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The importance of mitochondrial folate enzymes
in human colorectal cancer
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Abstract. Folate plays a pivotal role in the one-carbon metab-
olism needed for methylation reactions, nucleotide synthesis,
and DNA repair. Although folate metabolism was recently
shown to be associated with carcinogenesis in some solid
tumors, the importance of folate metabolism in colorectal
cancer remains unclear. In the present investigation we
found that expression of three mitochondrial folate metabolic
enzymes, serine hydroxymethyl transferase (SHMT?2), methy-
lenetetrahydrofolate dehydrogenase (MTHFD2) and aldehyde
dehydrogenase 1 family member L2 (ALDHI1L?2), were upreg-
ulated in human colorectal tumor tissues compared to normal
tissues. Colorectal cancer tissue samples were obtained from
117 consecutive patients. We evaluated the expression of the
enzymes with immunohistochemical analysis and deter-
mined their relevance to clinicopathological characteristics
and prognosis. Rates of recurrence-free survival (RFS) and
overall survival (OS) in patients with high expression of
SHMT?2, MTHFD2 and ALDHI1L2 tended to be lower than
in patients with low expression of SHMT2, MTHFD2 and
ALDHIL2 (P=0.446 and P=0.337, P=0.099 and P=0.064,
P=0.178 and P=0.257, respectively). Notably, the combined
high expression of SHMT2, MTHFD2 and ALDHIL2 (triple
high) was more highly associated with poor prognosis than
the individual expression levels (RFS; P=0.004 and OS;
P=0.037). A multivariate analysis showed that triple high
expression was independently associated with RFS (P=0.017).
These findings suggested that mitochondrial folate metabolic
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enzymes could provide a potential therapeutic strategy for
treating colorectal cancer.

Introduction

Tumor tissues are different from normal tissues in many aspects,
mainly due to differences in vasculature (1). In tumor tissues,
immature vasculature forms a microenvironment of hypoxia
and malnutrition (2). Tumor cells change their metabolism to be
able to survive and proliferate in these harsh conditions. High
rates of glucose consumption and lactate production, even in
the presence of oxygen, have been observed in various tumor
cells; this phenomenon is known as the Warburg effect (3).
Since Warburg's study, the metabolism of normal and tumor
tissues has been studied, and differences are expected to serve
as a basis for new therapeutic targets for refractory cancers.

Folate plays a pivotal role in the one-carbon metabolism
needed for methylation reactions, nucleotide synthesis, and
DNA repair (4,5). Methylation of DNA and histones is a well
known epigenetic mechanism,and it is the mostcommon molec-
ular alteration in cancer cells (6). Furthermore, cells with high
rates of proliferation, like tumor cells and embryogenic cells,
require the synthesis of abundant proteins, lipids and nucleo-
tides (7). Due to these features, it was proposed that folate may
be associated with carcinogenesis (8). Jain et al reported that
expression of the mitochondrial glycine biosynthetic pathway
was significantly correlated with cancer cell proliferation,
based on the consumption and release of 219 metabolites from
NCI-60 cancer cell lines. Moreover, high expression levels of
three mitochondrial glycine (also folate) metabolism enzymes,
serine hydroxymethyl transferase (SHMT2), methylenetetra-
hydrofolate dehydrogenase (MTHFD?2) and tetrahydrofolate
synthase (MTHFDIL), were associated with greater mortality
in patients with breast cancer (9). The expression of mito-
chondrial folate metabolic enzymes was reported to be a
determinant of the response to methotrexate, and the dihydro-
folate reductase inhibitor is used most often as an anticancer
drug in clinical settings (10). Although previous studies have
shown that mitochondrial folate metabolic enzymes correlated
with some types of solid tumors, their importance in colorectal
cancer remains unclear (11).
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The aim of the present study was to assess the impor-
tance of mitochondrial folate metabolic enzymes in human
colorectal cancer. Our results indicated that expression levels
of mitochondrial folate metabolic enzymes, including SHMT?2,
MTHFD?2 and aldehyde dehydrogenase 1 family member L2
(ALDHI1L2) were upregulated in human colorectal tumor
tissues compared to normal tissues. Moreover, immunohisto-
chemical analysis showed that the combined high expression
of SHMT2, MTHFD2 and ALDHIL2 (triple high expression)
was more highly associated with a poor prognosis than the
individual expression levels. Moreover, a multivariate analysis
indicated that triple high expression was independently
associated with recurrence-free survival. We concluded that
mitochondrial folate metabolic enzymes could provide a
potential therapeutic strategy against colorectal cancer.

Materials and methods

The Cancer Genome Atlas tissue samples. The colorectal
adenocarcinoma data were generated by the Cancer
Genome Atlas (TCGA) Research Network: http://cancerge-
nome.nih.gov/. Messenger RNA expression and DNA
methylation were compared between normal colorectal tissue
and cancer with Wanderer software (12). We analyzed exon
transcript values (log, RPKM) of chrl12:57624586-57624783
for SHMT?2, chr2:74425690-74425869 for MTHFD2 and
chrl2:105413564-105418257 for ALDH1L2. The mean methyla-
tion (3 values of all the HumanMethylation450 probes inside the
genes were evaluated. The mutation frequency was assessed in
220 colorectal tumor samples with sequencing data through the
cBioPortal for Cancer Genomics (http://cbioportal.org) (13,14).

Prognosis of patients with colorectal cancer. The published
GSE17536 database (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE17536), which included microarray data
for 177 patients, was used to screen for genes related to the
prognosis of patients with colorectal cancer, as described
previously (15). The patient data were divided into two groups
(low- and high-expression groups) based on the mean levels
of SHMT2, MTHFD2 and ALDHI1L2 expression. Then, we
evaluated the relevance of these gene expression levels to
overall survival.

Tissue samples. Colorectal cancer tissue samples were
obtained from 117 consecutive patients that underwent
surgery at the Osaka University Hospital, between 2006
and 2009. Written informed consent for the use of resected
specimens was provided by all patients. The present study
was approved by the Institutional Review Board (the approved
protocol numbers were #08226 and #213). None of the
patients had received chemotherapy or radiotherapy before
surgery. A total of 108 patients underwent curative surgery
and 9 patients underwent palliative surgery. Samples were
fixed in buffered formalin at 4°C overnight, processed through
graded ethanol solutions, and embedded in paraffin. Medical
and pathology studies were reviewed to collect information
regarding various clinicopathological parameters, including
age, gender, carcinoembryonic antigen (CEA), carbohydrate
antigen 19-9 (CA-19-9), histological type, depth of tumor inva-
sion, lymph node metastasis, distant metastasis, pfNM stage
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(according to the TNM Classification System of Malignant
Tumors, Seventh Edition) (16), venous invasion and lymphatic
invasion.

Immunohistochemical analysis. Immunohistochemical
analysis was performed with the Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA, USA) as previously
described (17). Briefly, tissue sections (3.5 um thick) were
sliced from paraffin-embedded tissue blocks. After depa-
raffinization in xylene and dehydration in graded ethanol
solutions, tissue sections were heated at 110°C for 15 min in
10 mM citrate buffer (pH 6.0), followed by incubation with
0.3% hydrogen peroxide for 20 min to block endogenous
peroxidase activity. Subsequently, the sections were incubated
with SHMT?2 antibody (ab64417; 1:300 dilution; rabbit poly-
clonal), MTHFD?2 antibody (ab176016; 1:100 dilution; rabbit
polyclonal) and ALDHI1L?2 antibody (ab170176; 1:200 dilution;
rabbit polyclonal) (all from Abcam, Cambridge, MA, USA) at
4°C overnight. Then, sections were incubated with a biotinyl-
ated secondary antibody solution for 30 min, followed by
incubation with ABC reagent for 30 min. After development
with diaminobenzidine, sections were counterstained with
hematoxylin. As a negative control, phosphate-buffered saline
was used instead of the antibodies. Representative positive
colorectal cancer tissues were used as a positive control. The
analyses were performed independently, in a blinded manner,
by two pathologists.

Evaluation of immunostaining. The staining score was
defined as the intensity of staining that covered the largest
region. We first performed immunostaining for 20 colorectal
cancer samples randomly chosen to decide the concentration
of antibodies and samples that could be applied for a posi-
tive control. The samples showing an average staining were
used as a positive control. Unstained tissues were assigned
to ‘negative staining (-)’. The tissues stained weaker than the
positive control but stronger than the unstained tissue were
categorized into ‘weak staining (+)’ and the tissues stained
stronger than the positive control were categorized into ‘strong
staining (++)’. To evaluate associations between expression
levels and clinicopathological features or survival, the samples
were divided into two groups, as follows: low expression (-) and
high expression (+ and ++) for SHMT?2 and ALDHIL2, or low
expression (- and +) and high expression (++) for MTHFD2.

Statistical analysis. Data were expressed as the mean + stan-
dard deviation (SD). We performed statistical analyses
with JMP Pro 10 software (SAS Institute, Cary, NC, USA).
Statistically significant differences were determined with
Fisher's exact test. Recurrence-free survival and overall
survival were estimated with the Kaplan-Meier method, and
the statistical significance was evaluated with the log-rank test.
Variables identified as significant in univariate analyses were
entered into the Cox proportional hazards regression models.
A P-value <0.05 was taken to indicate a significant difference.

Results

Upregulation of enzymes associated with mitochondrial folate
metabolic pathway in colorectal cancer. Reportedly, enzymes
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Figure 1. Upregulation of enzymes associated with the mitochondrial folate metabolic pathway in colorectal tumor tissue. (A) Exon transcript values
(log, RPKM) of SHMT2, MTHFD2 and ALDHIL2 in normal (n=41) and tumor colorectal tissues (n=262). (B) Mean mutation frequency in 220 colorectal

tumor samples. (C) The mean f values for SHMT2, MTHFD2 and ALDH

1L2 DNA methylation in normal (n=38) and tumor colorectal tissues (n=302).

The results shown here are wholly based on data generated by the TCGA Research Network. ("P<0.01; NS, not significant). SHMT?2, serine hydroxymethyl
transferase; MTHFD2, methylenetetrahydrofolate dehydrogenase; ALDHIL?2, aldehyde dehydrogenase 1 family member L2.

associated with the mitochondrial folate metabolic pathway
show upregulated expression in cancer (18). To confirm
expression in normal colorectal tissue and colorectal cancer,
we analyzed the data from the TCGA Research Network. We
found that the mRNA expression levels of SHMT2, MTHFD2
and ALDHIL?2 associated with mitochondrial folate metabo-
lism were higher in colorectal cancer than in normal colorectal
tissue (P<0.001, P<0.001 and P=0.681, respectively) (Fig. 1A).
Several studies have indicated that gene mutations change
the activity and function of metabolic enzymes. For example,

mutations in isocitrate dehydrogenase 1 resulted in a new
enzymatic function: catalysis of the NADPH-dependent
reduction of a-ketoglutarate to R(-)-2-hydroxyglutarate (19). A
mutation in mitochondrial aldehyde dehydrogenase 2, which is
essential for alcohol detoxification, induced structural altera-
tions that changed its enzymatic activity (20). Therefore, we
assessed the importance of mutations in SHMT2, MTHFD2
and ALDHIL?2 in colorectal tumor samples. The mutation
frequency was <2% (Fig. 1B). Methylation of these genes was
also evaluated, based on the data from the TCGA Research
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Figure 2. Kaplan-Meier curves show overall survival. Survival is shown according to (A) SHMT?2, (B) MTHFD2 and (C) ALDH1L2 mRNA expression levels.
Differences between high and low expression groups were evaluated with the log-rank test. The results are based on data from the GSE17536 microarray data-
base. Ordinate, survival rate; abscissa, years after surgery. SHMT?2, serine hydroxymethyl transferase; MTHFD2, methylenetetrahydrofolate dehydrogenase;

ALDHI1L2, aldehyde dehydrogenase 1 family member L2.
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Figure 3. Immunohistochemical detection of protein expression. (A-C) SHMT?2, (D-F) MTHFD2 and (G-I) ALDHI1L2 expression levels varied in colorectal
cancer tissues. Examples are shown for (A, D and G) negative staining (-), (B, E and H) weak staining (+), and (C, F and I) strong staining (++). Scale bar
indicates, 100 pm. SHMT?2, serine hydroxymethyl transferase; MTHFD2, methylenetetrahydrofolate dehydrogenase; ALDH1L2, aldehyde dehydrogenase 1

family member L2.

Network. The methylation frequency was similar in normal
and tumor colorectal tissues (Fig. 1C). These findings showed
that expression of SHMT2, MTHFD2 and ALDHIL2 was
associated with the physiological characteristics of colorectal
cancer.

Relevance of SHMT2, MTHFD2 and ALDHIL2 mRNA
expression in colorectal cancer with respect to prognosis.
Previous studies showed a correlation between the expres-
sion levels of mitochondrial folate metabolism enzymes and
the prognosis of some solid tumors. Therefore, we analyzed
microarray data from patients with colorectal cancer in the
GSEI17536 database (11,21). The overall survival rate in patients
with high expression levels of MTHFD2 and ALDHIL2 was

significantly lower than in patients with low expression levels
of MTHFD2 and ALDHI1L2 (P<0.001 and P=0.027, respec-
tively) (Fig. 2). We also found a trend for lower overall survival
rate in patients with high expression of SHMT2 compared to
patients with low expression of SHMT?2 (P=0.353).

Immunohistochemistry for SHMT2, MTHFD2 and ALDHIL?2
in colorectal cancer. To study the importance of SHMT?2,
MTHFD2 and ALDHI1L?2 further, we collected colorectal
cancer samples and analyzed the expression of SHMT?2,
MTHFD2 and ALDHIL2 at protein level with immunohis-
tochemistry. The median follow-up duration of patients with
colorectal cancer was 4.9 years (range; 0.2-6.6 years). SHMT?2,
MTHFD2 and ALDHIL2 expression was observed in the
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Table 1. Immunohistochemical detection results for SHMT2, MTHFD2 and ALDH1L2 in colorectal cancer.

Triple high Others
Clinicopathological factors Classification N N) (N) P-value
Patient background
Gender Male 71 17 54 0.829
Female 46 12 34
Age <65 57 16 41 0.522
>65 60 13 47
CEA <3.1 66 16 50 1.000
>3.1 51 13 50
CA19-9 <40 101 23 78 0.221
=40 16 6 10
Tumor characteristics
Histological type* tubl, tub2, pap 109 26 83 0.407
por, muc 8 3 5
Depth of tumor invasion Tis, T1,T2 49 11 38 0.669
T3,T4 68 18 50
Lymph node metastasis Positive 49 13 36 0.829
Negative 68 16 52
Distant metastasis Positive 13 4 9 0.734
Negative 104 25 79
Lymphatic invasion Positive 85 22 63 0.811
Negative 32 7 25
Venous invasion Positive 29 8 21 0.805
Negative 88 21 67
Stage 0,1,0 62 14 48 0.669
I, IV 55 15 40

Triple high, high expression of all three genes. Others: combined expression except triple high. “Histological types: tubl, well-differentiated
adenocarcinoma; tub2, moderately differentiated adenocarcinoma; pap, papillary adenocarcinoma; por, poorly differentiated adenocarcinoma;

muc, mucinous carcinoma.

glandular cells of colorectal cancer (Fig. 3). Fig. 3B, E and H
shows the samples that were used as a positive control.
Subsequently, associations between the expression levels of
these genes and prognosis were evaluated. Rates of recurrence-
free and overall survival in patients with high expression
of SHMT2, MTHFD2 and ALDHI1L2 tended to be lower
than in patients with low expression of SHMT2, MTHFD2
and ALDHI1L2, but these differences were not significant
(P=0.446 and P=0.337, P=0.099 and P=0.064, P=0.178 and
P=0.257, respectively) (Fig. 4A-C). Notably, high expression
of SHMT2, MTHFD2 and ALDHIL2 (triple high) was more
highly associated with poor prognosis than increased expres-
sion levels of each individual gene (Fig. 4D). These results
indicated that malignancy in colorectal cancer was influenced
by activation of the mitochondrial folate metabolic pathway.

Impact of triple high expression on recurrence-free survival.
Based on our findings that the expression levels of enzymes
associated with the mitochondrial folate metabolic pathway
could influence colorectal cancer malignancy, we assessed
the relevance of the expression of three mitochondrial folate
enzymes to clinicopathological features. There were no
significant association between the individual expression of
MTHFD?2 and ALDHI1L?2 and patient and tumor characteristics

(data not shown). In regards to SHMT?2, its expression was
negatively associated with lymph node metastasis, lymphatic
invasion and stage (P=0.015, P=0.021 and P=0.010, respec-
tively, data not shown). Interestingly, triple high expression
did not significantly correlate with patient background char-
acteristics, including gender, age, CEA and CA19-9; or with
tumor characteristics, including histological type, depth of
tumor invasion, lymph node metastasis, distant metastasis,
lymphatic invasion, venous invasion and stage (Table I). To
determine associations between triple high expression and the
most important factors (P<0.100), we included depth of tumor
invasion, lymph node metastasis, lymphatic invasion, venous
invasion, stage, and SHMT2, MTHFD2 and ALDHI1L2
expression in a multivariate analysis for recurrence-free
survival (Table II). This multivariate analysis showed that
triple high expression was only independently associated with
recurrence-free survival (P=0.017).

Discussion

We found that expression levels of the mitochondrial folate
metabolic enzymes, SHMT2, MTHFD2 and ALDHIL2, were
upregulated in colorectal tumor tissues and that triple high
expression was associated with a poor prognosis. The folate
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Figure 4. Kaplan-Meier curves show RFS and OS. Survival is shown according to high and low expression of (A) SHMT?2, (B) MTHFD2 and (C) ALDHI1L2.
(D) The survival of patients with combined high expression of all three genes (triple high expression) compared to other combined expression except triple
high. Differences between groups were evaluated with the log-rank test. Ordinate, survival rate; abscissa, years after surgery. SHMT2, serine hydroxymethyl
transferase; MTHFD2, methylenetetrahydrofolate dehydrogenase; ALDH1L2, aldehyde dehydrogenase 1 family member L2; RES, recurrence-free survival;

0OS, overall survival.

metabolic pathway comprises a cycle mediated by SHMT?2,
MTHFD2 and ALDHIL2 (Fig. 5). Our results indicated that
activation of the mitochondrial folate metabolic pathway
without stagnation could offer advantages for survival and
proliferation in colorectal cancer. SHMT?2 negatively regulates
the activity of pyruvate kinase, and subsequently, it decreases
carbon flux into the TCA cycle; this activity provides a survival
benefit for glioma cells under hypoxic conditions (22). An
analysis of 515 tumor-derived cell lines showed that patients

with significant upregulation of folate metabolism genes
tended to benefit from treatment with methotrexate (10). In
addition to its importance in methylation reactions, nucleotide
synthesis, and DNA repair, the mitochondrial folate metabolic
pathway also influences the biological characteristics of
tumors, which contribute to tumor malignancy. Interfering
with activation of the mitochondrial folate metabolic pathway
could be a potential therapeutic strategy for treating refractory
colorectal cancer.
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Table II. Univariate and multivariate analyses of recurrence-free survival.
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Univariate analysis

Multivariate analysis

Clinicopathological factors Classification N HR* P-value HR* P-value
Patient background
Gender Male 65 1.69 0.305
Female 39 (0.64-5.25)
Age <65 47 1.51 0.384
=65 57 (0.59-3.95)
CEA <3.1 62 207 0.123
>3.1 42 (0.82-5.43)
CA19-9 <40 93 1.26 0.766
>40 11 (0.20-4.43)
Tumor characteristics
Histological type® tubl, tub2, pap 97 1.26 0.817
por, muc 7 (0.26-22.66)
Depth of tumor invasion Tis, T1,T2 49 3.59 0.013 1.97 0.297
T3, T4 55 (1.29-12.68) (0.57-8.25)
Lymph node metastasis Positive 38 3.17 0.015 1.03 0.977
Negative 66 (1.25-8.63) (0.17-19.66)
Lymphatic invasion Positive 73 3.88 0.033 1.51 0.629
Negative 31 (1.10-24.55) (0.30-11.17)
Venous invasion Positive 22 3.14 0.027 1.80 0.291
Negative 82 (1.15-7.99) (0.60-5.32)
Stage 0,1, 11 62 343 0.011 1.66 0.672
I 42 (1.33-9.86) (0.08-11.92)
SHMT?2, MTHFD2 Triple high 25 3.55 0.009 321 0.017
and ALDHI1L.2¢ Others 79 (1.39-9.11) (1.24-8.31)

"HR, hazard ratio (95% confidence interval); ®histological types: tubl, well-differentiated adenocarcinoma; tub2, moderately differentiated
adenocarcinoma; pap, papillary adenocarcinoma; por, poorly differentiated adenocarcinoma; muc, mucinous carcinoma; ‘expression levels:

triple high, high expression of all three genes. Others: combined expression except triple high.

Cytosol Mitochondria
CH2-THF CH2-THF
MTHFD1
MTHFD2
Gly (——— |y
Nucleotides <. CHO-THF SHMT1 SHMT2 CHO-THF
Ser J{u——) Scr
THF
I DHFR
Folate
MTHFDIL
HCHO <) [CHO

Figure 5. Schematic overview of the folate metabolic pathway mediated by SHMT2, MTHFD2 and ALDHIL2. (Left) Cytosolic folate metabolism; (right) mito-
chondrial folate metabolism. Arrows that cross the line indicate metabolites that can travel between compartments. ALDH1L2, aldehyde dehydrogenase 1
family member L2; CH2-THF, methylenetetrahydrofolate; CHO-THF, formyl-tetrahydrofolate; DHFR, dihydrofolate reductase; Gly, glycine; MTHFDI,
methylenetetrahydrofolate dehydrogenase 1; MTHFDIL, methylenetetrahydrofolate dehydrogenase 1-like; MTHFD2, methylenetetrahydrofolate dehydroge-
nase 2; HCHO, formaldehyde; Ser, serine; SHMT1, serine hydroxymethyltransferase 1; SHMT2, serine hydroxymethyltransferase 2; THF, tetrahydrofolate.
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Reportedly, only mitochondrial, not cytosolic, folate
enzymes were significantly associated with rapid cancer cell
proliferation and prognosis in breast cancer (9). To elucidate
the importance of folate enzymes, including dihydrofolate
reductase, MTHFDI1 and SHMT]1, the prognosis of patients
with colorectal cancer was assessed based on data from the
published GSE17536 database. Rates of disease-free and
overall survival were not significantly different between
groups with high and low dihydrofolate reductase expression
(P=0.290 and P=0.906, respectively) or between groups with
high and low MTHFDI1 expression (P=0.252 and P=0.279,
respectively) (data not shown). Conversely, low SHMT1
expression was significantly associated with a short overall
survival rate (P=0.033) (data not shown). These data supported
the hypothesis that mitochondrial folate metabolism may be
more important than cytosolic folate metabolism in human
colorectal cancer. The detailed function and mechanism of
cytosolic folate metabolism in tumor cells remain unclear.
Additional studies are needed to address whether the function
of cytosolic folate enzymes differs from that of mitochondrial
folate enzymes.

Few studies have described the regulation of mitochondrial
folate enzymes. Reportedly, mammalian target of rapamycin
complex 1 (mTORCI1) positively regulates the expression
of MTHFD?2 via activating transcription factor 4 (23). It is
well known that activation of mTORCI is correlated with
nutrient, energy and redox sensing processes (24). Therefore,
the expression of mitochondrial folate enzymes may also be
regulated by environmental factors, including oxidative stress,
growth factors and amino acids. mMTORCI controls several
anabolic metabolism pathways required for cell proliferation
and growth. This function is thought to depend partially on
mitochondrial folate metabolism, which is associated with
nucleotide synthesis, because nucleotides are necessary for
cell proliferation and growth.

The formyl-tetrahydrofolate synthase activity of MTHFDIL
was reported to play an important role in the proliferation of
breast cancer cells (9). MTHFDIL also participates in the cycle
of the mitochondrial folate pathway (Fig. 5). We assessed the
relationship between MTHFDIL expression and prognosis of
patients with colorectal cancer,based on data from the GSE17536
database. However, we found that MTHFDIL expression was
not significantly related to the prognosis of patients (data not
shown). Although ALDHI1L2 and MTHFDIL catalyze the
same reaction, which converts formyl-tetrahydrofolate to tetra-
hydrofolate, they may have different physiological effects in
different types of cancer. Moreover, in different cancer types,
the functions of metabolic enzymes may be diverse. Studying
the mechanism of metabolic enzymes in different cancer types
will promote the development of specific cancer therapies.
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