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Abstract 

 

Regenerating gene family, member 4 (Reg IV), 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 

5-fluorouracil (5-FU). Forced expression of Reg IV inhibited 5-FU-induced apoptosis. 

Induction of Bcl-2 and dihydropyrimidine dehydrogenase was involved in inhibition of 

apoptosis. Among 36 GC patients treated with a combination chemotherapy of low-dose 

5-FU and cisplatin, all 14 Reg IV-positive patients showed no change or disease 

progression. The serum Reg IV concentration was similar between healthy individuals 

(means.e., 0.520.05 ng/ml) and patients with chronic-active gastritis (0.360.09 ng/ml). 

However, the serum Reg IV concentration in presurgical GC patients was significantly 

elevated (1.960.17 ng/ml), even at stage I. The diagnostic 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. 

Keywords: Reg IV, apoptosis, 5-fluorouracil, serum tumor marker, SAGE, gastric 

cancer 
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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 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 CA19-9 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 et 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 et al., 2004). 

Despite improvements in cancer diagnosis and therapy, many patients are still 

diagnosed at the late stages of the disease, and the disease often recurs even after 

curative surgery. 5-fluorouracil (5-FU) is one of the most widely used chemotherapeutic 

agents for breast cancer, colorectal cancer (CRC), and GC (Longley et al., 2003). 

Unfortunately, some patients showed a poor response, possibly owing to inefficiency 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 analysis of gene expression (SAGE) of four primary 

GCs (Oue et 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 et al., 2001). Quantitative reverse 

transcription–polymerase chain reaction (PCR) analysis revealed that approximately 

50% of GCs overexpress the REG4 gene (Oue et al., 2004). Although various normal 

tissues express REG4 (Hartupee et al., 2001), the levels of expression are much lower in 
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normal tissues than in 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 et 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 Bcl-2, Bcl-xl and survivin, which are proteins associated with 

inhibition of apoptosis (Bishnupuri et al., 2006). EGFR activation modulates apoptotic 

susceptibility (reviewed by Kari et 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 

susceptibility 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 161 cases of GC. We measured Reg IV levels in sera from patients 

with GC by enzyme-linked immunosorbent assay (ELISA) to investigate the potential 

utility of Reg IV measurements in the diagnosis of GC. 

 

 

Results 

 

Forced expression of Reg IV inhibits the mitochondrial apoptotic pathway 
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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 et 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-1-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-yl)-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 partially 

ameliorated in Reg IV-overexpressing cells (Figure 1b), suggesting that cell 

proliferation 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 IV expression on the apoptotic susceptibility of these cells to 5-FU. As shown in 

Figure 1c, overexpression of Reg IV in both TMK-1-Reg IV-1 and TMK-1-Reg IV-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 c by mitochondria into the cytosol is the rate-limiting step for the activation 

of caspases and endonucleases (Martinou et al., 2000). Cytosolic cytochrome c activates 

procaspase-9 by binding to Apaf1 in the presence of dATP, leading to caspase-9 

activation and subsequent activation of downstream effector caspases, including 

caspase-3, with triggering of apoptosis (Li et al., 1997). Caspase-8 plays an important 

role in the DR-mediated apoptotic pathway, which is independent of cytochrome c 

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 et al., 2005). 

To determine the associated pathway inhibited by Reg IV overexpression, we examined 

expression of cytosolic cytochrome c protein in cytosolic extracts of 5-FU-treated and 

untreated cells by Western blotting. Incubation of cells with 5-FU induced cytochrome c 

expression in empty vector-transfected cells (Figure 1d). Cytochrome c release was 

inhibited in cells overexpressing Reg IV (Figure 1d). Next, we examined the activities 
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of caspase-3, -8 and -9. As shown in Figure 1e, treatment of cells with 5-FU 

significantly increased caspase-9 and -3 activities; but had no effect on caspase-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 Tyr992 and Tyr1068 and Akt at Thr308 and Ser473, resulting in increased AP-1 

transcription factor activity (Bishnupuri et al., 2006). In addition, HCT116 and HT29 

colon cancer cell lines treated with recombinant Reg IV showed increased expression of 

Bcl-2 (Bishnupuri et al., 2006). Bcl-2 is an antiapoptotic protein located on 

mitochondria and expressed at high levels in some tumor cells and tissues (Vander 

Heiden and Thompson, 1999). In the mitochondrial pathway, antiapoptotic Bcl-2 family 

proteins prevent mitochondrial membrane permeabilization and thereby inhibit changes 

in the mitochondrial membrane potential and cytochrome c release (Vander Heiden and 

Thompson, 1999). We examined phosphorylation of EGFR at Tyr992 and Tyr1068 in Reg 

IV-overexpressing cells. EGFR was phosphorylated at Tyr992 (Figure 1a) but not Tyr1068 

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 1a). These results suggest that expression of Bcl-2 contributes 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 et al., 2005). DPD, an initial and rate-limiting enzyme in 

5-FU catabolism, has significance for the pharmacokinetics 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). Degradation of 5-FU by induction of DPD expression may 
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also inhibit 5-FU-induced apoptosis. We examined expression of DPD in Reg 

IV-overexpressing cells by Western blotting. Induction of DPD expression was 

observed in Reg IV-overexpressing cells (Figure 1a). 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 phosphorylation of EGFR at Tyr992 in 

TMK-1 cells, we examined whether expression of Reg IV activates phosphorylation of 

EGFR at Tyr992 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 Tyr992 phospho-EGFR was also performed in 40 EGFR-positive GC 

cases. Interestingly, some, but not all, EGFR-positive cells showed phosphorylation at 

Tyr992. Immunohistochemical 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 (19.8%) (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-immunofluorescence staining 

revealed that GC cells positive for both Reg IV and EGFR did not show 

phosphorylation of EGFR at Tyr992. In addition, GC cells positive for phosphorylation 

at Tyr992 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 Reg 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 1). Moreover, EGFR staining was observed more frequently 

in stage III/IV cases (27 of 84 cases, 32.1%) than in stage I/II cases (13 of 77 cases, 

7 

http://www.nature.com/onc/journal/v26/n30/full/1210215a.html#fig1
http://www.nature.com/onc/journal/v26/n30/full/1210215a.html#fig1
http://www.nature.com/onc/journal/v26/n30/full/1210215a.html#fig1
http://www.nature.com/onc/journal/v26/n30/full/1210215a.html#fig2
http://www.nature.com/onc/journal/v26/n30/full/1210215a.html#fig2
http://www.nature.com/onc/journal/v26/n30/full/1210215a.html#tbl1
http://www.nature.com/onc/journal/v26/n30/full/1210215a.html#tbl1


Oncogene  

16.9%, P=0.0291, Fisher's exact test) (Table 1). No statistically significant prognostic 

effect of Reg IV was found in the 101 advanced GC patients (P=0.9857, 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 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 Tyr992 in human GC tissues. 

 

Relation between Reg IV expression and response of GC to 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 chemotherapy of low-dose 5-FU and cisplatin in recurrent GC tissue 

specimens. Reg IV expression was investigated 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 IV 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 MKN-45 GC cell line (Figure 3a). We confirmed by anti--actin Western 

blot that contamination of cells in culture medium was minimal. We used 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 MKN-45 cell lines (Figure 3b), and the levels 

of Reg IV protein detected by ELISA were similar to those obtained by Western blot 
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analysis (Figure 3a). Reg IV protein was not detected in culture media of MKN-1 and 

TMK-1 cell lines by ELISA (Figure 3b). Culture media of Reg IV-transfected TMK-1 

and MKN-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, means.e., 

0.520.05 ng/ml) and patients with chronic-active gastritis (n=20, 0.360.09 ng/ml). 

However, the serum Reg IV concentration in presurgical GC patients (n=61, 

1.960.17 ng/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 staining 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, 2.510.40 ng/ml) was statistically 

significantly higher than that with GC showing Reg IV-negative immunostaining (n=49, 

1.820.18 ng/ml) (P=0.0251, Mann–Whitney U-test). When the cutoff level for Reg IV 

was set at 2.00 ng/ml, the sensitivity and specificity for detection of GC were 36.1% 

(22/61) and 99.0% (100/101), respectively. 

CEA and CA19-9 levels were also measured in the 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 specificity of CA19-9 for detection of GC were 13.1% 

(8/61) and 100.0% (101/101), respectively. Spearman's rank correlation test revealed 

only a weak correlation between serum Reg IV and CEA (r=0.0173, P=0.3123) or 

CA19-9 (r=0.0107, P=0.4279) (Figure 3e and f). Of GC patients with normal serum 

CEA values, 31.5% were found to express Reg IV at 99.0% specificity, and 32.1% of 

GC patients with normal serum CA19-9 values were found to express Reg IV at 99.0% 

specificity. The sensitivities of serum Reg IV, CEA and CA19-9 with respect to tumor 

stage are shown in Table 3. In patients with stage I GC, the sensitivity of serum Reg IV 
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(36.1%) was significantly higher than that of CEA (5.6%, P=0.0028, Fisher' exact test) 

or CA19-9 (8.3%, P=0.0093, Fisher' exact test). 

 

 

Discussion 

 

It is generally accepted that apoptosis suppresses oncogenic transformation. The ability 

of tumor cell populations to expand in number is determined not only by the rate of cell 

proliferation but also by the rate of cell attrition. Apoptosis represents a major source of 

this attrition (Hanahan and Weinberg, 2000). Thus, resistance to apoptosis is a hallmark 

of most and perhaps all types of cancer. In the present study, we showed that 

overexpression of Reg IV inhibits 5-FU-induced apoptosis. At least two mechanisms 

are involved in inhibition of apoptosis by Reg IV, induction of Bcl-2 and induction of 

DPD. 

In 5-FU-treated TMK-1 cells, overexpression of Reg IV inhibited the mitochondrial 

apoptotic pathway that involves cytosolic cytochrome c release and subsequent 

activation of caspase-9 and -3. Increased Bcl-2 by forced Reg IV expression may act to 

inhibit the mitochondrial apoptotic pathway. Bcl-2 induction by Reg IV is blocked by 

AG1478, a tyrosine kinase inhibitor specific for EGFR (Bishnupuri et al., 2006), 

indicating that phosphorylation of EGFR is required for Bcl-2 induction and that EGFR 

plays an important role in inhibition of apoptosis by Reg IV. In the present study, 

immunohistochemical analysis of GC tissues revealed that almost all EGFR-positive 

GC cases (92.5%) also expressed Reg IV and that EGFR was phosphorylated at Tyr992 

in all EGFR-positive GC cases. Although it is possible that other molecules, such as 

EGF, induce phosphorylation of EGFR at Tyr992, the present results suggest that in a 

subset of EGFR-positive GC, Reg IV affects phosphorylation of EGFR at Tyr992 and 

stimulates tumor cell growth by inhibiting apoptosis. It is important to note that in the 

immunohistochemical analysis, GC cells expressing both Reg IV and EGFR were rare. 

Triple-immunofluorescence staining revealed that GC cells positive for both Reg IV and 

EGFR did not show phosphorylation of EGFR at Tyr992. We cannot explain completely 

the discrepancy between GC cell line data and GC tissue data. Because GC cells 

positive for phosphorylation at Tyr992 were located near Reg IV-positive cells, Reg IV 
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expression may induce expression and secretion of EGFR ligands, such as EGF, which 

could lead to EGFR phosphorylation of the adjacent cells. EGF secretion in Reg 

IV-overexpressing cells should be examined. Furthermore, clinical characteristics of 

Reg IV-positive GC cases were quite different from those of EGFR-positive GC cases 

in the present study. Expression of Reg IV was found in both early- and late-stage GC, 

whereas expression of EGFR was detected mainly in late-stage tumors. These results 

led us to speculate that continuous expression of Reg IV may be a selective pressure for 

the development of EGFR-positive GC cells and may confer selective growth advantage 

to EGFR-positive GC cells. In Reg IV-positive GC, even at an early stage, 

EGFR-positive GC cells may develop in accordance with tumor progression. 

Forced Reg IV expression induced expression of DPD. DPD is a catabolic enzyme of 

5-FU (Harris et al., 1990), and several studies have indicated an inverse correlation 

between expression or activity of DPD and sensitivity to 5-FU-based chemotherapy in 

GC (Inada et al., 2000; Ishikawa et al., 2000). Degradation of 5-FU by DPD may play 

an important role in inhibition of 5-FU-induced apoptosis. In the present study, Reg IV 

expression in primary tumors was associated with response to 5-FU/cisplatin 

combination chemotherapy in recurrent GC cases. Although we did not evaluate 

activation of AP-1 in the present study, EGFR-dependent activation of AP-1 by Reg IV 

has been reported (Bishnupuri et al., 2006). Because DPD is a downstream target gene 

of AP-1 (Ukon et al., 2005), phosphorylation of EGFR may be required for induction of 

DPD by Reg IV. As mentioned above, induction of Bcl-2 also depends on 

phosphorylation of EGFR. Phosphorylation of EGFR may be a crucial event in 

inhibition of 5-FU-induced apoptosis by Reg IV. Interestingly, EGFR expression in 

primary tumors was not associated with response to combination chemotherapy in the 

present study. We confirmed that all EGFR-positive GC cases were positive for 

phosphorylation of EGFR at Tyr992. We investigated both Reg IV and EGFR expression 

in primary tumors, but the response to chemotherapy was evaluated in metastatic lesions. 

Several lines of evidence suggest that primary and metastatic lesions bear different 

biologic properties. DPD gene expression levels were reported to be lower in primary 

cancers than in liver metastases in several studies (Kuramochi et al., 2006). Because 

expression of EGFR is a late event in GC progression, metastatic lesions may express 

EGFR even though EGFR is not expressed by the primary tumor. Because we 
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investigated neither Reg IV nor EGFR expression in metastatic lesions, further studies 

are needed to clarify the predictive value of Reg IV and EGFR expression analysis. 

It is important to note that while TMK-1-Reg IV-2 clone expresses more Reg IV than 

TMK-1-Reg IV-1, the intensity of the DPD band for TMK-1-Reg IV-1 looks slightly 

more intense than the intensity of the DPD band for TMK-1-Reg IV-2. In the present 

study, Western blotting was performed 1 or more months after the TMK-1 cell line had 

been stably transfected with vector expressing Reg IV. It has been reported that EGFR 

phosphorylation induced by treatment with recombinant human Reg IV occurred 

rapidly, with maximum effect at 5 min (Bishnupuri et al., 2006), suggesting that EGFR 

phosphorylation levels may reach plateau in Reg IV-transfected TMK-1 cells and DPD 

expression may not increase further with increase in Reg IV expression. 

Serum Reg IV is a novel biomarker for GC. Despite the reliability of CEA and CA19-9 

as markers for detection of GC, CEA and CA19-9 are unsuitable for detection of early 

GC. In fact, in the present study, CEA and CA19-9 were found in serum in 5.6 and 

8.3%, respectively, of patients with stage I GC. Of 36 serum samples from patients with 

stage I GC, 13 (36.1%) showed high levels of Reg IV, indicating that Reg IV is a good 

serum marker for early detection of GC. In addition, because Reg IV levels in serum 

samples from patients with GC expressing Reg IV were significantly higher than those 

of Reg IV-negative GC, Reg IV concentration in sera may be a marker for prediction of 

the response to 5-FU-based chemotherapy. However, all GC cases with high serum 

concentrations of Reg IV did not necessarily show Reg IV immunostaining of the 

primary tumor. This discrepancy between immunostaining and ELISA results may be 

due to methodologic differences. Reg IV immunohistochemistry results were evaluated 

as the percentage of stained cancer cells; the intensity of immunostaining was not 

evaluated because we had no suitable internal control for the immunohistochemistry. 

More detailed quantitative methods for the measurement of Reg IV protein, such as 

intratumor Reg IV concentration, are needed to clarify the relation between levels of 

Reg IV protein in sera and levels in primary GC samples. 

In conclusion, our present data show that Reg IV can confer resistance to 5-FU-induced 

apoptosis in GC cells, suggesting that overexpression of Reg IV may represent a novel 

mechanism of intrinsic drug resistance in human GC. We detected Reg IV in sera from 
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patients with GC. This indicates not only that serum Reg IV is a novel biomarker for 

GC but also that serum Reg IV may have some effect on normal organs in patients with 

GC. Identification of a cell-surface receptor for Reg IV may further improve our 

understanding of the basic biology of Reg IV. 

 

 

Materials and methods 

 

Cell line, expression vector, transfection and 5-FU treatment 

A human GC-derived cell line, TMK-1, was established in our laboratory (Ochiai et al., 

1985). TMK-1 cells were maintained in Roswell's Park Memorial Institute 1640 

medium (Nissui Pharmaceutical, Tokyo, Japan) containing 10% fetal bovine serum 

(Whittaker, Walkersville, MD, USA) in a humidified atmosphere of 5% CO2 and 95% 

air at 37°C. For constitutive expression of the REG4 gene, cDNA was PCR amplified 

and subcloned into pcDNA 3.1 (Invitrogen, Carlsbad, CA, USA). The pcDNA-Reg IV 

expression vector was transfected into TMK-1 cells with FuGENE6 (Roche Diagnostics, 

Indianapolis, IN, USA), according to the manufacturer's instructions. Stable 

transfectants were selected after 2 weeks of culture with 100 g/ml G418 (Invitrogen). 

The effect of 5-FU (Acros Organics, Fairlawn, NJ, USA) on apoptosis was studied. 

5-FU was dissolved in 100% dimethyl sulfoxide (DMSO) and then diluted in cell 

culture medium for experiments. The final concentration of DMSO was maintained at 

0.1%. For apoptosis assay, caspase activation assays and Western blot analysis, both 

floating and attached cells were collected after 5-FU treatment. 

 

MTT, cell proliferation, apoptosis and caspase activation assays 

For MTT assay, the cells were seeded at a density of 2000 cells per well in 96-well 

plates. The cells were then treated with 5-FU for 48 h. Cell growth was monitored by 

MTT assay (Alley et al., 1988). Cell proliferation activity was determined with a Cell 

Proliferation ELISA (Amersham Biosciences, Piscataway, NJ, USA), according to the 

manufacturer's instructions. For apoptosis assay, cultured cells were treated for 48 h 

with 2 mm 5-FU, and apoptosis was evaluated with a Cell Death Detection ELISAPlus 

Kit (Roche Diagnostics), according to the manufacturer's instructions. For caspase 

activation assays, cultured cells were treated for 36 h with 2 mm 5-FU and the activities 
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of caspase-3, -8 and -9 were determined with caspase-3, -8 and -9 Colorimetric Activity 

Assay Kits, respectively (Chemicon, Temecula, CA, USA), according to the 

manufacturer's instructions. P-values for all the assays were calculated using Student's 

t-test. 

 

Western blot analysis 

Western blot analysis was performed as described previously (Yasui et al., 1993). The 

filter was incubated for 1 h at room temperature with an anti-Reg IV antibody (rabbit 

polyclonal antibody raised in our laboratory; Oue et al., 2005), anti-Bcl-2 antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-EGFR antibody (Cell 

Signaling Technology, Beverly, MA, USA), anti-phospho-EGFR (Tyr992) antibody 

(Cell Signaling Technology), anti-phospho-EGFR (Tyr1068) antibody (Cell Signaling 

Technology), anti-DPD antibody (Taiho Pharmaceutical, Tokyo, Japan), anti-TS 

antibody (Taiho Pharmaceutical), anti-OPRT antibody (Taiho Pharmaceutical), 

anti-PARP p85 fragment antibody (Promega, Madison, MD, USA) or anti--actin 

antibody (Sigma Chemical, St Louis, MO, USA). To quantify cytochrome c release into 

the cytosol, floating and attached cells were collected after incubation with 2 mm 5-FU 

for 36 h, and cytochrome c in cytosolic extracts was detected with an ApoAlert Cell 

Fractionation Kit (Takara Bio, Shiga, Japan). 

 

Tissue samples 

In all, 161 primary tumors and 61 serum samples were collected from patients 

diagnosed with GC. Patients were treated at the Hiroshima University Hospital or an 

affiliated hospital. 

For immunohistochemical analysis, we used archival formalin-fixed, paraffin-embedded 

tissues from 161 patients who had undergone surgical excision of GC. Of the 161 

patients, 27 had early GC and 134 had advanced GC. Early GC is limited to the mucosa 

or the mucosa and submucosa regardless of nodal status. Advanced GC is a tumor that 

has invaded beyond the muscularis propria (Hohenberger and Gretschel, 2003). 

Information on patient survival was available for 101 of the 134 advanced GC cases. 

Of the 161 patients, 36 had recurrent GC and were treated with a combination of 

low-dose 5-FU and cisplatin (Kim et al., 1999). All 36 patients with recurrent GC 
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provided a medical history and underwent physical examination, including evaluation of 

performance status, complete blood cell count, serum chemistry profile, chest X-ray and 

computed tomography (CT) and/or magnetic resonance imaging, at the time of 

enrollment. Tumor markers, including CEA and CA19-9, were checked monthly. The 

responses of metastatic lesions to treatment were assessed according to the World 

Health Organization criteria. Metastatic lesions were evaluated by CT, ultrasonography 

and other radiographic examinations. Complete response (CR) was defined as 

disappearance of all evidence of cancer for more than 4 weeks. PR was defined as at 

least 50% reduction in the sum of the products of the perpendicular diameters of all the 

lesions for more than 4 weeks without any evidence of new lesions or progression of 

existing lesions. NC was defined as less than 50% reduction or less than 25% increase 

in the sum of the products of the perpendicular diameters of all lesions without any 

evidence of new lesions. PD was defined as more than a 25% increase in more than one 

lesion or the appearance of new lesions. 

Among the 161 GC cases used for immunohistochemical analysis, serum samples were 

available for ELISA from 61 cases (36 men and 25 women; age range, 35–88 years; 

mean, 67.5 years). Serum samples were collected before surgery and before initiation of 

therapy, and were stored at -80°C until analysis. Serum samples from 20 patients with 

chronic active gastritis with H. pylori infection (13 men and 7 women; age range, 57–85 

years; mean, 68.8 years) were also collected. Control serum samples were obtained 

from 101 healthy individuals (75 men and 26 women; age range, 32–79 years; mean, 

59.4 years). 

Tumor staging was according to the TNM classification system (Sobin and Wittekind, 

2002). Because written informed consent was not obtained, for strict privacy protection, 

identifying information for all samples was removed before analysis. This procedure 

was in accordance with the Ethical Guidelines for Human Genome/Gene Research of 

the Japanese Government. 

 

Immunohistochemistry 
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For immunostaining of EGFR and phospho-EGFR (Tyr992), a Dako LSAB Kit (Dako, 

Carpinteria, CA, USA) was used as described previously (Oue et al., 2005). Sections 

were incubated with the following antibodies: goat anti-Reg IV (diluted 1:50, R&D 

Systems, Abingdon, UK), mouse anti-EGFR (1:20, Novocastra, Newcastle, UK) and 

rabbit anti-phospho-EGFR (Tyr992) antibody (1:20, Cell Signaling Technology). For 

immunostaining of Reg IV, peroxidase-conjugated anti-goat IgG was used as the 

secondary antibody. Staining was completed with a 10-min incubation with the 

substrate-chromogen solution. The sections were counterstained with 0.1% hematoxylin. 

The percentage of stained cancer cells was evaluated for each antibody. A result was 

considered positive if at least 10% of cells were stained. When fewer than 10% of 

cancer cells were stained, the immunostaining was considered negative. 

For triple-immunofluorescence staining, Alexa Fluor 405-conjugated anti-goat IgG 

(Molecular Probes, Eugene, OR, USA), Alexa Fluor 488-conjugated anti-mouse IgG 

(Molecular Probes) and Alexa Fluor 546-conjugated anti-rabbit IgG (Molecular Probes) 

were used as secondary antibodies. 

 

ELISA 

For measurement of the serum concentration of Reg IV, a sandwich ELISA was 

developed. First, polystyrene microtiter plates were coated with mouse monoclonal 

anti-Reg IV antibody (R&D Systems) by overnight incubation of 50 l/125 ng/well 

antibody diluted in Tris buffer (pH 7.4). The plates were then washed three times with 

washing buffer. After the plates were blocked with 1% milk in phosphate-buffered 

saline, 50 l of recombinant Reg IV standard or sample was added to each well and 

incubated overnight at 4°C. After three washes, 50 l of biotinylated goat polyclonal 

anti-Reg IV antibody (R&D Systems) in assay buffer (1% bovine serum albumin (BSA), 

Tris buffer (pH 7.4), 0.05% normal goat serum) was added to each well (75 ng 

antibody/well). The mixture was then incubated for 1 h with shaking at 37°C and 

washed three times with washing buffer. The plates were incubated with 50 l/well 

alkaline phosphatase-conjugated streptavidin (Dako) diluted 2000-fold in diluent 

containing 1% BSA and Tris buffer (pH 7.4) for 1 h at 37°C and washed three times. 

Color development was performed with the addition of pNPP chromogenic substrate 
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(Sigma) followed by incubation at 37°C for 1 h. Absorbance at 405 nm was measured 

with an ELISA plate reader. As a reference standard, known concentrations of human 

recombinant Reg IV (Oue et al., 2005) from 0 to 30 ng/ml were tested in triplicate. 

 

Measurement of CEA and CA19-9 

CEA and CA19-9 were measured with a commercially available automated 

immunoassay method (Modular Analytics, Roche Diagnostics). The upper limits of 

normal for this method are 5.0 ng/ml for CEA and 37 U/ml for CA19-9. 

 

Statistical methods 

Associations between clinicopathologic parameters and Reg IV or EGFR expression 

were analysed by Fisher's exact test. Kaplan–Meier survival curves were constructed for 

Reg IV- or EGFR-positive and Reg IV- or EGFR-negative patients. Survival rates were 

compared between Reg IV- or EGFR-positive and Reg IV- or EGFR-negative groups. 

Differences between survival curves were tested for statistical significance by log-rank 

test (Mantel, 1966). Differences in the serum concentration of Reg IV between two 

groups were tested by non-parametric Mann–Whitney U-test. Correlation between the 

serum concentration of Reg IV and that of CEA or CA19-9 was assessed by Spearman's 

rank correlation. A P-value of less than 0.05 was considered statistically significant. 
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Table 1 Association of Reg IV and EGFR expression with clinicopathologic features of 

gastric cancer 

 Reg IV expression  EGFR expression  

 Positive Negative P valuea Positive Negative P valuea

T grade       

 T1 8 (29.6%) 19 0.3895 0 (0.0%) 27 0.0004

 T2/3/4 53 (39.6%) 81 40 (29.9%) 94 

N grade   

 N0 20 (34.5%) 38 0.6120 8 (13.8%) 50 0.0218

 N1/2/3 41 (39.8%) 62 32 (31.1%) 71 

Stage   

 I/II 27 (35.1%) 50 0.5180 13 (16.9%) 64 0.0291

 III/IV 34 (50.5%) 50 27 (32.1%) 57 
aFisher's exact test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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 valuea Positive Negative P valuea

CR and PRb 0 (0.0%) 8 0.0132 0 (0.0%) 8 0.1596

NC and PDc 14 (50.0%) 14 9 (32.1%) 19 
aFisher's exact test. bComplete response and partial response. cNo change and 

progressive disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3 Diagnostic sensitivity of serum Reg IV, CEA, and CA19-9 with respect to tumor 

stage 

 Reg IV CEA P valuea CA19-9 P valueb 

Stage I (n = 36) 36.1% 5.6% 0.0028 8.3% 0.0093

Stage II (n = 6) 50.0% 0.0% 0.1818 0.0% 0.1818

Stage III (n = 10) 50.0% 40.0% 1.0000 30.0% 0.6499

Stage IV (n = 9) 22.2% 11.1% 1.0000 22.2% 1.0000

Specificity 99.0% 100.0% 100.0% 
aFisher's exact test. Reg IV vs. CEA. bFisher's exact test. Reg IV vs. CA19-9. 

 


