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Abstract. The expression levels of one-carbon metabolic 
enzymes were investigated and observed to be correlated with 
clinicopathological parameters in patients with pancreatic 
cancer. Mitochondrial one-carbon metabolism comprises a 
network of biological reactions that integrate nutrient status 
with nucleotide synthesis, amino acid metabolism, antioxidant 
reduced nicotinamide adenine dinucleotide phosphate produc-
tion and epigenetic methylation processes. Previous studies 
have reported that the hyper-activation of mitochondrial 
one-carbon metabolism serves a significant role in malig-
nant cancer phenotypes. A total of 103 patients underwent 
surgical resection of pancreatic ductal adenocarcinomas 
(PDAC) at Osaka University Hospital between April 2007 and 
December 2013 and were enrolled in this study. Subsequently, 
the expression of the one-carbon metabolic enzymes methy-
lenetetrahydrofolate dehydrogenase 2 (MTHFD2), aldehyde 
dehydrogenase 1 family member L2 (ALDH1L2), and serine 
hydroxymethyltransferase (SHMT2) was examined using 
immunohistochemical analysis. The immunohistochemical 
analyses demonstrated that patients with high expression 
levels of MTHFD2, ALDH1L2 or SHMT2 had significantly 
poor overall survival (OS) and disease-free survival (DFS) 

rates, as compared with patients with low expression levels. 
Furthermore, multivariate Cox proportional hazards analysis 
indicated that MTHFD2 and ALDH1L2 were independent 
prognostic factors for OS and DFS, whereas SHMT2 was not 
predictive of DFS. However, high and low expression levels 
of all three folate metabolic enzymes were significantly 
associated with improved OS and DFS, compared with the 
high expression of one or two folate metabolic enzymes. The 
expression levels of mitochondrial one-carbon metabolic 
enzymes are independent prognostic factors and potential 
therapeutic targets for future pancreatic cancer treatments.

Introduction

Pancreatic ductal carcinoma is the fourth most common 
cause of cancer-associated mortality in the United States of 
America (1). Despite recent advances in treatment modali-
ties, the 5-year overall survival (OS) rate of pancreatic cancer 
patients is <5% (2), reflecting the aggressive invasion and early 
metastasis of the disease; the presence of extra-pancreatic 
dissemination at diagnosis is typical for patients with pancre-
atic cancer (3-5). Although a number of molecules have been 
identified to serve roles in the progression and metastasis 
of pancreatic cancer, the underlying molecular mechanisms 
remain unclear.

One-carbon metabolism is a network of biological reac-
tions that serve critical roles in DNA methylation and DNA 
synthesis, and facilitate cross talk between genetic and epigen-
etic processes (6) (Fig. 1). One-carbon metabolism is also 
referred to as folate-mediated one-carbon metabolism and 
can impact genetic and epigenetic pro-carcinogenic processes, 
reflecting critical roles in DNA methylation and DNA synthesis. 
Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) is 
an enzyme of the mitochondrial folate metabolic pathway 
that functions as a methylenetetrahydrofolate dehydrogenase 
and a cyclohydrolase (6). Previous studies demonstrated that 
MTHFD2 was specifically upregulated in various types of 
cancer, compared with in normal tissues, and MTHFD2 has 
been identified as a novel drug target with the potential to block 
cancer cell migration and invasion in breast cancer and mela-
noma (7,8). In the present study, the expression of MTHFD2 
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and the coupling enzymes aldehyde dehydrogenase 1 family 
member L2 (ALDH1L2) and serine hydroxymethyltransferase 
(SHMT2), and the clinicopathological significance of these 
mitochondrial folate metabolic pathway enzymes in pancre-
atic cancer were investigated.

Materials and methods

Patients and specimens. Between April 2007 and December 
2013, a total of 103 patients underwent surgical resection for 
pancreatic ductal adenocarcinoma (PDAC) at the Department 
of Surgery at Osaka University Hospital (Osaka, Japan) and all 
patients were enrolled in the present study (mean age, 67.2±9.6, 
range 38 to 84 years; 64 males and 39 females; Table I). The 
clinicopathological characteristics of the enrolled patients are 
presented in Table I. Patients who underwent preoperative 
chemotherapy were included in this study. The tumor stages 
were determined according to the 7th edition of the American 
Joint Committee on Cancer/Unio Internationalis Contra 
Cancrum (UICC) tumor-node-metastasis classification (9). 
Two pathologists examined all histological slides, and the 
immunohistochemical (IHC) diagnoses of tumors and degrees 
of differentiation were determined. The median follow-up 
time was 60.9 months (range, 2 to 72 months), and the regular 
follow-up included measurements of carcinoembryonic antigen 
(CEA) and carbohydrate 19-9 (CA19-9). The present study was 
approved by an institutional review board of Osaka University 
School of Medicine (approved by Professor Y. Kaneda) and 
written informed consent was provided by all patients.

Immunohistochemistry. IHC analyses were performed as 
described previously (10). Briefly, surgical tissue specimens 
were fixed in 10% formaldehyde, embedded in paraffin and cut 
into 3.5‑µm sections. The sections were then deparaffinized 
in xylene, incubated at 95˚C for 10 min with antigen retrieval 
buffer (cat no. CTS014; Funakoshi Co., Ltd., Tokyo, Japan) and 
then incubated with the following specific antibodies overnight 
at 4˚C: Anti‑MTHFD2 (cat no. ab176016; rabbit polyclonal; 
dilution, 1:100), anti-ALDH1L2 (cat no. ab170176; rabbit poly-
clonal; dilution, 1:200) or anti-SHMT2 (cat no. ab64417; rabbit 
polyclonal; dilution, 1:300; all Abcam, Cambridge, MA, USA). 
The sections were subsequently visualized using avidin-biotin 
complex reagents by direct addition (no dilution; ABC-HRP 
kit; Vector Laboratories, Inc., Burlingame, CA, USA) and 
diaminobenzidine. The reaction was performed for 30 min at 
23˚C. Two reviewers performed IHC analyses independently 
in a blinded manner. All IHC analyses were performed using a 
series of tissue sections for each antibody.

Quantification of immunostaining parameters. IHC analyses 
of MTHFD2, ALDH1L2 and SHMT2 were performed at 
x200 magnification using a light microscope. The samples 
were scored according to the intensity of cytoplasmic staining 
for MTHFD2 and were categorized as follows: 0, no staining; 
1, weak (weaker staining than the positive control); 2, strong 
(equal to or stronger than the positive control, which included 
advanced colorectal cancer tissues or normal pancreatic acini 
tissues). IHC analyses of ALDH1L2 and MTHFD2 were 
scored in the same manner. The positively stained cells were 
counted in four representative fields of tumor regions at x100 

magnification. Patients with scores of 1 or 0 were included 
in the low expression group and those with scores of 2 were 
included in the high expression group.

Statistical analysis. The associations between MTHFD2, 
ALDH1L2 and SHMT2 expression levels and other parame-
ters were identified using chi‑squared tests, Fisher's exact tests 
or independent t-tests as appropriate. The OS and disease-free 
survival (DFS) rates were estimated using the Kaplan-Meier 
estimator method and were compared using the log-rank test. 
Variables that were identified as significant in univariate anal-
yses were included in subsequent Cox proportional hazards 
regression models. All statistical analyses were performed 
using JMP Statistical Software (version 11; SAS Institute Inc., 
Cary, NC, USA). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

IHC analyses of one‑carbon metabolism enzymes in PDAC. 
The clinicopathological characteristics of the patients 
included in the current study are presented in Table I. IHC 
analysis demonstrated that MTHFD2, ALDH1L2 and SHMT2 
were localized in the cytoplasm of pancreatic cancer cells 
(Fig. 2). In addition, MTHFD2 expression was greater in 
pancreatic epithelial cancer tissue specimens compared with 
in surrounding non-epithelial tissues (Fig. 2). Representative 
images of ALDH1L2 scoring are demonstrated as: Score 0 in 
Fig. 2A, score 0 in Fig. 2B, score 2 in Fig. 2C, and score 2 
in Fig. 2D. Examples of MTHFD2 scoring are presented as: 
Score 0 in Fig. 2E, score 1 in Fig. 2F, score 2 in Fig. 2G, and 
score 2 in Fig. 2H. Representative SHMT2 scoring is demon-
strated as: Score 0 in Fig. 2I, score 1 in Fig. 2J, score 2 in 
Fig. 2K, and score 2 in Fig. 2L. With the exception of patho-
logical N stage, no significant differences were observed in 
the clinicopathological parameters between the high and low 
expression groups in all three enzymes (data not presented). 
High MTHFD2 expression was positively correlated with 
the incidence of lymph node metastases (P=0.033; data not 
presented). IHC analyses using advanced colorectal cancer 
tissues or normal pancreatic acini tissues were used as posi-
tive controls as observed by two pathologists. Following IHC 
analyses of MTHFD2, ALDH1L2 and SHMT2, patients with 
scores of 1 or 0 were included in the low expression group and 
those with scores of 2 were included in the high expression 
group (Fig. 2).

Expression of MTHFD2, SHMT2 and ALDH1L2 in 
patients with PDAC correlates with poor outcomes. A 
previous report correlated the expression of the mitochon-
drial folate metabolic pathway enzyme MTHFD2 with poor 
clinical survival in breast cancer (7). Thus, we determined 
the association of mitochondrial folate metabolic pathway 
enzymes, including MTHFD2, ALDH1L2 and SHMT2, 
with clinical survival in patients with pancreatic cancer 
using Kaplan-Meier estimator analyses. Kaplan-Meier esti-
mator curves demonstrated significantly lower DFS among 
patients with high tumor MTHFD2 expression (P<0.001; 
Fig. 3A). In addition, high ALDH1L2 expression was 
significantly associated with poor OS and DFS (P<0.001; 
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Fig. 3B). SHMT2 expression was significantly associated 
with poor OS (P=0.001), but was not associated with DFS 
(P=0.068; Fig. 3C). These data suggest that one-carbon 
metabolism serves an important role in the biologically 
malignant features such as invasion and metastasis of 
pancreatic cancer. In addition, based on the univariate 
analysis of OS (Table II), clinicopathological features that 
correlated with poor patient survival included pathological 
N stage (P<0.001), pathological UICC stage (P=0.007) and 
IHC scores for MTHFD2 (P<0.001), ALDH1L2 (P<0.001) 
and SHMT2 (P=0.002). Subsequent multivariate Cox 
proportional hazards analyses revealed that pathological N 
stage and IHC scores for MTHFD2, ALDH1L2 and SHMT2 
were independent prognostic factors for OS (P=0.001, 
P=0.015 and P=0.017, respectively). Similarly, based on the 
univariate analyses of DFS (Table III), clinicopathological 
features that correlated with poor patient survival included 
pathological N stage (P<0.001), pathological UICC stage 
(P=0.034) and IHC scores for MTHFD2 (P<0.001) and 
ALDH1L2 (P<0.001); however, SHMT2 expression was not 
associated with patient survival (P=0.070). Finally, multi-
variate Cox proportional hazards analyses demonstrated 
that pathological N stage and IHC scores for MTHFD2 
are independent prognostic factors for OS (P=0.025 and 
P<0.001, respectively).

Low expression of MTHFD2, SHMT2 and ALDH1L2 corre‑
lates with improved survival among patients with PDAC. 
Overexpression of MTHFD2, SHMT2 or ALDH1L2 was 
associated with poor survival (Fig. 3); however, it remains 
unclear whether the upregulation of one folate metabolic 
pathway enzyme directly enhances another folate pathway. 
As tumors that depend on the folate metabolic pathway may 

upregulate multiple folate metabolic pathway enzymes for 
progression and survival, the clinical outcomes of patients 
with PDAC with high expression of all three enzymes were 
compared with those of patients with low expression of all 
three enzymes, or with high expression of one or two of the 
enzymes. Kaplan-Meier estimator analyses revealed that low 
expression levels of MTHFD2, ALDH1L2 and SHMT2 corre-
lated with improved OS and DFS in patients with PDAC, as 
compared with in patients with high expression of one or two 
of the enzymes (P<0.001; Fig. 4).

Discussion

In the present study, overexpression of each of the one-carbon 
metabolic enzymes, MTHFD2, ALDH1L2 and SHMT2, 
which are specifically located in the mitochondria, was 
associated with poor clinical outcomes among patients with 
PDAC. However, high and low expression levels of all three 
folate pathway enzymes were associated with improved 
survival, compared with the high expression of one or two of 
the three enzymes studied. Previously, a high intake of folate 
and the upregulation of the folate pathway were considered to 
reduce the risks of cancer due to the associated antioxidant 
activities of the folate metabolic pathway (6). However, recent 
epidemiologic data regarding the association between folate 
intake and pancreatic cancer are inconsistent (11). In addi-
tion, the expression of folate metabolic pathway enzymes, 
including MTHFD2, was identified to be markedly elevated in 
numerous types of cancer (12) and MTHFD2 expression has 
previously been associated with poor clinical outcomes (7). 
Therefore, one-carbon metabolism is currently considered 
one of the most important metabolic pathways for cancer 
progression (6).

Figure 1. Schematic of one-carbon metabolism. Enzymes with polymorphisms investigated in the present study are illustrated in the boxes. ALDH1L1, 
aldehyde dehydrogenase 1 family member L1; ALDH1L2, aldehyde dehydrogenase 1 family member L2; AMT, aminomethyltransferase; CH2-THF, 
Methylenetetrahydrofolate; CHO-THF, formyl-tetrahydrofolate; DHFR, dehydrofolate reductase; MTHFD1, methylenetetrahydrofolate dehydrogenase D1; 
MTHFD2, methylenetetrahydrofolate dehydrogenase D2; HCHO, formaldehyde; NADPH, nicotinamide adenine dinucleotide phosphate; SHMT1, serine 
hydroxymethyltransferase 1; SHMT2, serine hydroxymethyltransferase 2; THF, tetrahydrofolate.
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Previous studies have revealed a number of molecular 
mechanisms underlying the effects of the folate metabolic 
pathway on tumorigenesis and metastasis (6). As a source of 
one-carbon units that are necessary for DNA replication and 
repair, folate protects normal tissues from mutations and chro-
mosomal damage. However, folate may enhance the growth 
of pre-existing neoplastic lesions, as rapidly proliferating 
tissues such as tumors have increased nucleotide demands. 
Additionally, antioxidants have been demonstrated to promote 
distant metastasis in immunodeficient mice, and the inhibition 

of the folate pathway using low-dose methotrexate, ALDH1L2 
knockdown or MTHFD1 knockdown limited distant metastasis 
without significantly affecting the growth of subcutaneous 
tumors in mice. Therefore, oxidative stress inhibits the distant 
metastasis of melanoma cells in vivo (8).

In the present study, the systematic downregulation of 
individual folate metabolic pathway enzymes was demon-
strated to significantly correlate with improved survival. 
Recently, innovative drugs have been developed that 
target one-carbon metabolism. However, the majority of 

Figure 2. Immunohistochemical analyses of MTHFD2, ALDH1L2 and SHMT2. Representative images of ALDH1L2, (A) score 0; (B) score 0; (C) score 2; 
(D) score 2. Representative images of MTHFD2, (E) score 0; (F) score 1; (G) score 2; (H) score 2. Representative images of SHMT2, (I), score 0; (J) score 1; 
(K), score 2; (L) score 2. Acini were used as positive controls. Scale bar, 100 µm. A, Acini; T, Tumors; ALDH1L2, aldehyde dehydrogenase 1 family 
member L2; MTHFD2, methylenetetrahydrofolate dehydrogenase D2; SHMT2, serine hydroxymethyltransferase 2.

Table I. Clinicopathological characteristics of 103 patients with pancreatic ductal adenocarcinoma.

Variables n (%)

Age (years) 67.2±9.6
Gender (male:female)    64 (62.1):39 (37.9)
Carcinoembryonic antigen (ng/ml)    6.68±32.9
Cancer antigen 19-9 (U/ml)    267.7±952.8
Duke pancreatic monoclonal antigen type 2 (U/ml)      643.6±2014.5
Operative procedure (PD:DP:others)                64 (62.1):37 (35.9):2 (2.0)
Preoperative chemoradiotherapy (yes vs. no)    63 (61.2):40 (38.8)
Adjuvant therapy (yes vs. no)    84 (81.6):19 (18.4)
T stage (1:2:3:4) 21 (20.2):9 (8.7):73 (71.2):0 (0)
N stage (0 vs. 1)     68 (66.0): 35 (34.0)
UICC stage (IA:IB:IIA:IIB:III:IV) 17 (16.5):7 (6.8):44 (42.7):35 (34.0):0 (0):0 (0)
Histological type (well:moderately:poor:other) 7 (6.8):90 (87.4):5 (4.9):1 (1.0)
Median follow-up time (months) 60.9

UICC, American Joint Committee on Cancer/Unio Internationalis Contra Cancrum; N, node; T, tumor; PD, pancreaticoduodenectomy; DP, 
distal pancreatectomy; others, 2 cases included total pancreatectomy and partial resection; UICC, American Joint Committee on Cancer/Unio 
Internationalis Contra Cancrum; N, node; T, tumor. 
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Figure 3. Kaplan-Meier estimator analysis. Associations between patient survival and (A) MTHFD2, (B) ALDH1L2 or (C) SHMT2 expression levels. MTHFD2, 
methylenetetrahydrofolate dehydrogenase D2; SHMT2, serine hydroxymethyltransferase 2; ALDH1L2, aldehyde dehydrogenase 1 family member L2.
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drugs targeted dihydrofolate reductase (DHFR). When the 
DHFR enzyme was inhibited, there was a metabolic flow 
of one-carbon metabolism. Therefore, the effect of DHFR 
targeting drugs may be insufficient. Cytoplasmic one‑carbon 
metabolic enzymes, including MTHFD1, ALDH1L1 and 

SHMT1, and mitochondrial enzymes, including MTHFD2, 
ALDH1L2 and SHMT2, constitute the circinate metabolic 
flow, and this metabolic flow does not have an alternative 
loophole pathway. Therefore, the effect of targeting these 
enzymes may be sufficient. However, normal pancreatic 

Table III. Multivariate analysis of disease-free survival.

 Univariate Multivariate
 ------------------------------------------------------------ ---------------------------------------------------------
Categories HR 95% CI P-value HR 95% CI P-value

Age (years) 1.02 0.99-1.05 0.230   
Gender (female vs. male) 0.78 0.48-1.29 0.336   
Carcinoembryonic antigen (ng/ml) 1.00 0.99-1.00 0.370   
Cancer antigen 19-9 (U/ml) 1.00 0.99-1.00 0.242   
Duke pancreatic monoclonal antigen type 2 (U/ml) 1.00 0.99-1.00 0.297   
Preoperative chemoradiotherapy (yes vs. no) 1.28 0.76-2.13 0.353   
Adjuvant therapy (yes vs. no) 1.02 0.52-2.02 0.935   
T stage (3+4 vs. 1+2) 1.48 0.84-2.62 0.175   
N stage (1 vs. 0) 1.95 1.17-3.24 0.010 1.81 1.08-3.04 0.025
UICC Stage (IA+IIA vs. IB+IIB) 1.71 1.04-2.80 0.034   
Histological type (mod vs. well+poor+muc) 1.13 0.41-3.11 0.820   
MTHFD2 (high vs. low) 3.28 1.99-5.41 <0.001 2.59 1.47-4.55 <0.001
ALDH1L2 (high vs. low) 2.68 1.50-4.80 <0.001 1.70 0.88-3.24 0.111
SHMT2 (high vs. low) 1.57 0.96-2.61 0.070   

MTHFD2, methylenetetrahydrofolate dehydrogenase D2; SHMT2, serine hydroxymethyltransferase 2; ALDH1L2, aldehyde dehydrogenase 1 
family member L2; HR, hazard ratio; CI, confidence interval; UICC, American Joint Committee on Cancer/Unio Internationalis Contra 
Cancrum; N, node; T, tumor.

Table II. Multivariate analysis of overall survival.

 Univariate Multivariate
 --------------------------------------------------------------- -------------------------------------------------------------
Clinicopathological characteristic HR 95% CI P-valuea HR 95% CI P-value

Age (years) 1.05 0.98-1.05 0.262   
Gender (female vs. male) 0.84 0.50-1.42 0.523   
Carcinoembryonic antigen (ng/ml) 0.99 0.98-1.01 0.412   
Cancer antigen 19-9 (U/ml) 0.99 0.99-1.00 0.443   
Duke pancreatic monoclonal antigen type 2 (U/ml) 1.00 0.99-1.00 0.241  
Preoperative chemoradiotherapy (yes vs. no) 0.97 0.58-1.66 0.939   
Adjuvant therapy (yes vs. no) 0.56 0.29-1.05 0.072   
T stage (3+4 vs. 1+2) 1.76 0.94-3.28 0.077   
N stage (1 vs. 0) 2.43 1.42-4.14 0.001 2.49 1.43-4.32 0.001
UICC Stage (IA+IIA vs. IB+IIB) 2.07 1.22-3.51 0.007   
Histological type (moderate vs. well+poor+muc) 0.77 0.24-2.48 0.661   
MTHFD2 (high vs. low) 3.48 2.04-5.91 <0.001b 2.22 1.17-4.20 0.015b

ALDH1L2 (high vs. low) 3.64 1.98-6.70 <0.001b 2.35 1.16-4.74 0.017b

SHMTL2 (high vs. low) 2.35 1.38-4.02 0.002b  1.39 0.75-2.57 0.299b

MTHFD2, methylenetetrahydrofolate dehydrogenase D2; SHMT2, serine hydroxymethyltransferase 2; ALDH1L2, aldehyde dehydrogenase 1 
family member L2; HR, hazard ratio; CI, confidence interval; UICC, American Joint Committee on Cancer/Unio Internationalis Contra 
Cancrum; N, node; T, tumor; muc, mucinous. aP<0.05 was considered to indicate a statistically significant difference. bThe P-values are for the 
association between high MTHFD2/ALDH1L2/SHMTL2 expression and OS. 
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tissues have high expression levels of these one-carbon meta-
bolic enzymes. Thus, the drug targeting these enzymes must 
be delivered using cancer‑specific drug delivery systems. 
Specifically, data from the present study demonstrated 
that high expression levels of one or two of the enzymes 
MTHFD2, ALDH1L2 and SHMT2 are associated with poor 
prognosis (Figs. 3 and 4), suggesting that the activity of one 
carbon metabolism plays a role in invasion and metastasis of 
pancreatic cancer cells and associates with clinical survival 
of patients with pancreatic cancer. These proteins may be 
independent prognostic factors and potential therapeutic 
targets for pancreatic cancer.
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