MEFs were pretreated with 400 pmol/l. PDGF for
1 h before being stimulated with 200 pmol/. TGF-p, for the indicated times. Following immunoprecipitation of nuclear extracts with anti-pSmad2/3C antibody,

linker phosphorylation of pSmad2C and pSmad3C was analyzed by immunobiotting using anti-pSmad2/3L (Thr) antibody or anti-pSmad2L. (Ser®*%) antibody.

phosphorylation of Smad2 on induction of MMP-9 protein.
Reflecting the invasion profile of the MEFs (Fig. 2B), introduction
of Smad2WT* in Smad2™/~ MEFs led to recovery of ligand-
dependent induction of MMP-9 protein. Combined treatment with
TGF-B and PDGF of Smad2™/~ MEFs expressing Smad2 mutants
lacking phosphorylation sites in either the linker region (Sma-
d2FEPSM) or the COOH-terminal region [Smad2(35SA)] could not
induce MMP-9 protein (Fig. 2D). In support of this observation, we
determined that TGF-B and PDGF-dependent MMP-9 activity each
required both linker and COOH-terminal phosphorylation of
Smad2 (data not shown). Collectively, the data showed that TGF-
p together with PDGF induced MMP-9-mediated cell invasion
through the pSmad2L/C pathway.

Linker

phosphorylation of Smad2 requires TARI-dependent

COOH-terminal phosphorylation. We also investigated the
kinetics of Smad2/3 phosphorylation in response to TGF-B
stimulation. In contrast to the selective linker phosphorylation
after PDGF treatment (Fig, 1B), TGF-B~-dependent phosphorylation
of Smad2 and Smad3 occurred not only at all linker sites but also at
the COOH-terminal serine residues (Fig. 34). Subcellular localiza-

tion and

linker/COOH-terminal phosphorylation of Smad2™/~

MEFs expressing Smad2 mutants lacking phosphorylation sites
suggested that nuclear accumulation (Supplementary Fig. S4;
ref. 32) and linker phosphorylation of Smad2 (Supplementary
Fig. 85) required TGF-B-dependent COOH-terminal phosphoryla-
tion. In support of this conclusion, exposure to a TRRI inhibitor
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Figure 2. pSmad2L/C signaling enhances cell invasion by up-regulation of MMP-9, A, schematic diagram of Smad2 mutants lacking phosphorylation sites in the linker
and/or COOH-terminal regions. B, serum-derived Smad2** MEFs and the infected Smad2~'~ MEFs were cultured on Matrige! for 8 h with 200 pmol/L TGF-g,

and/or 400 pmol/L. PDGF. Infiltrating cells were counted. Columns, mean (n = 4)

from a representative experiment; bars, SD. C, Matrigel invasion assay for Smad2*/*

MEFs and Smad2™/~ MEFs expressing Smad2WT* was performed in the absence or presence of a MMP-2/MMP-8 inhibitor (5 ymol/L). Golumns, mean (n = 4)
from a representative experiment; bars, SD. D, serum-deprived Smad2** MEFs and the infected Smad2~~ MEFs were treated with 200 pmol/L TGF-g4 and
400 pmol/L PDGF for the indicated times. MMP-9 protein was analyzed by immunoblotting using anti-MMP-9 antibody.

SB431542 caused loss of not only COOH-terminal phosphorylation
but also linker phosphorylation (Fig. 3B).

Nuclear CDK4 converts pSmad2C and pSmad3C into
pSmad2L/C and pSmad3L/C. TGF-B induced pSmad2L/C and
pSmad3L/C after nuclear translocation of pSmad2C and pSmad3C
(Fig. 3C; Supplementary Fig. 55). The results indicated that nuclear
kinases could phosphorylate linker segments of pSmad2C and
pSmad3C. A previous report suggested that CDK4 phosphorylated
the linker region of Smad3 (13). Because CDK4 was localized in the
nuclei irrespective of whether or not the Smad2*'* MEFs received
TGF- or PDGF treatment (Supplementary Fig, S6), and Thr in
Smad2/3L, Ser’™ in Smad2l, and Ser’® in Smad3L served as
substrates for CDK4 both in vive and in vitro at 90 minutes after
TGF-p and PDGF treatment (Fig. 3D), we concluded that CDK4
was involved in linker phosphorylation of pSmad2C and pSmad3C
in the nuclei of the MEF.

Stimulation of cell growth by up-regulating c-Myc oncopro-
tein requires TGF-3-mediated linker phosphorylation. We
further investigated whether linker phosphorylation affected
growth of the MEF. As shown in Fig. 44 and B, expression of

Smad2(3SA) in Smad2 ™/~ MEFs did not influence growth. However,
the T220V, §245A, and $255A mutants showed suppression of
growth in response to TGF-B. Smad2FPSM showed the most
prominent TGF-B-mediated growth inhibition. These results
indicated that Smad2 phosphorylation at Thr®®, Ser?®, and
Ser®™ collectively blocked the growth-inhibitory effect of TGF-g,
although Smad2 mutants lacking individual phosphorylation sites
in the linker region showed weaker suppression of growth in
response to TGF-B than corresponding Smad3 mutants (Supple-
mentary Fig. S7; ref. 13).

TGF-p inhibits cell growth through Smad-mediated transcrip-
tional regulation of critical regulators of the cell cycle (9). The first
direct transcriptional target of the TGF-P pathway that explains
how this cytokine inhibits cell proliferation is c-Myc (33), whose
expression in Smad2"* MEFs and Smad2™/~ MEFs expressing
Smad2WT* were initially repressed by TGF-B (Fig. 4C and D); later,
however, TGF-p signaling underwent a complete change to induce
¢-Myc protein. In contrast, TGF-B persistently inhibited c-Myc
expression and growth in Smad2~'~ MEFs expressing Smad2EPSM.
Because expression of cyclin D1 in Smad2EPSM MEFs appeared at
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1 h after addition of TGF-B, and remained high at 24 hours
(Supplementary Fig. S8), the cyclin D1-CDK4 complex was active in
the cells (34). Taken together, TGF-p inhibited cell growth by
down-regulating c-Myc transcription through the pSmad2C and
pSmad3C pathway; TGF-p signaling, in turn, enhanced cell growth
by up-regulating c-Myc after the additional phosphorylation of
pSmad2C and pSmad3C at their linker regions.

Malignant signaling by pSmad2L/C and pSmad3L/C in
human metastatic colorectal cancer. We finally investigated
whether perturbation of TGF-p signaling involved linker phos-

of TGF-B signaling results from mutations that inactivate TGF-3
receptors or Smad signal transducers in a portion of gastrointes-
tinal cancers (9), we analyzed mutations of these genes in the
human metastatic colorectal cancer samples. MH2 region sequenc-
ing in Smad4 gene revealed a G/A substitution at codon 361 in one
cancer (Arg to His; patient 5 in Supplementary Table S1), but no
mutations were found in TBRII or Smad2 genes from any colorectal
tumor samples.

Figure 54 shows the distribution of TGF-B; and phosphorylat-
ed Smad2/3 in a metastatic colon tumor and nearby uninvolved

phorylation of Smad2 and Smad3 in 20 human metastatic
colorectal tumors (Supplementary Table S1), Because perturbation

normal liver tissue from patient 1 in Supplementary Table S1.
Immunostaining for TGF-B, showed diffuse cytoplasmic positivity

A B - In vivo Kinase assay
8 a pSmad2i3L,
o pSmadditL Thr
Thr apSmadil,
Sert
apSmad2L
nﬁ&ggh - S Gopi
i ] T | ormg
@ aplSmadll ‘g 5 et )
M b 8 apSmad2C
=f el &
Smad
apspagit = | epSmaddL
apSraadiL
Seris
a pSuadiC apsst::ggl.
¢ 8 189 e in o 5 15 B 6 o apSmadiC
Fime {rdn) Tiave (wiin)
after TGF-Bitimulation sher TGF-Pstimolation aSeiad2/3
TGF-§, - ey
TPRI inhibitor (usitol/L) 0 [} 1 3 18
c e ‘g 4 . D In vivo kinnse sssay I vitro Kioase syisy
1B: . i i o 18:
apSpudril @ pSiad L
apSmad2/3L Thr
8 The apSriagtl,
b Ty ‘
% Serts np&sr:’zf“u.
8 | apSmad2L §
@ joo
g. Sepd® é apimadlC apSmadlC
Q N
8 apSmudic apSradic S GST Smad
8
5 « pSmad2/3C T
Smadif) ~GSTSaa
_:f 4 . aam o Stuadlf3 ST ol
d ‘
= [ 1 'I‘IIS (3?) 60 120 R, -t + 4+ . TGH, POGF
fie {min ,
nﬂefTCF«B* stimulation CDORS inhibltor ual/L) 0 6 1 3 18 1 a DKL

Figure 3. Nuclear CDK4 converts pSmad2C and pSmad3C into pSmad2L/C and pSmad3L/C. A, serum-deprived Smad2** MEFs were incubated with TGF-g for
the indicated times. Following immunoprecipitation of cell lysates with anti-Smad2/3 antibody, domain-specific phosphorylation was analyzed by immunoblotting
using anti-phospho-Smad2 antibodies (/eft) and anti~-phospho-Smad3 antibodies (right). B, serum-deprived Smad2** MEFs were pretreated with a TRl inhibitor
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with anti-pSmad2/3C antibody, phosphorylation at the indicated linker sites was analyzed by immunoblotting using anti~phospho-Smad2/3L. antibodies. D, left,
serum-deprived Smad2** MEFs were pretreated with a CDK4 inhibitor as described above. Right, serum-deprived Smad2** MEFs wers incubated for 80 min with 200
pmol/L TGF-8, or 400 pmol/l. PDGF. Nuclear extracts were immunoprecipitated with anti-CDK4 antibody. /n vitro kinase assay was performed as described above.

www.aacrjournals.org 5325 Cancer Res 2009; 69: (13). July 1, 2009

—318—



Cancer Research

>

|« TGF-p
0 +TCF-p

PHthymidine incorporation
(0 cpmy

6 -
Genolyper  Srsadt®* Smad? §msdd ™ Srmady* Suiad1* Sl Smadl™ Smad?* Smav2+ Smadi™
Retrovirdis WL THOV S2454. S250A7 52654 ke a5 KEAM

oo Smad2))
18; o Snidd2/A

C 1Bia.c-Mye

ggnotypc:‘ Smad2t eMye

elrovirus: -

Genotype: Smad2*

Retrovivus: « oMye

Genpotype: Smad2t

Retrovirus: WT¥ eMye
Genotype: Smad2™
‘Retrovirus: KPSM My¢
Genotypes Smad2*
Rctmz?:-us: IBA e-Mye

6 W2 1 2 4 8 1 24
Thme (h)
after TGEB, stimulation

60
50
'd
. 40 4
3
o
4
30 4
A
3 20
2
?‘ ‘01
0 -
Cenatype:: Smadl™ Smadi Smadi® Snadl* Smadl* Srudl™ Spedl” Smadl” Smadl™ Smadd
Retrovius: < WP THOY SNSA SI50A s2ssA Eesmt 3sa BEEM
+H00 ¢
& 450
2,
&
L3
k-] L
3
o+
R 50 -
-160 T T T x T

0 12 1 2 4 ] 24
Time (h)
after TGE-B, stimutation

Figure 4. Stimulation of cell growth by up-regulating c-Myc oncoprotein requires TGF-p—mediated Smad2 finker phosphorylation. A, serum-deprived Smad2*'*
MEFs and the infected Smad2~'~ MEFs were compared in PPH]thymidine incorporation assay in the absence (filled columns) and in the presence (open columns)
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by cells that had not been exposed to TGF-g, treatment. Each T220V, $245A, and S255A mutant showed greater enhancement of the growth-inhibitory effect of
TGF-g than Smad2WT* or 3SA mutant. Smad2EPSM showed the most enhancement. C, serum-deprived Smad2** MEFs and the infected Smad2~'~ MEFs were
incubated with 200 pmol/L TGF-p, for the indicated times. Expression of c-Myc was analyzed by immunoblotting using anti—c-Myc antibody. D, graphic analyses of the
immunoablots yielded the ratio of TGF-p~inducible c-Myc expression to that without TGF-g treatment. Percentage increase/reduction in intensity of c-Myc bands
after TGF-p treatment of MEFs was calculated relative to the intensity without TGF-g treatment. In Smad2*/* MEFs (@) and Smad2~'~ MEFs expressing Smad2wT*
(O), c-Myc was initially repressed by TGF-g. Later, TGF-g signaling underwent a complete change favoring induction of c-Myc protein. In contrast, TGF-p persistently
inhibited c-Myc production in Smad2~'~ MEFs expressing Smad2EPSM (B). Smad2~~ MEFs expressing Smad3SA { A ) maintained basal c-Myc expression,

similarly to parental Smad2~'~ MEFs ($).

throughout the tumor specimen (Fig. 54, top left of o TGF-§,
panel). The degree of Smad2C phosphorylation in the tumor was
almost the same as that in normal liver, and pSmad2C was
distributed evenly in the nuclei of tumor cells (Fig. 54, top left
compared with bottom right of «. pSmad2C panel). Although Smad3
was slightly phosphorylated at the COOH-terminal region in
normal liver cells, Smad3C was highly phosphorylated in the
nuclei of the tumor cells (Fig. 54, top left compared with bottom
right of « pSmad3C panel). Both Smad2L. and Smad3L showed
little phosphorylation in normal Liver (Fig. 54, bottom right of «
pSmad2/3L Thr, opSmad2l Ser”™, and o pSmad3L Ser*® panels),
In contrast, Smad2 and Smad3 in the tumor were highly
phosphorylated at the linker regions, and linker-phosphorylated
Smad2 and Smad3 were localized in the nuclei of tumor cells
(Fig. 54, top left of o pSmad2/3L Thr, apSmad2L Ser®, and o pSmad3L

Ser”™ panels). In particular, the invasion fronts of two metastatic
colon tumors (patients 10 and 16 in Supplementary Table S1)
showed strong nuclear signals for pSmad?2/3L (Thr; Fig. 5B).
Domain-specific phospho-Smad2/3 immunoblotting of tissue
extracts from the same patient showed that Smad2 and Smad3 in
the tumor were highly phosphorylated at both linker and COOH-
terminal regions (Fig. 5C, top left). Phospho-Smad2/3L immuno-
blotting of pSmad2/3C immunoprecipitates from nuclear extracts
showed that pSmad2L/C and pSmad3L/C were localized in cell
nuclei of TGF-B-producing metastatic colon tumor (Fig. 5C, top
right). Taken together with in vitro experiments, aberrant phos-
phorylation of Smad2l,/C and Smad3L/C could lead to uncontrol-
lable tumor growth and invasion. In vitro kinase assay confirmed
that cytosolic JNK and nuclear CDK4 obtained from the tumor tissue
could phosphorylate Smad2 or Smad3 at their linker regions (Fig. 5C,
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Figure 5. Malignant signaling by pSmad2L/C and pSmad3L/C in human metastatic colorectal cancer. A, formalin-fixed, paraffin-embedded sections of metastatic
cancer tissue and uninvolved normal liver from patient 1 in Supplementary Table S1 were stained as indicated. All sections were counterstained with hematoxylin
(blue). Brown staining indicates specific antibody reactivity. Bar, 50 pm. The lower six small panels show higher magnification of the boxed areas in the
corresponding panels above. B, formalin-fixed, paraffin-embedded sections of metastatic cancer tissues and uninvolved livers from patients 10 and 16 in
Supplementary Table S1 were stained with an anti-pSmad2/3L (Thr) antibody. C, top left, cell extracts of cancer tissue and uninvolved normat liver from the same
patient were subjected to anti-Smad?2/3 immunoprecipitation and were immunaoblotted as indicated. Cytokeratin 20 (CK20) as the marker in tumors metastasized
from colon was analyzed by immunoblotting (boitorn). Top right, nuclear extracts of cancer tissue and uninvolved normat liver from this patient were subjected
to anti-pSmad2/3C immunoprecipitation and then were immunaoblotted as indicated; bottom, cytosolic and nuclear extracts of cancer tissue and uninvolved
normal liver tissue from the patient were immunprecipitated with anti~phospho-JNK antibody and anti-CDK4 antibody, respectively. After in vitro kinase assay,
phosphorylation of Smad2l. and Smad3L was analyzed by immunoblotting using anti-pSmad2/3L (Thr) antibody. D, top, PDGF activates JNK, thereby
phosphorylating Smad2L and Smad3L. After COOH-terminal phosphorylation of cytoplasmic pSmad2L by TpRI, pSmad2L/C undergoes translocation to the nucleus,
where it interacts with pSmad3L (25). Consequently, the Smads complex stimulates MMP-9 transcription and cell invasion. Bottom, TGF-p inhibits cell growth
by down-regulating c-Myc oncoprotein through the pSmad2C and pSmad3C pathway; TGF-§ signaling, in turn, enhances cell growth by up-regulating c-Myc
through the CDK4-dependent pSmad2l/C and pSmad3L/C pathway.
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bottorn). These results pointed to additive requirement of JNK and
CDK4 activities for the formation of pSmad2L/C and pSmad3L/C in
advanced stages of human colorectal cancer,

Discussion

Our results provide a new view of TPRI and Ras-associated
kinases cooperating to promote cancer progression by up-
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regulating invasion- and growth-related proteins. Thus, pSmad2l/C
and pSmad3L/C can mediate the malignant signaling that allows
human metastatic cancer to adopt more invasive and proliferative
properties required for progression (Fig. 5D).

In contrast to the finding of COOH-terminal phosphorylation of
Smad2 and Smad3 in almost all cell types and tissues (10), timing,
duration, extent, and functional implications of their linker
phosphorylation depend on cell type and differ by the stage of
cancer progression. Therefore, the role of linker phosphorylation in
COOH-terminal phosphorylation has been controversial with
varying data, suggesting that Ras-mediated linker phosphorylation
either inhibits (11, 17, 19-22) or enhances (36-46) events
downstream of TRRL To explain the disparate findings, we
analyzed phospho-Smad2/3 profiles in a single model of colon
cancer using a pair of cell lines, human normal intestinal epithelial
cells, and human colon cancer cells, to validate our hypothesis that
linker phosphorylation changes during cancer progression (Fig. 6).

First, involvement of different kinases may explain for differing
outcomes among various cell types and contexts. Normal epithelial
cells generally show rapid phosphorylation at Smad2/3L in
response to TGF-p (Fig. 64; ref. 12). The kinases seem to act
before Smad2 or Smad3 reaches the nuclens, Both JNK and ERK are
localized in the cytoplasm and directly phosphorylate the linker
regions, creating pSmad2L and pSmad3L (11, 12, 42). In contrast,
TGF-p-induced linker phosphorylation in established mesenchy-
mal cells such as MEFs is very slow. Mesenchymal cells show TGF-
p-inducible linker phosphorylation after nuclear translocation of
pSmad2/3C (Fig. 6B; present work). As epithelial cells are trans-
formed into cancer cells, they come to exhibit strong constitutive
linker phosphorylation (Fig. 6C; ref. 17). Nuclear CDK4, together
with cytoplasmic JNK, converts a tumor-suppressive pSmad2/3C
signal into malignant characteristics. Thus, TGF-B signaling
confers a selective advantage on cancer cells by shifting from
pSmad2C and pSmad3C pathway characteristic of mature epithe-
lial cells to the pSmad2L/C and pSmad3L/C pathway, which is
more characteristic of the state of flux shown by the activated
mesenchymal cells. Loss of epithelial homeostasis and acquisition
of a migratory, mesenchymal phenotype are essential for invasion
in later stages of human cancer (47). In particular, tumors with
features characteristic of epithelial-mesenchymal transition have
been found at invasion fronts, where strong phosphorylation of
Smad2L/C and Smad3L/C was observed (Fig. 5B; ref. 2).

The second possibility involves differential duration of linker
phosphorylation among various cell types. Although linker phos-
phorylation is transient after TGF-B treatment of normal epithelial
cells (Fig. 64; ref. 12), TGF-B-inducible phosphorylation is generally
persistent in various mesenchymal cells (Fig. 6B; present work).
Moreover, constitutive linker phosphorylation is found in almost
all types of cancer cells, including Ras-transformed cells and cancer
tissues (Fig. 6C; refs. 17, 19-22). Phosphorylation of many
transcription factors is controlled by a dynamic interplay between
kinases and phosphatases. Several lines of evidences have identified
small COOH-terminal domain phosphatase (SCP1-3) as Smad2/3
linker-specific phosphatases (15, 48). SCP1-3 dephosphorylate

Figure 6. Timing, duration, and extent of linker phosphorylation differ among
normal intestinal epithelial cells, mesenchymal cells, and colon cancer cells,
whereas COOH-terminal phosphorylation is a common feature. Serum-deprived
human normal intestinal epithelial cells (A), MEFs (B), and human colon cancer
cells (C) were incubated with 200 pmol/L TGF-g, for the indicated times.
Immunoprecipitation and immunoblotting were performed as described above.

Cancer Res 2009; 69: (13). July 1, 2009

5328

www.aacrjournals.org

—321—



Malignant TGF-3 Signaling in Human Advanced Cancer

Ser*®®, Ser®™, and Ser®™ sites in Smad2L or Ser®™™, Ser®®, and Ser*®
sites in Smad3L (48). Accordingly, SCP1-3 might dephosphorylate
the Ser phosphorylation in normal epithelial cells. Linker phosphor-
ylation in mesenchymal cells and cancer cells might show resistance
to the phosphatases. Alternatively, these cells may not be able to
induce or activate the relevant phosphatases. One should note that
phosphorylation at Thr*® in Smad2L and at Thr'” in Smad3L could
not be dephosphorylated by SCP1-3, although several kinases
(CDK4, JNK, and ERK) could phosphorylate the threonine residues
(11, 13, 17, 48). In this regard, our current data showed that
metastatic tumors were constitutively transmitting malignant
signals through the phosphorylated threonine residues (Fig. 5).

The final possibility to consider involves the differences in effect
of TGF-B on receptor tyrosine kinase (RTK)-mediated signaling
between epithelial and mesenchymal cells, TGF-8 and RTKs are
known to exert mutually antagonistic effects on cell cycle control
and apoptosis in normal epithelial cells (49, 50). Because linker
phosphorylation of Smad3 indirectly inhibits its COOH-terminal
phosphorylation (Supplementary Fig, S1), the proliferative effect
mediated through the RTK-dependent pSmad3L pathway antago-
nizes TGF-B signaling through the cytostatic pSmad3C pathway in
normal epithelial cells (14). In normal epithelial cells, pSmad2L/C
and pSmad3L/C rarely exist either in vitro or in vivo (Fig. 64;
refs. 20-22). In contrast, TGF-p and RTKs synergistically promote
growth and invasion of mesenchymal cells (1). Blocking either
linker or COOH-terminal phosphorylation of Smad2 abrogated the
synergistic responses of MEFs to TGF-p and PDGF (Figs. 2 and 4),
indicating involvement of pSmad2L/C in this synergistic response
of mesenchymal cells.

Thus far, we have investigated the phosphoisoforms of Smad?2 and
Smad3 in >2,000 human cancer tissue specimens, finding that their

distribution correlates well with the pathologic features. In mature
epithelial cells, pSmad2C and pSmad3C are predominantly located
in the nuclei. In contrast, pSmad2L/C and pSmad3L/C show nuclear
localization at invasion fronts of several types of advanced cancers
with distant metastasis. Restoration in cancer of the lost tumor-
suppressive function observed in normal epithelial cells, together
with disruption of the fundamental signaling pathways that enable
tumors to grow and invade, would represent an elegant therapeutic
approach. Accordingly, we have reason to hope that pharmacologic
inhibition of linker phosphorylation can suppress progression of
human advanced cancer by causing a shift from malignant to tumor-
suppressive TGF-p signaling (17, 22). Additionally, when evaluating
effectiveness of targeted therapies for human cancer, domain-
specific phosphorylation of Smad2 and Smad3 should be useful
biomarkers likely to correlate with patient responses (22).
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Human Neutrophil Peptides 1-3 Are Useful Biomarkers in
Patients with Active Ulcerative Colitis
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Akihiro Moriuchi, MD,* Hiroshi Fujita, MD,* Makoto Oketani, MD,* Akio Ido, MD,* Mayumi Kodama, MD,*

Hidehisa Ohi, MD,% and Hirohito Tsubouchi, MD,*

Background: A specific useful biomarker for diagnosing ulcer-
ative colitis (UC) has not yet been described. This study employed
proteomnics to identify serum protein biomarkers for UC.

Methods: Ninety-four blood samples were isolated from patients
and controls (including 48 UC, 22 Crohn’s disease [CD}, 5 colorec-
tal cancer, and 6 infectious colitis patients and 13 healthy subjects).
Serum samples were analyzed using the SELDI-TOF/MS Protein-
Chip system. Alter applying the samples to ProleinChip arrays, we
assessed differences in the proteomes using Ciphergen ProteinChip
software and identified candidate proteins, which were then charac-
lerized in immunoassays.

Results: Preliminary analysis using the ProteinChip systemn re-
vealed significant peak-intensity differences for 27 serum proteins
between 11 patients with UC and 7 healthy subjects. Among these
proteins, 3 proteins (with mass/charge ratios of approximately 3400)
were identified as human neutrophil peptides 1-3 (HNP 1-3). The
presence of HNP 1-3 in the patient sera was confirmed using
immunoassays. Enzyme-linked immunosorbent assays demon-
strated that the mean plasma concentration of HNP -3 was signif-
icantly higher in patients with active UC (n = 28) than in patients
whose UC was in remission (n = 20) or patients with CD (n = 22),
infectious colitis, or healthy subjects, and tended to be higher than in
patients with colon cancer. In addition, the plasma concentration of
HNP 1-3 in patients that responded to corticosteroids-based therapy
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decreased after treatment, whereas it was not changed in nonre-
sponders.

Conclusions: HNP 1-3 is a novel biomarker that may be useful for
diagnosing patients with active UC and predicting treatment out-
comes.

(Inflarnm Bowel Dis 2009,15:909 -917)

Key Words: biomarkers, inflammatory bowel discase, ulcerative
colitis, human neutrophil peptides 1-3, SELDI-TOF/MS, proteom-
ics

G enetic and environmental factors contribute to the dis-
ease process of inflammatory bowel disease (IBD), in-
cluding ulcerative colitis (UC).}2 The presence of active
inflammation of the gut in patients with UC is associated with
an acute-phase reaction and the migration of leukocytes to the
gut. This, in turn, promotes the production of a large number
of proteins.® Determination of inflammatory activity is im-
portant for the comprehensive assessment of patients with UC
and for the tailoring of therapy.® Muny clinical activity indi-
ces are used to stratify patients with UC. For example, the UC
Disease Activity Index (UCDAIL)® is a widely used measure
of clinical parameters of diseasc activity. These indices, how-
ever, only provide indirect assessments of disease activity.
Whereas albumin, hemoglobin, the erythrocyte sedimentation
rate (ESR), and acute-phase protein levels are commonly
used biological parameters for assessing UC, there are no
accurate markers to assess the inflammatory activity observed
with histopathologic or endoscopic analyses.®

Proteomic array technology, in which a ProteinChip
system is coupled with surface-enhanced laser desorption
ionization/time-of-flight/mass  spectrometry  (SELDI-TOF/
MS) for the profiling of serum or plasma, is a powerful tool
that allows the identification of new biomarkers for malignant
tumors and autoimmune discases.”® This technology is a
rapid and sensitive technique, in which the detected peak
intensities for some proteins correlate with concentrations
determined using enzyme-linked immunosorbent assay
{ELISA). Novel blood biomarkers which are identified by
this proteomics, may provide clinicians with more accurate
paramelers Lo assess inflammatory activity in UC.
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Host defense processes, which rely on both innate and
adaptive immune mechanisms, are critical for the develop-
ment of IBD.?2 Innate immunity participates in the activation
of antigen-specific adaptive immune responses, including the
production of antimicrobial peptides/proteins. In mammals,
defensins, a class of antimicrobial peptides, can be divided
into 2 major groups: a-defensins and S-defensins.® Six types
of a-defensins have been identified, 4 of which are produced
predominantly by neutrophils and phagocyles and stored in
the granules of these cell types (denoted human neutrophil
peptides 1-4; HNP 1-4). The remaining 2 o-defensins are
localized in Paneth cell granules (denoted human «-defensins
S and 6; HD § and 6). Although the amino-acid sequences of
HNP 1, HNP 2, and HNP 3 are very similar, the sequence of
HNP 4 is different than those of HNP 1-3. HD S is expressed
by metaplastic Paneth cells in the colons of patients with UC
or CD. The expression levels of HD S in blood, however,
have not been examined; there are currently no data evaluat-
ing HNP 1-3 expression in patients with IBD,

In this study we clearly demonstrate serum profiling
with increased levels of HNP 1-3 in the sera of patients with
UC using a proteomics-based approach. We also compared
the protein levels of HNP 1-3 in plasma samples from pa-
tients with UC and Crohn’s disease (CD), before and after
treatment for UC, and in patients in which teatment was
effective or not effective. These analyses will contribute to
our understanding of the pathogenesis of UC and aid in the
discovery novel biomarkers to assess disease activity and
therapeutic responses.

MATERIALS AND METHODS

Patients

After obtaining writlen informed consent, we analyzed
a total of 94 blood samples from patients with IBD, colorectal
cancer (CRC), infectious colitis, and control subjects. Forty-
eight patients were diagnosed with UC (20 females and 28
males; median age, 39 years; age range, 12~72 years) and 22
with CD (11 females and 11 males; 29 years; 16-57 years).
The control group contained 13 healthy subjects (5 females
and 8 males; median age 30 years; age range, 2434 years)
and 5 with CRC (1 female and 4 males; median age 62 years;
age range, 52-80 years) and 6 with infectious colitis (3
females and 3 males; median age 42 years; age range, 17-77
years). The study protocol was approved by the Ethics Com-
mittee of the Kagoshima University Graduate School of Med-
ical and Dental Sciences (Kagoshima, Japan) and the Faculty
of Medicine at the University of Miyazaki (Miyazaki, Japan).
All IBD patients were diagnosed using established endo-
scopic, radiological, histological, and clinical criteria. The
inactive or remission phase of UC was defined as a UCDAI
score less than or equal to 2, whereas the active phase was
defined as a UCDAI score greater than or equal to 3.5 Twenty
and 28 patients with UC were identified as inactive-phase and
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active-phase patients, respectively. All of the patients with
active-phase UC were treated with oral corticosteroids,
whereas 23 received leukocytapheresis therapy (LCAP) (Ta-
ble 1). Furthermore, 4 of the active UC patients did not
respond to treatment and eventually underwent a total colec-
tomy. Fourteen patients with CD had high disease activities
based on an International Organization for the Study of
Inflammatory Bowel Disease (I0IBD) score of 2 or greater'®
and were regarded as active-phase patients, Eight patients
that had lower IOIBD scores (0 or 1) were defined as inac-
tive-phase patients. All 5 CRC patents were diagnosed with
Duke’s A group cancers by endoscopic, radiological, and
histological examinations. All 6 patients with infectious co-
litis had diarthea and fever, and were diagnosed based on
clinical findings.

SELDI-TOF/MS

We used chips with cationic surfaces for analysis
(CM10; Bio-Rad Laboratories, Hercules, CA). Serum sam-
ples were denatured in urea buffer (7 M urea, 2 M thiourea,
4% CHAPS, 1% dithiothreitol, and 2% ampholites), and then
diluted 1:9 in binding/washing buffer (50 mM sodium ace-
tate, pH 4). After washing the chip twice in binding/washing
buffer, we applied 100 pL of diluted serum to each chip spot.
Samples were incubated for 40 minutes and washed 3 times.
After rinsing the chips once in water, 0.5 pl. CHCA («-
cyano-4-hydoroxycinnamic acid; Nacalai Tesque, Kyoto, Ja-
pan) was applied twice to each spot and allowed to air-dry.
Arrays were analyzed using a ProteinChip Reader (Protein-
Chip Biology System II; Bio-Rad Laboratories). TOF spectra
were generated with laser shots collected in positive mode.
The laser intensity ranged from 190 to 195 with a detector
sensitivity of 6. On average, 65 laser shots per spectrum were
used. A mixture of standard mass calibrant proteins (All-in-
one Peptide Standard; Bio-Rad Laboratories) in 500 nL. was
used to calibrate the system for mass accuracy. The standards
were applied to a single spot of the normal phase chip array
(NP20; Bio-Rad Laboratories), after which two 1.0-uL sam-
ples of saturated CHCA were applied. TOF values were
compared to the molecular masses of the standard proteins;
calibration was performed according to the manufacturer’s
instructions.”

iImmunodepletion Assay

Initially, 6 pL of anti-HNP 1-3 antibody solution (120
ng; Hycult Biotechnology, Netherlands) was bound to 30 uL
of Protein A—agarose (Sigma Chemical, St. Louis, MO) for
15 minutes on ice. The postcentrifugation supernatant was
discarded and the pellet was washed twice in buffer contain-
ing 20 mM HEPES (pH 7.8), 25 mM KCI, 5 mM MgCl,, 0.1
mM EDTA, and 0.05% NP40. Then 15 pL of sera from each
patient with UC was incubated with a pellet for 45 minutes on
ice. As a negative control, samples were incubated with
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TABLE 1. Characteristics of Patients with UCorCD

uc CD
Discase activity® Active Inactive Active Inactive
Number 28 20 14 8
Gender (M/F) 19/9 911 10/4 6/2
Age (range), yr 41 % 16 (14-68) 31 2 16 (12-72) 32 + 13 (16-57) 28 £ 7 (18-40)
Disease duration (range), yr 5.6 = 48 (1-19) 52 % 43(1-18) 9.4+ 74 (3-22) 6.0 38(1-13)
Treatment”
S-aminosalicylic acid 28 19 14 8
Carticosteroid 28 7 10 2
Leukocytapheresis 23 0 0 0
Type of UC
Left-side colitis 4 8 — —
Pancolitis 24 12 — —
Type of CD
1leal — — 4
Ileocolonic —_ — 9 5
Colonic — — ] 1

UC, uleerative colitis; CD, Crohn's disease. Data are shown as the means * SD or range.
*Active UC is defined as an Ulcerative Colitis Disease Activity Index score equal to or greater than 3, and active CD is detined as an International Organization

for the Study of Inflammatory Bowel Disease score equal to or greater than 2.

"Includes the overlap treatment.

Protein A—agarose in the absence of a specific antibody. After
incubation, samples were cleared by centrifugation; 3 pL of
each supernatant was analyzed on NP20 ProteinChip arrays
using a PBS II reader.!!

ELISA

We determined the HNP 1-3 (P59665, P59666) con-
centrations in plasma using a human HNP -3 ELISA kit
(Hycult Biotechnology) according to the manufacturer’s in-
structions. Samples were analyzed in duplicate using a plate
reader (Bio-Rad Laboratories) at 450 nm. The concentration
of each protein in the plasma was calculated according to a
standard curve.

Immunchistochemical Studies

HNP (-3 expression in colon tissue was evaluated
using immunohistochemistry. Abnormal colon tissues were
obtained by total colectomy in patients with UC, whereas
normal colon tissues were isolated in surgical resections for
colon cancer by taking surrounding normal tissue without
malignant cells. Colon tissues were fixed in 10% formalin
and embedded in paraffin. For histological examination,
5-pm slices were stained with hematoxylin and eosin (HE).
The anti-HNP 1-3 monoclonal antibodies (BMA Biochemi-
cals, Augst, Switzerland) was diluted to a final concentration
of 0.5% (w/v) in phosphate-buffered saline (PBS) supple-
mented with 1% fetal bovine serum (FBS). Immunohisto-

chemical analysis of paraffin-embedded sections using anti-
bodies against HNP 1-3 was performed as described.}2
EnVision plus horseradish peroxidase (Dako, Carpinteria,
CA) was applied to samples; chromatin 3',3'-diaminobenzi-
dine was used to detect bound antibody.

Statistical Analysis

Values shown are the means = SD. Statistical signifi-
cance, inciuding that for differences in laboratory data and
individual peaks in SELDI-TOF/MS, was determined using
Mann-Whitney U- and paired t-tests. P-values < (.05 were
considered to be statistically significant. The discriminatory
power for each putative marker was described via the area
under the curve (AUC) from receiver operating characteristic
(ROC) analysis. The statistical analyses were performed us-
ing StatView 4.5 software (Abacus Concepts, Berkeley, CA),
SPSS software (SPSS, Chicago, IL), and Ciphergen Protein-
Chip Software (Fremont, CA) v. 3.0.2.

RESULTS

Profiling Serum Proteins in Patients with UC

We performed differential profiling of serum proteins
in 11 patients with UC and 7 normal healthy controls using
the SELDI ProteinChip system. Peaks were automatically
detected using Ciphergen ProteinChip Software 3.0.2.7.13
Twenty-seven serum peaks in the 3000-10,000 m/z range
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FIGURE 1. Serum proteomics of UC patients and healthy con-
trols using SELDI-TOF/MS. (A) Spectra representing the serum
proteins of a patient with UC and a healthy volunteer. The hor-
izontal axis shows a range from 3000 to 10,000 m/z. Significant
differences in peak intensities between patients with UC and
healthy volunteers were found for 27 peaks. (B} The intensities
of the protein peaks are shown for the range between 3300 and
3600 m/z. Protein peaks with m/z values of 3371, 3443, and
3486 represent HNP 2, HNP 1, and HNP 3, respectively.

were significantly different between the 2 patient groups (Fig.
1). Sixteen peaks resulted in P-values less than 0.01 (Table
2). The most dramatic difference was detected for a 3371 nv/z
protein, the level of which was increased in the sera of UC
patients compared with healthy controls.

Identification of HNP 1-3
A previous study of colon tumor tissue identified a
similarly increased signal at 3371 m/z using ProteinChip
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FIGURE 2. Immunodep!enon assay using Protein A beads. An-
ti-HNP 1-3 antibodies (Hycult Biotechnology) were bound to 30
ul of Protein A beads. Sera from UC patients were incubated
with these beads. After clearing by centrifugation, 3 pul of each
supernatant was analyzed using an NP20 ProteinChip array.

arrays.'®!* The peak was confirmed to correspond to HNP 2
with an immunodepletion assay. Peaks at 3443 and 3486 m/z,
reported to correspond to HNP | and HNP 3 in the previous
report, were also found to be significantly increased in anal-
yses of the sera of UC patients compared to results observed
for control samples. HNP 1, 2, and 3 have similar structures
consisting of 30, 29, and 30 amino acids, respectively; 29 of
the amino acids are identical among the peptides.'®!S We also
subjected the serum samples to immunodepletion assays us-
ing monoclonal antibodies against HNP 1-3 and found that
the 3371, 3443, and 3486 m/z protein peaks in the SELDI-
TOF MS spectra were no longer observed for the sera from
patients with UC (Fig. 2). These peaks were clearly observed
for negative control samples, which underwent immu-
nodepletion assays in the absence of specific antibodies.
These results indicate that the 3371, 3443, and 3486 m/z

TABLE 2. Discriminatory Peaks and Mean Values in Samples from Patients with Ulcerative Colitis and Healthy Volunteers

Mass to Charge (m/z) Ulcerative Colitis (n = 11) Healthy Subject (n = 7) P-value
3371 1.42 + 0.66 0.40 * 0.10 48 x107*
4789 0.51 = 0.82 0.05 * 0.03 48%10*
5421 034 +0.24 0.09 + 0.02 48 x 1074
8688 0.65 + 0.41 1.70 * 0.38 68x 1079
5838 0.79 = 0.85 0.21 = 0.05 0.4 % 1074
4351 0.82 = 0.62 221 £ 056 1.3 %1077
5620 0.11 £ 0.05 0.39 + 0.23 1.7 % 1073
6881 1.00 % 0.59 2.24 + 0.46 1.7 % 1073
9358 0.17 = 0.06 0.80 = 0.52 1.7 x 107}
7023 0.12 = 0.07 0.66 * 0.46 24 %1073
4469 331 % 2.16 1.02 £ 0.59 312x 1077
4542 039 £ 0.17 0.16 = 0.02 43% 1073
4590 0.86 + 0.45 1.63 #0.26 43%x 107
4287 0.68 + 0.37 1.26 + 0.39 57 x 1077
2900 0.18 = 0.12 0.37 £ 0.14 98 x 1072
2979 1.00 + 0.88 0.26 £ 0.15 98 % 1073

Statistical significance was determined using a Mann-Whilney U-tesL.
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FIGURE 3. Concentrations of HNP 1-3in the plasma of patients
with UC, CD, colorectal cancer, infectious colitis, and healthy
controls. Boxes indicate the median = 25th percentile. The
lower bar indicates the 10th percentile and the upper bar indi-
cates the 90th percentile.

protein peaks, which were larger in the spectra for sera of UC
patients, corresponded to HNP 1-3.

Concentrations of HNP 1-3 in Plasma

It was not possible to determine the individual concen-
trations of HNP 1, 2, or 3 using commercially available
ELISA kits; therefore, we evaluated the total concentration of
HNP 1, 2, and 3 in plasma. We found that there was a clear
correlation between the serum HNP 1-3 peak intensities
determined using the SELDI system and the plasma HNP 1-3
concentration measured using ELISAs in 11 patients with UC
and 7 normal controls (r = 0.68, P < 0.01). We then
determined the plasma concentrations of HNP 1-3 in 48 UC
patients, 22 CD patents (Table 1), 5 CRC patients, 6 infec-
tious colitis patients, and 13 healthy controls (Fig. 3). The
plasma concentrations of HNP 1-3 were significantly higher
in patients with active UC (203.1 x 215.5 ng/inL) than in
patients with inactive UC (58.3 = 49.5 ng/mL), CD (active;
65.5 = 11.2 ng/mL, inactive; 70.4 = 20.0 ng/mL), infectious
colitis (72.2 * 16.5 ng/mL), or the healthy controls (77.5
* 164 ng/mL). In addition, HNP 1-3 concentrations in
patients with active UC tended to be higher in patients with
CRC at Duke’s stage A (100.8 = 27.6 ng/mL), but not
significantly. HNP 1-3 concentrations in CRC patients were
also higher than those in patients with inactive UC and
healthy controls.

Expression of HNP 1-3 in Intestinal Tissue
We examined the localization of HNP 1-3 in normal
tissues and those from patients with active-phase CD or UC

using immunohistochemistry. The colonic mucosa, lamina
propria, muscle layer, and crypt abscesses of patients with
active UC exhibited strong slaining with anti-HNP 1-3 anti-
bodies (Fig. 4). These sections contained a number of infil-
trating neutrophils (Fig. 4B,C), which may provide a source
of the secreted HNP 1-3 near the colonic epithelium. Positive
staining for neutrophils, however, was scen in the blood
vessels of both normal and abnormal colon tissues. In addi-
tion, small numbers of neutrophils with positive staining were
seen in submucosal tissue of patients with CD (Fig. 4D).
Epithelial ceils in colon samples from patients with inflamed
CD or from normal healthy subjects did not exhibit staining
with anti-HNP 1--3 antibodies (Fig. 4D,E).

HNP 1-3 as a Biomarker in UC Patients

We investigated the association between the HNP 1-3
concentration and the clinical course of UC, We determined
the HNP 1-3 concentrations in pairs of plasma samples from
15 patients with active UC obtained before and after induc-
tion therapy with corticosteroids (Table 3). Eight UC patients
in the responder group were successfully treated by induction
therapy. The elevated HNP 1-3 levels of UC patients in the
responder group were reduced after induction therapy (Fig.
5). In contrast, 7 patients in the nonresponder group, 2 of
whom had a total colectomy and 5 who quickly relapsed,
were not effectively treated. The HNP 1-3 levels of patients
in the nonresponder group before treatment were lower than
those in the responder group and were not changed after
treatment (Fig. 5). Additionally, although plasma HNP 1-3
levels (means = SD) of responder active UC patients (273.0
+ 224.8 ng/mL) were higher than those with active CD (65.5
* 11.2 ng/mL) (P < 0.001), those with nonresponder active
UC (84.6 * 26.5 ng/mL) were similar to those with active
CD. These results indicate that patients with active UC and
low HNP 1-3 levels do not respond well to treatment.

We evaluated the relationship between the HNP 1-3
levels and the clinical activity of UC. There was a significant
correlation between the HNP 1-3 levels and the UCDAI
score or the white blood cell count (WBC) of UC patients (r
=0.54, P < 0.01; r = 0.55, P < 0.01, respectively), although
no correlation between the HNP 1-3 levels and the C-reactive
protein (CRP) levels was noted (r = 0.24). In addition, ROC
analysis was performed to estimate the efficiency of induction
therapy for patients with active-phase UC; we calculated the
sensitivity and specificity of HNP 1-3 levels for discriminat-
ing responder UC patients from nonresponders. We obtained
a sensitivity of 89% and a specificity of 80% using a cutoff
value of 100 ng/mL HNP 1-3; the ROC AUC was 0.89
between the responder and nonresponder groups of UC pa-
tients. For evaluations of the activity of UC, we compared
such inflammatory markers as the CRP level and the WBC to
the HNP [-3 level in patients with UC. ROC AUC of the
CRP level and WBC were 0.76 and 0.56, respectively. Thus,
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