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and surgery is not beneficial in patients who have received 
5-FU-based CRT. The expression levels of four genes, 
HIF1A, MTHFD1, GGH and TYMS, in tumor tissues can 
predict the response to preoperative CRT including either 
S-1 or UFT/LV. In particular, the gene expression level of 
GGH in tumor tissues may be a useful biomarker for the 
appropriate use of S-1 and UFT/LV in CRT.

Keywords Rectal cancer · Chemoradiotherapy · Tegafur-
uracil/leucovorin · S-1 · Predictive factors · Gamma-
glutamyl hydrolase

Introduction

Multidisciplinary treatment including preoperative radi-
otherapy or chemoradiotherapy (CRT) significantly 
decreases local recurrence in patients with locally advanced 
rectal cancer and has been established as a standard treat-
ment [1–4]. The histological response to preoperative CRT 
is closely related to the oncologic outcome. Disease-free 
survival and overall survival are significantly better in 
patients with histologic complete regression or with tumor 
down-staging than in patients without such findings [5–8].

5-Fluorouracil (5-FU)-based chemotherapy has been 
commonly used in combination with radiotherapy, and 
5-FU seems to have radiosensitizing properties. Approxi-
mately, 20% of patients treated with neoadjuvant 5-FU-
based CRT have been reported to show a pathological 
complete response (pCR) [8, 9]. An additional neoadjuvant 
administration of mFOLFOX6 (5-FU, leucovorin (LV), 
and oxaliplatin) during the period between the completion 
of radiotherapy and surgery has been reported to have the 
potential to increase the rate of pCR [10].

Abstract 
Purpose Preoperative chemoradiotherapy (CRT) using 
5-fluorouracil (5-FU)-based chemotherapy is the standard 
of care for rectal cancer. The effect of additional chemo-
therapy during the period between the completion of radio-
therapy and surgery remains unclear. Predictive factors for 
CRT may differ between combination chemotherapy with 
S-1 and with tegafur-uracil/leucovorin (UFT/LV).
Methods The subjects were 54 patients with locally 
advanced rectal cancer who received preoperative CRT 
with S-1 or UFT/LV. The pathological tumor response was 
assessed according to the tumor regression grade (TRG). 
The expression levels of 18 CRT-related genes were deter-
mined using RT-PCR assay.
Results A pathological response (TRG 1-2) was observed 
in 23 patients (42.6%). In a multivariate logistic regression 
analysis for pathological response, the overall expression 
levels of four genes, HIF1A, MTHFD1, GGH and TYMS, 
were significant, and the accuracy rate of the predictive 
model was 83.3%. The effects of the gene expression levels 
of GGH on the response differed significantly according to 
the treatment regimen. The total pathological response rate 
of both high-GGH patients in the S-1 group and low-GGH 
patients in the UFT/LV group was 58.3%.
Conclusion Additional treatment with 5-FU-based 
chemotherapy during the interval between radiotherapy 
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Both S-1 and tegafur-uracil (UFT) are 5-FU-based oral 
drugs. UFT is commonly used in combination with LV to 
enhance the 5-FU-induced inhibition of thymidine synthase 
(TYMS) [11–13]. Combination chemotherapy with oral 
UFT and oral LV reportedly has a comparable therapeu-
tic efficacy to intravenous 5-FU and LV [14, 15]. S-1 con-
tains CDHP (5-chloro-2,4-dihydroxypyridine), which is a 
more potent inhibitor of dihydropyrimidine dehydrogenase 
(DPYD) than uracil in UFT, resulting in the maintenance 
of a high concentration of 5-FU in the tumor tissues. There-
fore, S-1 has a stronger antitumor effect than UFT and is 
commonly used without LV. We previously reported the 
efficacy and safety of oral UFT/LV therapy for the long-
term treatment of patients with colon cancer [16] and of 
CRT including UFT or S-1 in patients with rectal cancer 
[17–21].

The first objective of this study was to investigate the 
effect of additional oral UFT/LV or S-1 therapy during the 
period between the completion of radiotherapy and surgery 
on the pCR and histological response.

We previously reported that the tumor expression lev-
els of folate-related genes, such as folylpolyglutamate syn-
thase (FPGS) and gamma-glutamyl hydrolase (GGH), and 
of 5-FU-related genes, such as thymidine phosphorylase 
(TYMP), thymidylate synthetase (TYMS), and dihydro-
pyrimidine dehydrogenase (DPYD), are closely correlated 
with the response to preoperative chemotherapy or chemo-
radiotherapy including UFT or S-1 [8, 22–24]. Since the 
most substantial difference between these two 5-FU-based 
chemotherapies, i.e., UFT/LV and S-1, is the presence/
absence of LV, the predictive factors may differ when UFT/
LV and S-1 are used for CRT.

As a second objective of this study, we investigated 
the association between gene expression levels in tumors 
before CRT and the pathological response to CRT to estab-
lish a useful biomarker for the proper use of S-1 and UFT/
LV.

Patients and methods

Patients

Sixty consecutive patients with clinical stage II or stage 
III histologically confirmed adenocarcinoma of the mid-
dle or lower third of the rectum who were treated at Tokai 
University Hospital between 2013 and 2016 were enrolled 
in this study. Six patients were excluded because of the 
unavailability of biopsy specimens obtained before CRT, 
the unavailability of resected specimens, or the refusal 
of the patient to undergo surgery. Therefore, data for 54 
patients were used as the analysis set. The initial evalua-
tion included a digital examination of the rectum, chest 

radiography, colonoscopy, barium enema, computed 
tomography of the abdomen and pelvis, endorectal ultra-
sonography, and magnetic resonance imaging (MRI) of the 
pelvis. Patients were randomly assigned to one of the four 
treatment groups. The study investigators and patients were 
not blinded to the treatment assignments.

This study was conducted with the approval of the Eth-
ics Committees of Tokai University School of Medicine 
(15R-153) and Taiho Pharmaceutical Co., Ltd. (SN15-011). 
All the patients provided written informed consent. The 
patient characteristics are shown in Table 1.

Treatment

The treatment schedule for CRT is shown in Fig.  1. Pre-
operative radiotherapy was performed for all the patients 
using 18  MeV X-ray beams delivered by a linear accel-
erator (Clinac 2100 C; Varian Medical Systems, Inc., Palo 
Alto, CA, USA) using the four-field technique. Irradiation 
was performed once (1.8 Gy) daily to a total dose of 45 Gy. 
Surgery was performed 7–9 weeks (median, 59 days) 
after the completion of radiotherapy. Patients in Group A 
received 5 weeks of radiotherapy with oral S-1 (80 mg/m2) 
as concomitant chemotherapy. Oral S-1 was given for 2 
consecutive weeks, followed by a 1-week rest, and was then 
given for 2 more weeks [18]. Patients in Group B received 
the same chemoradiotherapy during the first 5 weeks as 
Group A and received an additional 4 weeks of oral S-1 
chemotherapy until 11 weeks, according to the same dos-
age schedule. Patients in Group C received 5 weeks of radi-
otherapy with oral UFT (300 mg/m2) and oral LV (75 mg/
body) as concomitant chemotherapy. Oral UFT and LV 
were given for 5 days, followed by a 2-day rest. This cycle 
was repeated for 5 weeks during radiotherapy. Patients in 
Group D received the same chemoradiotherapy during 
the first 5 weeks as Group C and received an additional 5 
weeks of oral UFT/LV chemotherapy until 10 weeks. Dur-
ing the protocol treatments, clinical findings and laboratory 
data were evaluated every week during the first 5 weeks. 
After the completion of the radiotherapy, the blood chem-
istry findings of the patients were examined every 2 weeks 
until surgery.

Tissue sampling

A colonoscopy was performed to obtain biopsy specimens 
before CRT. We obtained six biopsy specimens from each 
patient. All the biopsy samples were immediately immersed 
in RNAlater solution (Thermo Fisher Scientific, Waltham, 
MA, USA) and incubated overnight at 4 °C. Then, the tis-
sues were removed from the RNAlater solution and stored 
at −80 °C.
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Evaluation of antitumor effectiveness

The antitumor effectiveness was evaluated based on the 
histologic regression observed in the resected specimen. 
Histologic regression was classified according to the tumor 

regression grade (TRG) [25]. TRG was classified as Grade 
1 (complete regression), Grade 2 (presence of rare residual 
cancer cells), Grade 3 (increased number of residual can-
cer cells), Grade 4 (residual cancer outgrowing fibrosis), or 
Grade 5 (absence of regression change). A patient with a 

Table 1  Patient characteristics and association between clinical parameters and pathological tumor response or tumor shrinkage

The P values were calculated using the Fisher exact test for categorical data and the Student t test for numerical data
pCR pathological complete response, TRG tumor regression grade, Ba enema barium enema examination, MRI magnetic resonance imaging

Parameter Total pCR Responder Tumor shrinkage (%)

(TRG 1 and 2) Ba enema MRI

n n (%) P value n (%) P value Mean ± SD P value Mean ± SD P value

All patients 54 8 14.8 23 42.6 51.4 ± 17.4 73.1 ± 15.4
Sex
 Female 15 2 13.3 7 46.7 55.2 ± 18.3 73.4 ± 13.1
 Male 39 6 15.4 1.0000 16 41.0 0.7648 50.0 ± 17.0 0.3265 73.0 ± 16.2 0.9339

Age (in years)
 >65 29 6 20.7 16 55.2 52.6 ± 18.5 75.0 ± 13.8
 ≤65 25 2 8.0 0.2621 7 28.0 0.0568 50.1 ± 16.2 0.6124 71.1 ± 17.0 0.3630

Primary tumor site
 Middle rectum (Ra) 18 3 16.7 7 38.9 52.8 ± 16.6 71.2 ± 18.2
 Lower rectum (Rb) 36 5 13.9 1.0000 16 44.4 0.7756 50.7 ± 17.9 0.6777 74.0 ± 14.0 0.5418

Histological type
 Well 39 6 15.4 18 46.2 50.7 ± 15.1 74.4 ± 15.0
 Moderate 15 2 13.3 1.0000 5 33.3 0.5414 53.4 ± 22.7 0.6090 69.9 ± 16.3 0.3356

Regimen
 S-1 27 4 14.8 10 37.0 50.8 ± 19.5 75.6 ± 13.4
 UFT/LV 27 4 14.8 1.0000 13 48.1 0.5826 52.0 ± 15.3 0.7987 70.6 ± 17.1 0.2382

Period of chemotherapy
 S-1 for 5 weeks 14 3 21.4 6 42.9 45.1 ± 21.7 74.9 ± 13.9
 S-1 for 11 weeks 13 1 7.7 0.5956 4 30.8 0.6946 56.9 ± 15.2 0.1179 76.3 ± 13.3 0.7946
 UFT/LV for 5 weeks 13 2 15.4 7 53.8 55.0 ± 14.2 72.8 ± 15.5
 UFT/LV for 10 weeks 14 2 14.3 1.0000 6 42.9 0.7064 49.3 ± 16.4 0.3427 68.4 ± 18.9 0.5237

Fig. 1  Preoperative chemoradiotherapy including S-1 or UFT in 
patients with rectal cancer. Oral S-1 (80  mg/m2) was administered 
daily per a 2-weeks-on/1-week-off schedule. This cycle was repeated 
once (group A) or three times (group B). Oral tegafur/uracil (UFT) 

(300  mg/m2) and leucovorin (LV) (75  mg/body) were administered 
daily per a 5-days-on/2-days-off schedule for 5 weeks (group C) or for 
10 weeks (group D). Irradiation was performed once (1.8 Gy) daily 
per a 5-days-on/2-days-off schedule for 5 weeks
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TRG of 1 or 2 was defined as a responder. Barium enema 
and MRI have been used to evaluate tumor shrinkage after 
CRT [26, 27]. A barium enema examination can evaluate 
2-dimensional changes, consistent with the response evalu-
ation criteria in solid tumors [28], whereas MRI-based 
volumetry can assess 3-dimensional changes. In the present 
study, both evaluation methods were used in 53 patients 
and evaluation based only on a barium enema examination 
was performed for one patient. The double-contrast barium 
enema examinations and magnetic response volumetry 
studies were performed before CRT and immediately before 
surgery. A 1.5-Tesla MRI system with a surface coil was 
used. Before MRI, colonic irrigation was performed, and 
the barium was then infused. Cross-sectional areas were 
measured on axial T2 images. The degree of tumor shrink-
age on the barium enema examination was calculated by 
measuring the tumor along the major axis (length along the 
long axis of the bowel) on lateral views. Each measurement 
was corrected by the diameter of the first sacrum [26]. The 
following formula was used to calculate tumor shrinkage: 
Degree of tumor shrinkage (%) = [1 − B × (C/D)/A] × 100 
(%), where A = length of tumor before CRT; B = length of 
tumor immediately before surgery; C = diameter of the first 
sacral vertebral body before CRT; and D = diameter of the 
first sacral vertebral body immediately before surgery. The 
degree of tumor shrinkage on MRI was calculated accord-
ing to the following formula: Tumor shrinkage rate (%) = 
(tumor volume before CRT − tumor volume after CRT)/
tumor volume before CRT × 100 (%).

Gene expression analysis

The mRNA expressions of 5-FU-related enzymes [six 
genes: dihydropyrimidine dehydrogenase (DPYD), ribo-
nucleotide reductase M1 (RRM1), thymidine kinase 1 
soluble (TK1), thymidine phosphorylase (TYMP), thymi-
dylate synthetase (TYMS), and uridine monophosphate 
synthetase (UMPS)], of reduced folate-related enzymes 
[eight genes: 5-aminoimidazole-4-carboxamide ribonu-
cleotide formyltransferase/IMP cyclohydrolase (ATIC), 
dihydrofolate reductase (DHFR), folylpolyglutamate 
synthase (FPGS), phosphoribosylglycinamide formyl-
transferase (GART), gamma-glutamyl hydrolase (GGH), 
methylenetetrahydrofolate dehydrogenase 1 (MTHFD1), 
methylenetetrahydrofolate reductase (MTHFR), and 
5,10-methenyltetrahydrofolate synthetase (MTHFS)], and 
of radiation-related enzymes [four genes: cyclin-dependent 
kinase inhibitor 1A (CDKN1A), hypoxia inducible factor 
1 alpha subunit (HIF1A), tumor protein p53 (TP53), and 
vascular endothelial growth factor A (VEGFA)] were quan-
titatively evaluated using a RT-PCR assay, as described 
below. Total RNA was isolated from the tissue using the 
RNeasy mini kit (Qiagen, Valencia, CA, USA) and reverse 

transcribed using a high-capacity cDNA reverse transcrip-
tion kit (Thermo Fisher Scientific). A real-time reverse 
transcription polymerase chain reaction (RT-PCR) was per-
formed using an ABI PRISM 7900HT sequence detection 
system (Thermo Fisher Scientific) and a real-time RT-PCR 
array (TaqMan Array; Thermo Fisher Scientific), which 
included duplicated wells of a reference gene (Assay ID: 
beta-actin [ACTB] Hs99999903_m1) and 18 target genes 
(Assay ID: DPYD Hs00559279_m1, RRM1 Hs01040698_
m1, TK1 Hs00177406_m1, TYMP Hs00157317_m1, 
TYMS Hs00426586_m1, UMPS Hs00165978_m1, 
ATIC Hs00269671_m1, DHFR Hs00758822_s1, FPGS 
Hs00191956_m1, GART Hs00531926_m1, GGH 
Hs00608257_m1, MTHFD1 Hs01068263_m1, MTHFR 
Hs00195560_m1, MTHFS Hs00197574_m1, CDKN1A 
Hs00355782_m1, HIF1A Hs00153153_m1, TP53 
Hs01034249_m1, and VEGFA Hs00900055_m1). The 
gene expression levels were normalized to the reference 
gene, ACTB [29, 30]. The relative gene expression levels 
were calculated using the delta threshold cycle (Ct) method 
according to the formula shown below. The expression lev-
els of the target genes were expressed as  2−(delta Ct) × 1000 to 
simplify the calculation.

Statistical analysis

The associations between clinical parameters (sex, age, 
primary tumor site, histological type, primary tumor 
site, regimen and period of chemotherapy) and the tumor 
response to CRT and tumor shrinkage were evaluated 
using the Fisher exact test and the Student t test, respec-
tively. The associations between gene expression levels 
in tumor tissue before CRT and the response to CRT 
were evaluated using univariate and multivariate logistic 
regression analyses. The odds ratios were calculated as 
the value per change in regressor over one unit. P values 
were calculated using the Wald test. The patients were 
divided into low and high groups according to the gene 
expression levels of γ-glutamyl hydrolase (GGH) using 
the median as the cut-off value. The presence of an inter-
action between the regimen and GGH expression was 
assessed using a multivariate logistic regression analysis. 
P values were calculated using the Wald test. The dif-
ference in the response rates between the low and high 
expression groups were evaluated using the Fisher exact 
test. Log-transformed values of the gene expression lev-
els were used for all the statistical analyses. JMP 9.0.2 
statistical software (SAS Institute Inc., Cary, NC, USA) 
was used. Differences were considered significant when 

Expression level of target gene = 2−(delta Ct) × 1000.

Delta Ct = (Ct of target gene) − (Ct of beta-actin).
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P < 0.05. All the statistical analyses were conducted 
with the support of the Sugimoto Data Analysis Service 
(Aichi, Japan).

Results

A pathological response (TRG 1–2) and a pCR were 
observed in 42.6% (23/54) and 14.8% (8/54) of the total 
patients, respectively (Table  1). The intervals until sur-
gery from the completion of radiation therapy in Groups 
A, B, C and D were 59.3 ± 4.2, 59.6 ± 6.0, 59.7 ± 4.4 and 
64.6 ± 26.8 days, respectively. There were no significant 
differences in the intervals among the 4 groups (data not 
shown).

There were no significant relationships between the 
rate of response, pCR, or tumor shrinkage and the clini-
cal parameters (sex, age, primary tumor site, histological 
type, or regimen) (Table  1). The addition of oral UFT/
LV or S-1 therapy during the period between the comple-
tion of radiotherapy and surgery did not have a significant 
effect on the pCR and pathological response (Table 1).

In a univariate logistic regression analysis performed 
using all the patients, the gene expression levels of 
MTHFD1 and HIF1A were significantly associated with 
the pCR and the TRG response, respectively (Fig.  2). 
The odds ratios of MTHFD1 for pCR prediction and of 
HIF1A for TRG prediction were 3.84 (1.21–12.20) and 
0.44 (0.21–0.91), respectively. In the S-1 group, the 
gene expression levels of DPYD and CDKN1A were 
significantly associated with the pCR and with the TRG 
response, respectively (Fig. 2). The odds ratios of DPYD 

for pCR prediction and of CDKN1A for TRG prediction 
were 0.38 (0.16–0.91) and 0.30 (0.09–0.95), respectively. 
In the UFT/LV group, no significant association between 
gene expression and the pCR or the TRG response was 
observed.

In a multivariate logistic regression analysis of the 
pathological response (TRG), the expression levels of 
four genes (HIF1A, MTHFD1, GGH and TYMS) in all 
the patients, of two genes (HIF1A and MTHFD1) in the 
S-1 group, and of two genes (RRM1 and MTHFD1) in 
the UFT/LV group were identified as being significant 
using stepwise regression (Fig.  3). The accuracy rates 
of the predictive models using the logistic regression 
technique in all the patients, in the S-1 group, and in the 
UFT/LV group were 83.3, 81.5, and 74.1%, respectively 
(Table 2).

A high gene expression of GGH was associated with 
resistance to CRT in the UFT/LV group [odds ratio 0.40 
(0.16–1.02)]. In contrast, high gene expression of GGH 
was associated with sensitivity to CRT in the S-1 group 
[odds ratio 2.00 (0.88–4.56)] (Fig.  4). In a multivariate 
logistic regression analysis for the pathological response 
(TRG), the regimen, GGH, and regimen × GGH, a sig-
nificant qualitative interaction was observed between 
the regimen and GGH (P = 0.0113, data not shown). In 
other words, the effects of the gene expression levels of 
GGH on the response were differed significantly accord-
ing to the regimen. The total pathological response rate 
of both high-GGH patients in the S-1 group and low-
GGH patients in the UFT/LV group was 58.3%, which 
was higher than that observed for all the patients (42.6%) 
(Table 3).

Fig. 2  Univariate logistic regression analysis for the pathological 
response to CRT using gene expression levels in tumor tissues before 
CRT. The odds ratios are the values per change in regressor over 
one unit. 95% CI 95% confidence interval. The P values were calcu-
lated using the Wald test. In the UFT/LV group (n = 27), none of the 
gene expressions were significantly associated with the pathological 
response to CRT

Fig. 3  Multivariate logistic regression analysis for the pathological 
response (TRG) to CRT using gene expression levels in tumor tis-
sues before CRT. The odds ratios are the values per change in regres-
sor over one unit. 95% CI 95% confidence interval. Variables were 
selected using stepwise regression. The P values were calculated 
using the Wald test
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Discussion

A longer radiation-surgery interval from the end of neo-
adjuvant CRT is reportedly associated with higher rates 
of pCR in the treatment of rectal cancer, but intervals of 
longer than 8 weeks were associated with higher rates of 
positive circumferential resection margins [31–33]. A mul-
ticenter randomized controlled trial (GRECCAR-6) showed 
that waiting 11 weeks after CRT did not increase the rate 
of pCR after surgical resection, compared with 7 weeks 
after CRT, and a longer waiting period was associated 
with higher morbidity and a more difficult surgical resec-
tion [34]. Lengthening the interval between radiation and 
surgery and the additional neoadjuvant administration of 
mFOLFOX6 reportedly increased the rate of pCR, but the 
proportion of patients experiencing adverse events during 
mFOLFOX6 treatment also increased among patients with 
locally advanced rectal cancer [10].

Based on these results, in this study, we adopted an 
interval of 8–9 weeks from the completion of radiation 
therapy until surgery and added two groups (Groups B and 
D) in which S-1 or UFT/LV was continuously adminis-
tered until surgery after the completion of CRT. Then, we 
investigated the pathological responses in the following 
four groups: Group A, S-1 for 5 weeks; Group B, S-1 for 11 
weeks; Group C, UFT/LV for 5 weeks; and Group D, UFT/
LV for 10 weeks.

The rate of pCR among all the patients was 14.8%, and 
this rate remained the same for both the S-1 and UFT/LV 
groups (Table 1). The rate was almost the same as previ-
ously reported rates for 5-FU-based CRT in patients with 
rectal cancer [8, 9]. Unexpectedly, the addition of oral 
UFT/LV or S-1 therapy during the period between the com-
pletion of radiotherapy and surgery did not affect the patho-
logical response rate (Table 1). These results suggest that 
additional 5-FU-based chemotherapy treatments during 
the interval between CRT and surgery are not beneficial in 
patients who have received 5-FU-based CRT.

Although both S-1 and UFT are 5-FU-based oral drugs, 
UFT is commonly used in combination with LV to enhance 
the effects of 5-FU, but S-1 is commonly used without LV 
since S-1 has a stronger antitumor effect than UFT. There-
fore, the absence/presence of LV may affect predictive fac-
tors, such as folate-related genes. Actually, we previously 
reported that the gene expression levels of folylpolyglu-
tamate synthase (FPGS) and gamma-glutamyl hydrolase 
(GGH) in tumors could predict the levels of reduced folate 
after LV administration in tumor tissue [23]. Moreover, we 
have reported that a reduction in GGH gene expression was 
associated with the response to UFT/LV chemotherapy in 
patients with colorectal cancer [24].

In this study, we investigated the association between 
gene expression levels in tumors before CRT and the 

Table 2  Accuracy rates of the models for TRG prediction using the 
logistic regression technique

The cut-off values were determined using the receiver operating char-
acteristic (ROC) curve

Regimen n Variables 
(gene sym-
bol)

Sensitivity 
(%)

Specificity 
(%)

Accu-
racy rate 
(%)

Total 54 HIF1A 88.9 80.6 83.3
MTHFD1
GGH
TYMS

S-1 27 HIF1A 69.2 92.9 81.5
MTHFD1

UFT/LV 27 RRM1 75.0 73.3 74.1
MTHFD1

Fig. 4  Univariate logistic regression analysis for the pathological 
response (TRG) to CRT using GGH gene expression levels in tumor 
tissues before CRT. The odds ratios are the values per change in 
regressor over one unit. 95% CI 95% confidence interval. The P val-
ues were calculated using the Wald test

Table 3  Association between pathological tumor response by TRG 
and GGH gene expression

The P values were calculated using the Fisher exact test
The median GGH gene expression level for all the patients was used 
as the cut-off value

Regimen GGH Total Responder P value

High/low n n (%)

Total 54 23 42.6
S-1 High 12 6 50.0 0.2566

Low 15 4 26.7
UFT/LV High 15 5 33.3 0.1283

Low 12 8 66.7
S-1 High 24 14 58.3
+
UFT/LV Low
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pathological response to CRT to establish a useful bio-
marker for the appropriate use of S-1 and UFT/LV. Because 
the length of administration of S-1 or UFT/LV did not 
affect the pathological response rate, we analyzed the asso-
ciation in two groups: the S-1 group (groups A and B) and 
the UFT/LV group (Groups C and D).

The analysis showed that a high gene expression of 
GGH was associated with resistance to CRT in the UFT/LV 
group, but that a high gene expression of GGH was asso-
ciated with sensitivity to CRT in the S-1 group (Fig.  4). 
Therefore, these results suggest that the gene expression 
level of GGH in tumor tissues may be a useful biomarker 
for determining which regimen, S-1 or UFT/LV, should be 
used for CRT. Actually, the total pathological response rate 
of both high-GGH patients in the S-1 group and low-GGH 
patients in the UFT/LV group was 58.3%, which was higher 
than the rate for all the patients (42.6%) (Table 3).

GGH is a lysosomal enzyme that acts as an endopepti-
dase and an exopeptidase to remove the terminal gluta-
mates of the polyglutamated folates synthesized by FPGS 
[35, 36]. The polyglutamate forms of folate are more easily 
retained within cells [35]. We previously reported that the 
siRNA down-regulation of GGH mRNA increased both the 
intracellular folate level after LV treatment and the cellular 
sensitivity to FdUrd plus LV [37]. We also reported that the 
expression level of GGH was negatively correlated with the 
level of reduced folate in CRC tissues [23]. Therefore, the 
low levels of GGH mRNA might lead to an elevated folate 
level in tumor tissue, thereby enhancing the antitumor 
effect of UFT/LV chemotherapy. On the other hand, the 
antitumor effect of S-1 chemotherapy without LV may not 
be affected by the gene expression levels of GGH. How-
ever, the reason why a high gene expression level of GGH 
was associated with sensitivity to CRT in the S-1 group 
remains unknown.

In a multivariate logistic regression analysis of the 
pathological response (TRG) in all the patients, the 
expression levels of four genes, HIF1A, MTHFD1, GGH 
and TYMS, were significantly selected using stepwise 
regression (Fig. 3), and a higher accuracy rate (83.3%) for 
predictive models using these four genes was obtained in 
this study (Table 2). Therefore, the gene expression lev-
els of four genes, HIF1A, MTHFD1, GGH and TYMS, 
in tumor tissues before CRT may be useful for predicting 
the efficacy of preoperative CRT including S-1 or UFT/
LV in patients with rectal cancer. In particular, MTHFD1 
was selected as a common predictor for both the S-1 and 
UFT/LV groups (Fig. 3), i.e. independently of the admin-
istration of LV. MTHFD1 is an enzyme with the follow-
ing three functions: the ATP-dependent conversion of 
formate and tetrahydrofolate  (FH4) to 10-formyltetrahy-
drofolate (10-CHOFH4) (synthetase); the interconver-
sion of 10-CHOFH4 and 5,10-methenyltetrahydrofolate 

(5,10-CHFH4) (cyclohydrolase); and the NADP-depend-
ent reduction of 5,10-CHFH4 to 5,10-methylenetetrahy-
drofolate (5,10-CH2FH4) (dehydrogenase) [38]. Tsuki-
hara et  al. recently reported that the reduction of the 
expression of MTHFD1 using small-interfering RNA 
decreased the in  vitro cytotoxicity of FdUrd, the active 
form of 5-FU, in the human colorectal cancer cell lines 
DLD-1 and HCT116 [39]. These facts suggest that 
MTHFD1 may work as an enzyme that produces 5,10-
CH2FH4, which is essential for the inhibition of TYMS 
by 5-FU, independently of the administration of LV in 
CRT that includes 5-FU-based drugs.

TYMS is one of the principle enzymes involved in DNA 
synthesis and is a molecular target of 5-FU [40]. An inverse 
relationship has been reported between TYMS expression 
levels and the response to 5-FU [41–43]. We have previ-
ously reported that a low level of TYMS gene expres-
sion in tumor tissues before CRT was associated with the 
response in rectal cancer patients receiving preoperative 
CRT including S-1 or UFT [8]. In accordance with these 
previous reports, a negative correlation between the gene 
expression level of TYMS and the response to CRT includ-
ing S-1 or UFT/LV was observed in a multivariate analysis 
performed in this study.

HIF1 is an enzyme with a key role in the cellular 
response to hypoxia, and the alpha subunits of HIF (HIF1A) 
are rapidly degraded by proteasomes under normoxia, but 
are stabilized by hypoxia. HIF-1 affects many processes 
that have been shown to influence radio-responsiveness, 
including glycolysis, mitosis, apoptosis, and angiogenesis 
[44]. Toiyama et  al. reported that a low gene expression 
level of HIF1A in pre-treatment tumor biopsies was sig-
nificantly associated with a high rate of tumor regression in 
patients with rectal cancer treated with neoadjuvant 5-FU-
based CRT [45]. In accordance with this previous report, a 
negative correlation between the gene expression level of 
HIF1A and the response to CRT including S-1 or UFT/LV 
was observed in a multivariate analysis performed in this 
study.

Conclusions

Additional 5-FU-based chemotherapy treatments dur-
ing the interval between CRT and surgery are not benefi-
cial to patients who have received 5-FU-based CRT. The 
expression levels of four genes (HIF1A, MTHFD1, GGH 
and TYMS) in tumor tissue before CRT can predict the 
response to preoperative CRT including S-1 or UFT/LV. In 
particular, the gene expression level of GGH in tumor tis-
sues may be a useful biomarker for determining which regi-
men, S-1 or UFT/LV, should be used for CRT.
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