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ABSTRACT

More than 50 years after damage to their immune systems by A-bomb radiation, we still find significant
alterations in T-cell immunity among survivors. To test the hypothesis that immune reconstitution of T-cell
homeostasis following radiation damage might have been incomplete and/or deteriorated, we evaluated the
ability of individual subjects to maintain najve and memory T-cell pools. It was suggested that there might be a
dose-dependent decrease in the number of T-cell receptor rearrangement excision circles in the CD4 T-cell
fraction of the survivors. Although maintenance of memory T-cell pools of A-bomb survivors appeared to be
close to normal in terms of size, T-cell repertoire deviation possibly associated with clonal expansion of T-cell
populations was also suggested. It seems likely that A-bomb radiation exposure perturbed the mechanisms
responsible for T-cell homeostasis, by impairing the ability to maintain naive T-cell pools with a supply of new T -
cells from the thymus and also by inducing clonal expansion of a small fraction of T cells, which may lead to a
long-term reduction in the diversity of T-cell reperioire in memory T-cell populations. In addition, we found that
the plasma levels of the inflammatory cytokines IL-6, TNF-o, and IFN-y appeared to increase with A-bomb
radiation dose. It was cencluded that perturbation of T-cell homeostasis associated with reduced immune
function might have lead to long-lasting inflammation among A-bomb survivors.

INTRODUCTION

The immune systems of A-bomb survivors were dose-dependently damaged 60 years ago, mainly due to
radiation-induced cell death. Although the systems of the survivors regenerated as the hematopoietic system
recovered from the radiation damage, we can still observe significant immunological alterations among A-bomb
survivors, including impairments in both T-cell proliferation ability to respond to mitogens ¢/, 2) and
alloantigens (3) and the frequency of T cells bearing the IL-2 production capability (4, 5), and a decrease in CD4
T-cell population {6). Based on these observations, we hypothesized that immune reconstitution to restore T-ceil
immunological homeostasis following radiation damage might have been incomplete and/or deteriorated. Two
distinct mechanisms are possibly involved in ensuring immune reconsitution after T-cell depletion by radiation
(7): The first mechanism depends upon renewed proliferation of surviving mature T cells that can repopulate the
memory T-cell pool, whereas the second relies upon the differentiation of hematopoietic stem cells into the new
T cells that comprise the naive T-cell pool. In the present study, we first evaluated the sizes of naive and memory
T-cell populations amang A-bomb survivors. We also examined the number of T-cell receptor rearrangement
excision circles (TRECs), which are markers of recently produced T cells in the thymus, to investigate whether
the impairment in the abiiity to maintain normal-sized CD4 T-cell pools among A-bomb survivors could have
resulted from an insufficient supply of new CD4 T cells from the thymus.

A major question remains: Are the immunological changes detected in A-bomb survivors associated with
disease development? The key to addressing this question is persistent inflammation that may be involved in the
perturbation of T-cell homeostasis. It is noteworthy that advancing age accompanied by alterations in the
immune system — particularly age-dependent decreases of T-cell count and function — can lead to persistent

infections and chronic inflammation (8). In the present study, we therefore examined inflammatory cytokine
levels among A-bomb survivors.

MATERIALS AND METHODS
Study population

Blood samples were obtained from individuals of an A-bomb survivor cohort in which 1,280 survivors,
distributed almost equally by age, gender, and radiation dose, had been selécted from Hiroshima participants in
the Adult Health Study (AHS) at the Radiation Effects Research Foundation (RERF) in 1992 (2). Blood samples
were obtained with the informed consent of the survivors. We obtained approval from the Human Investigation
Committee at RERF before the work was started.

Flow cytometry

Analytical flow cytometry was conducted using a FACScan machine (BD Biosciences, San Jose, CA,
USA). CD45RO and CD62L expressions were analyzed using a combination of FITC-labeled anti-CD45R0
antibody (CALTAG Laboratories, Burlingame CA, USA), PE-labeled anti-CD6A2L. and PerCP-labeled anti-CD4
or PerCP-labeled anti-CD8 antibodies (BD-PharMingen, San Diego, CA, USA). CD45RCO /CD62L* naive,
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CD45R0O” and CD45RO/CD62L memory cell fractions in CD4 and CD8 T-cell populations were determined
using the Cell Quest software (BD Biosciences). Note that we used only CD8-bright expression to identify CD§
T cells in order to exclude NK cells which are dully CD8 positive.

Measurement of TREC numbers

TRECs in 1 x 10° cells from each CD4 or CD8 T-cell fraction were enumerated by the real-time PCR
method previously reported by Yasunaga, et al (9 with some modifications. To measure cell equivalents in the
real-time PCR, R4G-7 sequence in each sample was similarly quantified. All experiments were performed and
analyzed using ABI PRISM 7900 Sequence Detection Systems (Applied Biosystems, Foster City, CA). The
number of TREC:s in each sample was calculated using the following formula:

Number of TREC copies per 10,000 cells

= 10,000 / 2 {cycles required for the significant amplification of TREC) - (cycles required for the

significant amplification of R4G-1) - 1

Measurement of cytokine levels in the plasma

Plasma samples were obtained from heparinized blood and stored at —80 “C until use. Levels of TNF-q,
IFN-y, IL-6 and IL-10 in the plasma were measured in duplicate using a highly sensitive enzyme-linked
immunosorbent assay kit (Quantikine HS, R&D systems, Minneapolis, MN).

RESULTS

Naive and memory T-cell populations among A-bomb survivors

In the present study, we used double labeling with CD45RO and CD62L to ensure reliable identification
of naive and memory cell subsets in both CD4 and CD8 T-cell populations among 533 Hiroshima A-bomb
survivors (Table 1). In the CD4 T-cell population, the percentage of naive cells significantly decreased with age
(P <0.01) or increased radiation dose (P < 0.05), and a decrease in the percentage of naive CD8 T cells was also
statistically significant with age (P < 0.01) or dose (P < 0.05). And for CD8, but not CD4, T-cell population, the
percentages of memory T cells in PBL were found to significantly increase with age for A-bomb survivors (F<
0.01). Furthermore, the percentages of memory T cells were found to significantly increase with increasing
radiation dose in the CD8 T-cell population (P < 0.05), but not in the CD4 T-cell population. These results
indicate that previous A-bomb exposure has induced long-lasting deficits in both naive CD4 and CD8 T-cell
populations along with an increased proportion of memory CD8 T-cell population.

Table 1. Alterations in the size of peripheral T-cell pools among 553 A-bomb survivors

Factors (unit)
T-cell subsets

Age (10 years) Radiation (Gy)
CD4 total Decrease (5.0%)* Decrease (2.0%)
Naive Decrease (7.5%) Decrease (4.5%)
Memory Not significant Not significant
CD3 total Not significant Not significant
Naive Decrease (42.3%) Decrease (7.7%)
Memory Increase (7.3%) Increase (5.6%)

*Associations of percentage of each lymphocyte subpopulation with age at the time of examination, gender, and
the radiation dose were analyzed based on a multiple-linear-regression model.

TREC analyses among A-bomb survivors

The number of TREC copies in CD4 T-cell fractions from 445 survivors and that in CD8§ T-cell fractions
from 426 survivors were examined: The number of TREC copies significantly (P <0.01) decreased with age in
both the CD4 and CD8 T-cell fractions. Multiple regression analysis was conducted for the number of TREC
copies in the CD4 or CD8 T-cell fraction among survivors who were less than 20 at the time of the bombing
(ATB), since the individual TREC number in this group appeared to be close to the normal distribution
(especially in the CD4 T-cell fraction). As shown in Fig.1, there appeared to be a dose-dependent decrease in the
number of TRECs in the CD4 T-cell fraction of the survivors (P < 0.1), and the number of TRECs in the CD§ T-
cell fraction of the survivors also appeared to decrease somewhat with increased radiation dose, but this dose
trend was not statistically significant (P > 0.1). There was a strong correlation (» = 0.7) between the numbers of
TREC copies in the CD4 and CD8 T-cell fractions for the same survivors who were age ATB <20.
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Figure 1. The number of T-cell receptor rearrangement excision circies (TRECs) in CD4 T-cell fractions from 313 individuals
(panel A) and that in CD8 T-cell fractions from 300 individuals (panel B} among survivors who were age less than 20 at the
time of the bombing (ATB). For the CD4 (£ < 0.1) but not CD8 (P > 0.1) T-cell fractions, the radiation dose trend was

suggestive. Pannel C: There was a strong comrelation (r = 0.7) between the number of TREC copies in the CD4 and CD8 T-
cell fractions from the same survivors who were age ATB <20.

Inflammatory cytokine levels among A-bomb survivors

The plasma levels of the inflammatory cytokines IL-6, IFN-y, and TNF-e, and the anti-inflammatory
cytokine IL-10 were examined among 442 A-bomb survivors (Table 2). In contrast to the age-dependent
decreases in the proportion of naive T-cell populations and the number of TRECs, plasma levels of IL-6, TNF-q ,
and IL-10 significantly increased with age among A-bomb survivors (P < 0.01). We also observed statistically

significant dose-dependent increases in plasma levels of IL-6 (P < 0.01), TNF-g, (P < 0.01), IFN-y (? < 0.01),
and IL-10 (P < 0.05).

Table 2. Alterations in the plasma cytokine levels among 442 A-bomb survivors

Factors (unit)

Cytokines

Age (10 years) Radiation (Gy)
IL-6 Increase (24%)* Increase (13%)
IL-10 Increase (8%) Increase (6%)
IFN-y Not significant Increase (12%)
TNF-a Increase {15%) Increase (7%)

*Associations of each cytokine level with age at the time of examination, gender, and the radiation dose
were analyzed based on a multiple-linear-regression model.

DISCUSSION

T-cell homeostasis is regulated and maintained by the balance between renewal and survival vs, death
among naive and memory T cells (70). Naive T-cell pools of A-bomb survivors are not appropriately maintained,
probably because of lower proportions of naive CD4 and CD8 T cells compared with those of unexposed
controls of the same age. This may indicate that the naive T cell pools insufficiently recovered after radiation-
induced damage of the T cell system and did not reach normal size level. In this study, we also observed a dose-
dependent decrease in the number of TRECs in CD4 T-cell fractions among A-bomb survivors. The results show
a possibility that A-bomb radiation exposure induced long-term impairment in thymic CD4 T-cell production. To
strengthen this hypothesis, we plan to investigate a larger study population.

In contrast to the naive T-cell pools, the sizes of memory T cell pools of A-bomb survivors appeared to be
almost normal (CD4), or somewhat larger (CD8) than those of controls. However, the extent of T-cell receptor
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repertoire deviation in memory CD4 T cells appeared to significantly increase with increased radiation dose {11).
Further evidence for the perturbation of memory T-cell populations of A-bomb survivors was provided by
studies unique to the Radiation Effects Research Foundation, which involved identification and characterization
of clonally expanded T-cell populations using chromosome aberrations as genetic markers (72}, it is therefore
likely that A-bomb radiation exposure perturbed the mechanisms responsible for T-cell homeostasis by impairing
the ability to maintain naive T-cell pools with a supply of new T cells from the thymus, and by inducing clonal
expansion of a small fraction of T cells that may have lead to a long-term reduction in the diversity of T-cell
repertoire in memory T-cell populations.

In this study, we found that the plasma levels of the inflammatory cytokines IL-6, TNF-u, and IFN-y
appeared to increase with increased A-bomb radiation dose. We also found that the plasma level of IL-6 was
elevated significantly in survivors who had a lower percentage of peripheral blood CD4 T cells {13), and that the
prevalence of myocardial infarction was significantly higher in individuals who had reduced CD4 Tcell
percentages (/4) or elevated IL-6 levels (/3). These results suggest that pre-clinical inflammatory status linked
to T-cell impairments may at least partly be involved in the development of the diseases, such as cardiovascular
disease, which have been observed frequently in A-bomb survivor populations (15, 16). In conclusion, we
hypothesize that A-bomb radiation perturbed T-cell homeostasis and induced long-lasting inflammation, and that
such immunological alterations might have lead in some way to disease development among A-bomb survivors.
Clearly, prospective studies that will follow up the survivors who were examined for immunological and
inflammatory endpoints will be required to directly test these hypotheses.
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Reg IV is a serum biomarker for gastric cancer patients and predicts
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Regenerating gene family, member 4 (Reg 1V), a secreted
protein, is overexpressed in several cancers, including
gastric cancer (GC). In the present study, we measured
Reg IV levels in sera from patients with GC by enzyme-
linked immunosorbent assay. We also examined the effect
of forced Reg IV expression on the apoptotic susceptibility
to S5-fluorcuracil (5-FU). Forced expression of Reg IV
inhibited 5-FU-induced apoptosis. Induction of Bel-2 and
dihydropyrimidine dehydrogenase was involved in inhibi-
tion of apoptosis. Among 36 GC patients treated with a
combination chemotherapy of low-dose 5-FU and cispla-
tin, all 14 Reg IV-positive patients showed no change
or disease progression. The serum Reg IV concentration
was similar between healthy individuals (mean-:s.e.,
0.524+0.05pg/ml) and patients with chromic-active gas-
tritis (0.36--0.09 ng/ml). However, the serum Reg IV
concentration in presurgical GC patients was significantly
elevated (1.96+0.17ng/ml), even at stage I. The diag-
nostic sensitivity of serum Reg IV (36.1%) was superior
to that of serum carcinoembryonic antigen (11.5%) or
carbohydrate antigen 19-9 (13.1%). These results indicate
that expression of Reg IV is a marker for prediction of
resistance to 5-FU-based chemotherapy in patients with
GC. Serum Reg IV represents a novel biomarker for GC.
Oncogene advance online publication, 22 January 2007,
doi:10.1038/sj.0onc.1210215

Keywords: Reg IV; apoptosis; 5-fiuorouracil; serum tumor
marker; SAGE; gastric cancer

Introduction

Gastric cancer (GC) is one of the most common human
cancers, Early detection remains the most promising
approach to improve long-term survival of patients
with GC. Assessment of tumor markers in serum may
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be useful for detection of GC. There are two available
tumor markers for GC, carcinoembryonic antigen
(CEA) and carbohydrate antigen 19-9 (CA19-9).
However, CEA and CAI19-9 are not suitable for
early screening because preoperative positivity for
these markers depends on the tumor stage at the time
of detection (Kochi et al, 2000). Therefore, there
is an urgent need for new biomarkers for GC.
Genes encoding transmembrane/secretory proteins
expressed specifically in cancers may be ideal diagnostic
biomarkers (Buckhaults er al, 2001). Moreover, if
the gene product functions in the neoplastic process,
the gene is not just a biomarker but may also be
a therapeutic target (Yasui er al., 2004).

Despite improvements in cancer diagnosis and
therapy, many patients are sull diagnosed at the
late stages of the disease, and the disease often recurs
even after curative surgery. S-fluorouracil (5-FU) is
one of the most widely wused chemotherapentic
agents for breast cancer, colorectal cancer {CRC),
and GC (Longley et al., 2003). Unfortunately, some
patients showed a poor response, possibly owing
to imefficiency of the chemotherapy. For effective
treatment, identification of the patients who will
respond well to a specific chemotherapy may be
important. Therefore, it is also important to look for
biomarker to predict patients’ response to 5-FU in GC.

We previously performed serial analysic of gene
expression (SAGE) of four primary GCs (Oue e? al.,
2004) and identified several GC-specific genes (Aung
et al., 2006). Of these genes, Regenerating gene family
{(REG), member 4 (REG4, which encodes Reg IV} is a
candidate gene for cancer-specific expression, at least in
patients with GC. Reg IV, a member of the REG gene
family, was originally identified by high-throughput
sequencing of a complementary DNA (cDNA) library
derived from inflammatory bowel disease patient
(Hartupee ef al., 2001). Quantitative reverse transcrip-
tion—polymerase chain reaction (PCR) analysis revealed
that approximately 30% of GCs overexpress the REGS
gene (Oue et al., 2004). Although various normal tissues
express REG4 (Hartupee er al., 2001), the levels of
expression are much lower in normal tissues than in
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cancerous tissues (Oue et al, 2005). We reported
previously that Reg IV is expressed in GC cells but
not stromal cells. Reg IV was expressed in 30% of GC
tissues and was associated with both the intestinal mucin
phenotype and neuroendocrine differentiation. In CRC,
expression of Reg IV was observed in 36% of cases and
was associated with tumor stage (Oue er al., 2005).
Furthermore, because it is a secreted protein, Reg
IV may be a serum biomarker for GC; however,
the concentration of Reg IV in serum has not been
investigated.

The biologic function of Reg IV is poorly understood.
Involvement of REG4 in drug resistance has been
suggested, but the detailed mechanism remains unclear
{Violette et al., 2003). A more recent study revealed that
Reg IV is a potent activator of the epidermal growth
factor receptor (EGFR)/Akt/activator protein-1 (AP-1)
signaling pathway and those colon cancer cell lines
treated with recombinant Reg IV showed increased
expression of Bel-2, Bel-xl and survivin, which are
proteins associated with inhibition of apoptosis (Bish-
nupuri ef al, 2006). EGFR activation modulates
apoptotic susceptibility (reviewed by Kari er al., 2003),
and we have shown that EGFR is overexpressed in GC
(Yasui et al,, 1988). Taken together, Reg IV may be a
marker for prediction of resistance to 5-FU-based
chemotherapy; however, modulation of apoptotic sus-
ceptibility by Reg IV has not been investigated.

In the present study, we show that forced expression
of Reg IV inhibits apoptosis induced by 5-FU. Several
molecules associated with resistance to 5-FU have
been identified (reviewed by Longley et al., 2003).
We investigated expression of molecules associated
with resistance to 5-FU in Reg IV-overexpressing cells.
Because Reg IV activates EGFR, we also performed
immunohistochemical analysis of Reg IV and EGFR
expression in 16] cases of GC. We measured Reg IV
levels in sera from patients with GC by enzyme-linked
immunosorbent assay (ELISA) to investigate the poten-
tial utility of Reg IV measurements in the diagnosis
of GC.

Results

Forced expression of Reg IV inhibits the mitochondrial
apoptotic pathway

To investigate the biologic significance of Reg IV, the
TMK-1 GC cell line was stably transfected with vector
expressing Reg IV. TMK-1 cells were selected because
they express low levels of Reg IV (Oue er al., 2005).
Clones were selected in G418 and examined for Reg IV
expression by Western blot. Two clones, TMK-1-Reg
IV-1 and TMK-i1-Reg IV-2, expressed Reg IV at
significantly higher levels than TMK-1 cells transfected
with empty vector {Figure 1a). To determine the effect
of Reg IV on 5-FU treatment, 3-(4,5-dimethylthiazol-
2-y1}-2,5-diphenyl tetrazolium bromide (MTT) assays
were performed. Cell growth of TMK-1 cells transfected
with empty vector was inhibited by 5-FU in a dose-
dependent manner (Figure 1b). This inhibition was
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partially ameliorated in Reg IV-overexpressing cells
(Figure 1b), suggesting that cell prolifeiation was
activated or apoptosis was inhibited in Reg IV-
overexpressing cells. We investigated the effect of Reg
IV on cell proliferation activity. Reg IV transfectants
did not show significant differences in proliferation
activity compared with cells transfected with empty
vector (data not shown). We next examined the effect of
forced Reg I'V expression on the apoptotic susceptibility
of these cells to 5-FU. As shown in Figure lc, over-
expression of Reg IV in both TMK-1-Reg IV-1 and
TMK-1-Reg 1V-2 cells significantly inhibited 5-FU-
induced apoptosis in comparison with cells transfected
with empty vector.

Apoptosis is controlled by two major pathways, the
mitochondrial pathway (Green and Reed, 1998) and the
membrane death receptor (DR) pathway (Ashkenazi
and Dixit, 1999). In the mitochondrial pathway, release
of cytochrome ¢ by mitochondria into the cytosol is the
rate-imiting step for the activation of caspases and
endonucleases (Martinou ef al., 2000). Cytosolic cyto-
chrome ¢ activates procaspase-9 by binding to Apafl in
the presence of dATP, leading to caspase-9 activation
and subsequent activation of downstream effector
caspases, including caspase-3, with triggering of apop-
tosis (Li ez al., 1997). Caspase-8 plays an important role
in the DR-mediated apoptotic pathway, which Is
independent of cytochrome ¢ release (Ashkenazi and
Dixit, 1999). In our previous study, the mitochondrial
apoptotic pathway was activated in 5-FU-induced
apoptosis in TMK-1 cells (Tahara ez al, 2005). To
determine the associated pathway inhibited by Reg IV
overexpression, we examined expression of cytosolic
cytochrome ¢ protein in cytosolic extracts of 3-FU-
treated and untreated cells by Western blotting.
Incubation of cells with 5-FU induced cytochrome ¢
expression in empty vector-transfected cells (Figure 1d).
Cytochrome ¢ release was inhibited in cells overex-
pressing Reg IV (Figure 1d). Next, we examined
the activities of caspase-3, -8 and -9. As shown in
Figure le, treatment of cells with 5-FU significantly
increased caspase-9 and -3 activities; but had no effect
on caspass-8 activity. The activities of caspase-9 and -3
were significantly lower in Reg IV-overexpressing cells
than in empty vector-transfected cells. The nuclear
DNA repair enzyme poly(ADP-ribose)polymerase
(PARP) is a target of caspase-3, and its cleavage can
serve as a biochemical marker of apoptosis (Kaufmann
et al, 1993). We examined whether 5-FU-induced
apoptosis is associated with PARP cleavage by Western
blotting. Cleaved PARP was detected in 5-FU-treated
empty vector-transfected cells; however, cleavage of
PARP was reduced in Reg IV-overexpressing cells
(Figure 1d). These results indicate that overexpression
of Reg IV suppresses 5-FU-induced apoptosis by
inhibiting the mitochondrial apoptotic pathway.

Reg IV activates phosphorylation of EGFR
Recombinant human Reg IV has been shown to induce
rapid phosphorylation of EGFR at Tyr*? and Tyr'°®
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Figure 1 Forced expression of Reg TV inhibits 5-FU-induced apoptosis. (a) Western: blot analysis of the TMK-1 GC cell line stably
transfected with vector expressing Reg IV. Two G418 resistant clones, TMK-I-Reg IV-1 and TMK-1-Reg IV-2, overexpressing Reg IV
protein were isolated. (b} Effect of forced Reg IV expression on cell growth of TMK-1 cells. Cell growth was assessed by MTT assay at
48 h after 5-FU treatment. Bars and error bars represent mean and s.d., respectively, from three different experiments. P-values for all
the assays were calenlated using Student's #-test. {c) Forced Reg IV expression inhibits 5-FU-induced apoptosis. Cells were incubated
with 2mM 5-FU for 48 h, and both floating and attached cells were collected. Apoptosis was determined with a Cell Death Detection
ELISAM= Kit. Bars and error bars represent mean and s.d., respectively, from three different experiments. P-values for all the assays
were calculated using Student’s s-test. (d) Forced Reg IV expression inhibits cytochrome ¢ release and PARP cleavage induced by
5-FU. Cells were incubated with 2mM 5-FU for 36h, and both fioating and attached cells were collected for Western blot analysis.
(e} Forced Reg IV expression inhibits caspase activation by 5-FU. Cells were treated with 5-FU (2mM) for 36h, and ficating and
attached cells were coliected. 5-FU induced activation of caspase-9 and -3, and to a lesser extent, caspase-8. Reg IV-overexpressing cells
(TMX.-1-Reg IV-1 and TMK-1-Reg I'V-2) showed significantly lower activation of caspase-? and -3 in response to 5-FU than empty
vector-transfected cells. Bars and error bars represent mean and s.d., respectively, from three different experiments. P-values for all the

assays were calculated using Student’s f-test.

and Akt at Thr*® and Ser*™, resulting in increased AP-1
transcription factor activity (Bishnupuri et gf., 2006), In
addition, HCT116 and HT29 colon cancer cell lines
treated with recombinant Reg IV showed increased
expression of Bel-2 (Bishnupuri et 2l., 2006). Bel-2 is an
antiapoptotic protein Jocated on mitochondria and
expressed at high levels in some tumor cells and tissues
(Vander Heiden and Thompson, 1999). In the mito-
chondrial pathway, antiapoptotic Bcl-2 family proteins
prevent mitochondrial membrane permeabilization and
thereby inhibit changes in the mitochondrial membrane
potential and cytochrome ¢ release (Vander Heiden and

Thompson, 1999). We examined phosphorylation of
EGFR at Tyr* and Tyr!® in Reg IV-overexpressing
cells. EGFR was phosphorylated at Tyr®? (Figure 1a)
but not Tyr'®® in our Reg IV-overexpressing cells {data
not shown). Expression of Bcl-2 was also examined
by Western blotting, and induction of Bcl-2 in Reg
IV-overexpressing cells was confirmed (Figure la).
These results suggest that expression of Bcl-2 contri-
butes to inhibition of the mitochondrial apoptotic
pathway in Reg IV-overexpressing cells.

It was recently reported that AP-1 induces expression
of dihydropyrimidine dehydrogenase (DPD) (Ukon
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et al., 2005). DPD, an initial and rate-limiting enzyme in
5-FU catabolism, has significance for the pharmaco-
kinetics and toxicity of 5-FU (Harris et al, 1990).
Overexpression of DPD in tumor cell lines is associated
with resistance to 5-FU (Takebe et al., 2001}. Degrada-
tion of 5-FU by induction of DPD expression may also
inhibit 5-FU-induced apoptosis. We examined expres-
sion of DPD in Reg IV-overexpressing cells by Western
blotting. Induction of DPD expression was observed
in Reg IV-overexpressing cells (Figure la). We
also examined expression of other enzymes involved in
5-FU metabolism. Expression of thymidylate synthase
(TS) and orotate phosphoribosyl transferase (OPRT)
was not changed significantly (Figure 1a). These results
indicate that degradation of 5-FU by induction of DPD
is also involved in inhibition of apoptosis by Reg IV.

Expression and distribution of Reg IV and EGFR in

GC tissues

Because forced Reg IV expression induces phosphoryla-
tion of EGFR at Tyr*? in TMK-1 ceils, we examined
whether expression of Reg IV activates phosphorylation
of EGFR at Tyr® in human GC tissue samples.
Immunostaining of Reg IV and EGFR was observed
in 61 (37.9%) and 40 (24.8%) of 161 GC cases,
respectively. Immunostaining of Tyr*? phospho-EGFR
was also performed in 40 EGFR-positive GC cases.
Interestingly, some, but not all, EGFR-positive cells
showed phosphorylation at Tyr®2. Immunochistochemi-
cal analysis revealed that Reg IV was expressed in
almost all EGFR-positive GC cases. Of 40 EGFR-
positive GC cases, 37 (92.5%) were positive for Reg IV,
whereas of 121 EGFR-negative GC cases, only 24
(15.8%) (P<0.0001, Fisher's exact test) were positive
for Reg IV. In 37 GC cases expressing both Reg IV and
EGFR, Reg IV and EGFR were rarely expressed in the
same GC cells; however, Reg IV-positive GC cells were
found near EGFR-positive GC cells (Figure 2a—f). Some
GC cells were positive for both Reg IV and EGFR.
Triple-immunofiuorescence staining revealed that GC
cells positive for both Reg I'V and EGFR did not show
phosphorylation of EGFR at Tyr*, In addition, GC
cells positive for phosphorylation at Tyr®* were located
near Reg IV-positive cells (Figure 2g-j). We then
analysed the relation of Reg IV and EGFR expression
to clinicopathologic characteristics. There was no clear
association between Rep IV expression and clinical
characteristics (Table 1). In contrast, expression of
EGFR was associated with advanced T grade (depth
of invasion, P=0.0004, Fisher’s exact test) and N grade
{degree of lymph node metastasis, P=0.0218, Fisher’s
exact test) (Table I). Moreover, EGFR staining was
observed more frequently in stage II[/IV cases (27 of 34
cases, 32.1%) than in stage I/II cases (13 of 77 cases,
16.9%, P=10.0201, Fisher's exact test) (Table 1). No
statistically significant prognostic effect of Reg IV was
found in the 101 advanced GC patients (P =10.9857, log-
rank test) (Figure 2k); however, expression of EGFR
was associated with poor survival (P=0.0006, log-
rank test) (Figure 2k). These results suggest that
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Reg IV-positive GC cells were different from EGFR-
positive GC cells, but GC cases containing EGFR-
positive GC cells also contained Reg IV-positive GC
cells, resulting in phosphorylation of EGFR at Tyr*? in
human GC tissues.

Relation between Reg IV expression and response of
GC 1o a combination chemotherapy of low-dose 5-FU
and cisplatin

We next examined the relation between Reg IV
expression and response of GC to combination chemo-
therapy of low-dose 5-FU and cisplatin in recurrent
GC tissue specimens. Reg IV expression was investi-
gated in primary tumor samples obtained by surgical
resection before the initiation of chemotherapy. We did
not investigate the Reg IV expression in metastatic
lesions because of lack of biopsy materials from the
metastatic sites. The overall results are summarized in
Table 2. Among the 36 patients treated with the
combination chemotherapy, all 14 patients with Reg
IV expression showed no change (NC) or a progressive
disease (PD) to the combination chemotherapy, whereas
eight (36.4%) of 22 patients without Reg IV expression
showed a partial response (PR) (P=0.0132, Fisher's
exact test). There was no association between EGFR
expression and response to combination therapy
(P=0.1596, Fisher’s exact test). In these 36 GC cases,
Reg IV expression was observed in all EGFR-positive
GC cases.

Serum Reg IV concentration in healthy subjects,
non-cancer patients and GC patients

We next examined whether Reg I'V could be detected by
ELISA in sera from patients with GC. Western blot
analysis did not detect Reg IV protein in culture media
of the MKN-1 and TMK-1 GC cell lines, whereas high
levels of Reg IV protein were found in culture media of
Reg IV-transfected TMK-1 cells (TMK-1-Reg IV-1 and
TMK-1-Reg IV-2) and the MEKN-45 GC cell line
(Figure 3a). We confirmed by anti-f-actin Western blot
that contamination of cells in culture medium was
minimal. We nsed ELISA to test culture media from
these cell lines. Reg IV protein was detected in culture
media from TMK-1-Reg IV-1, TMK-1-Reg IV-2 and
MEKN-45 cell lines (Figure 3b), and the levels of Reg IV
protein detected by EILISA were similar to those
obtained by Western blot analysis (Figure 3a). Reg IV
protein was not detected in culture media of MEKN-1
and TMK-1 cell lines by ELISA (Figure 3b). Culture
media of Reg IV-transfected TMK-1 and MEKN-45 cells
were preabsorbed with recombinant Reg IV protein
before being tested by ELISA. The specificity of Reg IV
recognition was confirmed by the marked decrease in the
ELISA signals after preabsorption (Figure 3b).

The levels of serum Reg IV in healthy individuals,
patients with chronic-active gastritis (Helicobacter pylori
positive) and patients with GC before surgery are
shown in Figure 3c. The serum Reg IV concentration
was similar between healthy individuals (n=101,
meants.e, 0.52+0.05ng/mi} and patients with
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positive GC cells (blue) and EGFR-positive GC cells (green). In both Reg TV and EGFR-positive GC case, Reg TV-positive GC cells
were different from EGFR-positive GC cells although Reg IV-positive GC cells were found near EGFR-positive GC cells. (¢ and ¢)
High magnification images of the fields indicated by boxes in panels a and b {criginal magnification, x 400). A subset of EGFR-
positive GC cells was positive for Tyr™ phospho-EGFR (f) (original magmification, x 400). (g-j) Triple-immunofluorescence staining
of Reg IV {g), EGFR. (k) and Tyr*® phospho-EGFR (i). Cells with EGFR with phosphorylation at Tyr*? were located near Reg IV-
positive GC cells (§) (original magnification, x 400). (k) Prognostic value of Reg IV and EGFR staining.

chronic-active gastritis (=20, 0.36+0.09 ng/ml). How-
ever, the serum Reg IV concentration in presurgical GC
patients (n=61, 1.96+0.17ng/ml) was significantly
elevated (healthy individuals vs all GC patients, P<
0.0001, Mann—Whitney U-test), even at stage I (healthy
individuals vs stage I GC patients, P<0.0001, Mann—
Whitney U-test) (Figure 3c). In Cases 36 and 42,
which showed high serum concentrations of Reg IV,
strong and extensive Reg IV staiming was observed in

the primary GC samples. In contrast, in Case 18, in
which the serum Reg IV concentration was very low, no
Reg IV staining was observed in the primary GC sample
{Figure 3d). The Reg IV concentration in serum samples
from patients with GC showing Reg IV-positive
immunostaining (n=12, 2.5140.40 ng/ml) was statistj-
cally significantly higher than that with GC showing
Reg IV-negative immunostaining (n =49, 1.82+0.18 ng/
ml) (P=0.0251, Mann—Whitney U-test). When the

an

Oncogene



Reg IV inhibits apoptosis

_58.....

' Mitani et a/
6
cutoff level for Reg IV was set at 2.00ng/ml, the  in Table 3. In patients with stage I GC, the sensitivity of
sensitivity and specificity for detection of GC were  serum Reg IV (36.1%) was significantly higher than that
36.1% (22/61) and 99.0% (100/101), respectively. of CEA (5.6%, P=0.0028, Fisher’ exact test) or CA19-9
CEA and CA19-9 levels were also measured in the  (8.3%, P=0.0093, Fisher exact test).
same serum samples. The sensitivity and specificity of
CEA for detection of GC were 11.5% (7/61) and . .
100.0% (101/101), respectively. The sensitivity and  Discussion
specificity of CA19-9 for detection of GC were 13.1% . )
(8/61) and 100.0% (101/101), respectively. Spearman’s It is generally accepted that apoptosis suppresses
rank correlation test revealed only a weak correlation ~ oncogenic transformation. The ability of tumor cell
between serum Reg IV and CEA  (r=0.0173, populations to expand in nur_nbcr is determined not only
P=0.3123) or CA19-9 (r=10.0107, P=0.4279) (Figure by the rate of cell pro_hferatlon but als_o by the rate qf
3¢ and f). Of GC patients with normal serum CEA cell attrition. Apoptosis Tepresents a major source of t}'us
values, 31.5% were found to express Reg IV at 99.0%  attrition (Hanahan and Weinberg, 2000). Thus, resis-
specificity, and 32.1% of GC patients with norma]  tance to apoptosis is a hallmark of most and perhaps all
serum CA19-9 values were found to express Reg IV at  types of cancer. In the present study, we showed that
99.0% specificity. The sensitivities of serum Reg Iy,  oOverexpression of Reg IV inhibits 5-.FU~1nduc.edlappg-
CEA and CA19-9 with respect to tumor stage are shown  LOSis. At least two mechamsms'are 1qvolved in inhibi-
tion of apoptosis by Reg 1V, induction of Bcl-2 and
induction of DPD.
Table 1 Association of Reg IV and EGFR expression with In 5-FU-treated TMK-1 cells, overexpression of Reg
clinicopathologic features of gastric cancer 1V inhibited the mitochondrial apoptotic pathway that
Reg IV expression EGFR expression involves cytosolic cytochrome ¢ release and subsequent
— T activation of caspase-9 and -3. Increased Bcl-2 by forced
Positive  Negative P-value*  Positive  Negative P-valuet Reg IV expression may act to inhibit the mitochondrial
T grade apoptotic pathway. Bel-2 induction by Reg IV is
Tl 8(29.6%) 19 03895 0(00%) 27  0.0004 blocked by AG1478, a tyrosine kinase inhibitor specific
T2/3/4 53 (39.6%) 81 40 (29.9%) 94 for EGFR (Bishnupuri er al., 2006), indicating that
N grade phosphorylation of EGFR is requirc_:d for Bel-2 induf:-
N0 20(345%) 38 06120 §8(138%) s0 ooz  ton and that EGFR plays an important role in
N1/2/3 41 (39.8%) 62 32 (3L1%) 71 inhibition of apoptosis by Reg IV. In the present siudy,
imnmunchistochemical analysis of GC tissues revealed
Stage that almost all EGFR-positive GC cases (92.5%) also
E%W gz gg;zﬁg gg 0.5180 ;?f E;g?:ﬂ g‘; 0.0291 expressedl Reg IV and tha't _EGFR was phosphorylgte.d
at Tyr** in all EGFR-positive GC cases. Although it is
Abbreviations: EGFR, epidermal growth factor receptor; Reg Iv,  Possible that other molecules, such as EGF, induce
regenerating gene IV. *Fisher's exact test, phosphorylation of EGFR, at Tyr®, the present results
Table 2 Association of Reg IV and EGFR expression with response to combination chemotherapy of low-dose 5-FU and cisplatin
Reg IV expression EGFR expression
Positive Negative P-value® FPositive Negative P-value®
CR and PR 0 (0.0%) 8 0.0132 0 (0.0%) 8 0.1596
NC and PD 14 (50.0%) 14 9 (32.1%) 19
Abbreviations: CR, complete response; EGFR, epidermal growth factor receptor; NC, no change; PD, progressive disease; PR, partial response;
Reg IV, regenerating gene IV. *Fisher’s exact test,
— , >
Figure 3 ELISA of serum samples from patients with GC. {a) Western blot analysis of Reg IV. Culture media of Reg IV-transfected
TMK-1 cells (TMK-1-Reg V-1 and TMK-1-Reg I'V-2) and MEKN-45 GC cell ines contain Reg TV. Extracts of MKN-45 cells served as
a positive control. Western blotting with anti-f-actin antibody confirmed that there was minimal contamination of culture medium
with cells. (b) Detection of Reg IV in culture media by ELISA. Reg IV was detected in culture media of Reg IV-transfected TMX-1 and
MKN-45 cells but not MKN-1 and TMK-1 cells. Culture media of Reg I'V-transfected TMK-1 and MKN-45 cells were preincubated
with recombinant Reg IV and then tested by ELISA. A significant reduction in the signal intensity of the ELISA was observed.
P-values were calculated using Student’s test. (¢} Detection of Reg IV protein in serum samples by ELISA. A high concentration
(2.00ng/ml) of Reg I'V was detected in 22 serum samples from patients with GC. Yellow bars indicate the cutoff levels defined in this
study. Red bars indicate the means#s.e. Differences in the serum concentration of Reg IV between two groups were tested by non-
parametric Mann—Whitney U-test. (d) Immunostaining of Reg IV in primary GC samples. Strong and extensive Reg IV staining was
observed in Cases 36 and 42, which also showed high concentrations of Reg IV in serum samples (c). In Case 18, no staining of Reg IV
was observed, and the serum concentration of Reg IV was low (c). (¢) Relation between serum concentrations of Reg IV and CEA.
Correlation was examined using Spearman's rank correlation. (f) Relation between serum concentrations of Reg IV and CA19-9.
Correjation was examined using Spearman’s rank correlation.
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