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Abstract
Folate exists as functionally diverse specieswithin cells. Although folate deficiencymay contribute toDNA

hypomethylation in colorectal cancer, findings on the association between total folate concentration and

global DNA methylation have been inconsistent. This study determined global, LINE-1, and Alu DNA

methylation in blood and colon of healthy and colorectal cancer patients and their relationship to folate

distribution. Blood and normal mucosa from 112 colorectal cancer patients and 114 healthy people were

analyzed for global DNAmethylation and folate species distribution using liquid chromatography tandem

mass spectrometry. Repeat elementmethylationwas determined using end-specific PCR. Colorectalmucosa

had lower global and repeat element DNAmethylation compared with peripheral blood (P < 0.0001). After
adjusting for age, sex and smoking history, global but not repeat elementmethylationwasmarginally higher

in normal mucosa from colorectal cancer patients compared with healthy individuals. Colorectal mucosa

from colorectal cancer subjects had lower 5-methyltetrahydrofolate and higher tetrahydrofolate and

formyltetrahydrofolate levels than blood from the same individual. Blood folate levels should not be used

as a surrogate for the levels in colorectal mucosa because there are marked differences in folate species

distribution between the two tissues. Similarly, repeat elementmethylation is not a good surrogatemeasure

of global DNAmethylation in both blood and colonic mucosa. There was no evidence that mucosal global

DNA methylation or folate distribution was related to the presence of cancer per se, suggesting that if

abnormalities exist, they are confined to individual cells rather than the entire colon. Cancer Prev Res; 5(7);

921–9. �2012 AACR.

Introduction
Folate is an important methyl donor and essential for

DNA methylation. Mathematical modeling (1) and in vivo
studies (2) have shown that DNA methylation competes
with DNA synthesis pathways for folate species. In prolif-
erative tissues such as colorectal epithelium, adequate folate
is important in maintaining normal 5-methylcytosine
levels. Reduction in genome-wide methylation (global
DNA hypomethylation) is an early event in colorectal
cancer development (3, 4) and is said to predispose to

genomic instability (5). Hence it has been hypothesized
that folate deficiency may contribute to colonic DNA hypo-
methylation and increased colorectal cancer risk (6). Argu-
ably, this effect couldoccurwithin individual epithelial cells
or through "field defects" generated within apparently
normal colorectal mucosa (7).

The study of folate in colorectal mucosa has proven
challenging because of the inherent difficulty in obtaining
this tissue. Furthermore, the microbiologic assay for folate,
long-established as the gold standard (8), has significant
limitations in this context. In fact, most human studies to
date have used dietary folate assessment and/or blood
folate concentration as surrogates for colorectal folate sta-
tus (6, 9, 10). However, the relationship between blood
and colonic mucosal folate concentration is unclear
because of discrepancies in the results fromprevious studies
(11–14).

Folate exists in vivo as functionally distinct coenzyme
species with distinct biochemical roles. Understanding the
distribution of these species is critical to an understanding
of folate biology. For example, 5-methyltetrahydrofolate (5-
CH3-H4folate) donates themethyl groups required forDNA
methylation, whereas 5-formyltetrahydrofolate (5-CHO-
H4folate) and 5,10-methenyltetrahydrofolate (5,10-CHþ-
H4folate) are required for DNA synthesis. Thus, variations
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in folate species distribution may influence the rate of
folate-dependent reactions such as DNA methylation (15,
16). Recently, we have developed a biochemical assay based
on liquid chromatography tandem mass spectrometry
(LC-MS/MS), which accurately measures these individual
folate species in diverse biologic samples, including colo-
rectal mucosa (17). More generally, biochemical assays are
now seen as the preferred system for measuring folate (18).

Changes in DNA methylation of potential relevance to
colorectal carcinogenesis include global hypomethylation,
hypomethylation of LINE-1 and Alu repeats, and CpG
island hypermethylation. Some studies have reported the
extent to which global DNA methylation varies between
colorectal mucosa and peripheral blood (19, 20). Other
studies have used methylation of LINE-1 and ALU repeat
elements as a surrogate for global DNA methylation in
tumors and normal tissues (21–24). However, none of
those studies that compared repeat element methylation
in blood and mucosa used paired samples from the same
individual, and sample sizes in these studies were small
(21–24).

A number of studies have shown a direct relationship
between DNA methylation and folate concentration in the
peripheral blood, both in termsof global (16, 25) andLINE-
1 methylation (10). However, the relationship between
folate and global DNA methylation in the colonic mucosa
remains uncertain. Most folic acid supplementation trials
have not found an increase in colonic mucosa DNA meth-
ylation following supplementation (reviewed in ref. 9),
although only one of these studies confirmed that folic acid
supplementation actually increased colonic folate concen-
tration (26). In a prospective cohort study, Schernhammer
and colleagues showed that tumoral LINE-1 hypomethyla-
tion was more common in colorectal cancers from indivi-
duals with a low dietary folate intake (10). The interpreta-
tion of this result needs to be qualified by the inherent
heterogeneity of LINE-1methylation in colorectal tumors of
diverse stage and molecular background (24).

In summary, several important questions remain unan-
swered about the relationship between folate and DNA
methylation in the context of colorectal cancer. These
include whether global DNAmethylation in normal colon-
ic mucosa differ between healthy people and those with
colorectal cancer, whether folate and DNA methylation in
blood can be used as a surrogate for their levels in colonic
mucosa, and whether in different tissues the distribution of
folate species correlates with the level of DNAmethylation.

To address these important questions, we used recently
developed assays to systematically profile folate distribu-
tion and DNA methylation (global, LINE-1, and Alu) in
blood and mucosal samples obtained from colorectal can-
cer patients and from disease-free individuals.

Materials and Methods
Study subjects

We conducted a prospective study between October
2008 and April 2011 for the recruitment of colorectal

cancer patients and healthy individuals. Informed con-
sent was obtained from 112 patients presenting to St
Vincent’s and Prince of Wales Hospitals, Sydney, for
primary colorectal cancer resection (cancer participants).
Exclusion criteria included a hereditary cancer syndrome,
inflammatory bowel disease, neoadjuvant radiotherapy
or chemotherapy, and high-dose folic acid supplementa-
tion (�5 mg/d). We also obtained consent from 324
individuals referred for colonoscopy at 3 endoscopy
clinics in metropolitan Sydney. From this group, we used
criteria outlined in Fig. 1 to select a control group
(healthy participants) of 114 individuals with normal
colonoscopies. In addition, otherwise healthy individuals
were excluded if they were taking medications that inhib-
ited folate metabolism (methotrexate, trimethoprim, and
sulfasalazine). Information on tobacco use was obtained
at recruitment, and clinicopathologic information was
obtained from medical records. Blood and normal colo-
rectal tissue were obtained from all individuals in both
participant groups.

This study also used frozen fresh samples of macroscop-
ically normal mucosa collected between April 2005 and
September 2006 from 19 colorectal cancer patients and 23
individuals whounderwent bowel resection for noncancer–
related conditions, including constipation, diverticular dis-
ease, and adhesions. Exclusion criteria were identical to
those described above for the cancer participants.

Ethical approval for all aspects of this study was obtained
from St Vincent’s Hospital, South Eastern Illawarra Area
Health Service and theNSWPopulation andHealth Services
Human Research Ethics Committees.

Sample collection and storage
Macroscopically normal colorectal mucosa was collected

at least 10 cm from the tumor, then snap frozen in liquid

Consenting individuals (n = 324)

Complete
colonoscopy (n = 307)

Normal colonoscopy 
n = 218

Paired samples
collected; n =194

114 healthy
individuals randomly
selected for inclusion

Incident
adenoma; n = 81

Mucosa or blood not
collected; n = 24

Colorectal cancer or
hereditary cancer
syndrome; n = 8

Incomplete
colonoscopy; n = 17

Figure 1. Selection process for the healthy participants from screening
colonoscopy. In cases in which the endoscope was unable to be
advanced to the terminal ileum, the individual was considered to have an
"incomplete colonoscopy." Individuals found to have a histologically
confirmed neoplasm (of any type with the exception of hyperplastic
polyps) as well as colitis at the time of recruitment were excluded. Paired
samples refer to both blood and colonicmucosa collected from the same
individual.
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nitrogen or dry ice and stored at �80�C. The microsatellite
instability (MSI) and CpG island methylator phenotype
(CIMP) status of the tumors from cancer participants was
determined as previously described (27). For endoscopic
collection of tissue from healthy participants, 5 biopsies
of normal colorectal mucosa (�20 mg) were frozen on
dry ice within 30 minutes and stored at �80�C. Although
global and repeat element DNA methylation analysis was
carried out on endoscopic biopsies from healthy partici-
pants, there was insufficient material for tissue folate
species analysis.
Fasting blood samples were collected in EDTA tubes, the

hematocrit determined (Auto Haematology Analyser), and
aliquots of whole blood and plasma (separated by centri-
fugation at 400 g for 10 minutes) were stored at �80�C
under nitrogen in amber microcentrifuge tubes. DNA was
extracted fromperipheral bloodmononuclear cells (PBMC)
and mucosal samples using phenol:chloroform:isoamyl
alcohol and quantified by UV absorbance at 260 nm
(NanoDrop 1000; NanoDrop Technologies Inc.).

Molecular assays
MTHFR genotyping. Genotyping for MTHFR c.677C>T

was carried out by PCR using 10 ng of peripheral blood
genomic DNA followed by pyrosequencing (ref. 28; see
Supplementary Methods).

DNA methylation
The absolute quantity of 5-methyl-20-deoxycytidine

(5mdC; global methylation) was determined as a per-
centage of 20-deoxycytidine plus 5mdC in genomic DNA
using LC-MS/MS based upon the method of Quinlivan
and Gregory (ref. 29; see Supplementary Methods).
Quantitative assessment of unmethylated LINE-1 and Alu
was carried out using the end-specific PCR assay (30).
Restriction of the amplicon by the methylation-sensitive
enzyme AciI (for Alu) and HpaII (for LINE-1) was com-
pared with that of the methylation-insensitive DraI.
Unmethylated repeat elements were normalized relative
to a reference normal blood DNA sample ("Reference
DNA"; Affymetrix) using the formula: Relative degree of
unmethylated repeats in sample ¼ Quantity of unmethy-
lated repeats in sample/Quantity of unmethylated repeats
in control. Because global methylation is typically
expressed as the quantity of methylated DNA, the degree
of methylated LINE-1 and Alu repeats is also reported
here by stating the reciprocal of the degree of unmethy-
lated DNA.

Distribution and level of erythrocyte and colonic folate
using LC-MS/MS
Folate was extracted from whole blood (31) and plasma

(ref. 32; see Supplementary Methods), then subjected to
solid-phase extraction (33) using LC-18 3 mL cartridges
(Sigma-Aldrich). LC-MS/MS analysis was carried out as
previously described (17). Given the potential of 5,10-
CHþ-H4folate to interconvert to 5-CHO-H4folate during
extraction and because these coenzymes are intercon-

vertible in vivo, these 2 measurements were pooled into a
single "formyl-H4folate" value as previously described (31).
Erythrocyte folate concentration was calculated using the
formula {(whole blood folate � 100) � [plasma folate �
(100 � hematocrit)]}/hematocrit (34).

We used our previously described method (17) to
determine folate distribution in resected normal colorec-
tal mucosa from the 19 colorectal cancer patients and
23 noncancer subjects collected in 2006, as well as in
67 of the cancer participants in whom sufficient tissue
(>50 mg) was available for analysis. Assessment of tissue
folate distribution was not possible on endoscopic muco-
sal biopsies from the healthy participants because of poor
reproducibility of the assay when less than 50 mg of tissue
was available.

The erythrocyte folate assay was validated as previously
described (17), usingwhole blood and plasma pooled from
10 randomly selected colorectal cancer patients to create a
quality control matrix. Because it is not possible to directly
compare the absolute folate concentration in erythrocytes
and colonic mucosa, the results were presented as folate
species distribution (i.e., each folate species was expressed
as apercentage of total folate, calculated as the sumof values
for the 5 folate forms).

Statistical analysis
Global, LINE-1, Alu methylations, and folate were

measured in quadruplicate and triplicate, respectively.
Baseline characteristics were compared using one-way
ANOVA, c2 tests, or t test as appropriate. Relationships
between folate and DNA methylation were assessed using
linear regression. Relationships between methylation
assays were determined using bivariate correlation. Dif-
ferences in folate species distribution and DNA methyl-
ation between the groups and between tissues within each
group were examined using independent samples t test.
Multiple linear regression was used to evaluate whether
these DNA methylation comparisons between the groups
were consistent after accounting for age, sex, and smok-
ing. Adjustment had only a modest effect and did not
significantly alter the study’s conclusions; hence only
unadjusted means were reported. Adjustment was not
done on folate distribution analyses and subgroup anal-
yses by CIMP and MSI status because of the smaller
sample sizes in these comparisons. Statistical significance
was defined at P < 0.01. Analyses were done using SPSS
software (Version 18.0, SPSS Inc.) and verified by an
independent statistician.

Results
Characteristics of study participants

Characteristics of the 226 subjects are shown in Table 1.
Of the 112 cancer participants, 102 (91%) had stage I–III
disease and 10 (9%) had metastatic disease. Twenty-two of
108 (20%) had MSI tumors, and 18 of 102 (18%) had
CIMPþ tumors. Cancer participants were on average 13
years older than the healthy participants and had a lower

Relationship between Folate Distribution and Global DNA Methylation
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blood hematocrit (P < 0.0001). A total of 61% of the cancer
participants were smokers compared with 36% of the
healthy participants (P < 0.0001).

Global and repeat element DNAmethylation inmucosa
and blood of colorectal cancer patients is similar to
healthy individuals

The global DNA methylation assay using LC-MS/MS
had excellent linearity (R2 > 0.999) and reproducibility
with low intra-assay (3.2%, n ¼ 6) and inter-assay (2.7%,
n¼ 6) variability. Global DNAmethylation in the normal
mucosa of cancer participants (4.11% � 0.29) was mar-
ginally higher than that observed in healthy participants
(4.02% � 0.26) after adjusting for age, sex, and smoking
status (difference of 0.12%, P ¼ 0.008, Supplementary
Table S1A).

Colorectal mucosa had lower global DNA methylation
than the blood of healthy participants (4.02% � 0.26 vs.
4.37% � 0.25; difference of 0.35%; P < 0.0001) and
cancer participants (4.11% � 0.29 vs. 4.45% � 0.27;
difference of 0.34%; P < 0.0001; Fig. 2A). The lower
global DNA methylation in colorectal mucosa was
accompanied by less methylation at LINE-1 and Alu
repeats. LINE-1 methylation in the mucosa of healthy
participants was only 36% that of the control normal
blood, whereas Alu methylation in the mucosa of healthy
participants was 59% of the level seen in the control DNA
(Fig. 2B and C). Alu methylation was 6% lower in the
right colon (n ¼ 117, 59% � 14) compared with the left
colon and rectum (n ¼ 92, 53% � 14; P < 0.0001, pooled
data from cancer and healthy participants), but there were
no differences at LINE-1 repeats and global DNA meth-
ylation (data not shown). Consistent with the small
differences in global DNA methylation, there were no

significant differences in the degree of LINE-1 and Alu
methylation in the colorectum of cancer participants
compared with the healthy participants (Fig. 2). Alu and
LINE-1 methylation remained identical after adjusting for
age, sex, and smoking status (Supplementary Table S1).
Furthermore, global, LINE-1, and Alu methylations in the
colonic mucosa were not significantly different in healthy
versus cancer participants after stratification by site of
mucosal sampling (right sided vs. left sided/rectum; data
not shown). Global and repeat element DNAmethylation
in the normal mucosa of healthy individuals was no
different to that of cancer patients when stratified by
CIMP status (Supplementary Table S2). Similarly, muco-
sal global or repeat element DNA methylation was not
significantly different between individuals with MSI or
MSS tumors (Supplementary Table S3). Using bivariate
correlation analysis, there was no relationship between
age and global or repeat element methylation, either in
blood or normal colorectal mucosa (data not shown).

Repeat element methylation does not correlate with
global DNA methylation

The relationship between global, LINE-1, and Alumethy-
lations in blood (n¼ 221) and colorectalmucosa (n¼ 217)
from both participant groups is shown in Fig. 3. Data from
healthy and cancer participants were pooled for this anal-
ysis, as similar relationships were identified when they were
analyzed separately. In the blood, there was no correlation
between LINE-1 and Alu (r ¼ �0.05; P ¼ 0.4), LINE-1 and
global (r ¼ 0.05; P ¼ 0.5), and Alu and global DNA
methylation (r ¼ 0.05; P ¼ 0.5). Likewise in the colorectal
mucosa, no correlation was found between LINE-1 and
global methylation (r ¼ 0.08; P ¼ 0.2) or Alu and global
methylations (r ¼ �0.15; P ¼ 0.8). LINE-1 methylation in

Table 1. Characteristics of study groups

Characteristic Healthy participants Cancer participants Pa

Age n 114 112 <0.0001
Mean (SD) 54 (12.5) 67 (13.6)

Male gender n (% Male) 70/114 (61) 66/112 (59) 0.70
Hematocrit n 102 81 <0.0001

Mean (SD) 0.42 (0.04) 0.36 (0.05)
Current smoker n (% Yes) 41/114 (36) 57/94 (61)b <0.0001
MTHFR C677Tb

CC n (%) 43 (38) 50 (45) 0.57
CT n (%) 53 (47) 47 (42)
TT n (%) 18 (16) 15 (13)

Region of mucosa sampled
Right-colon n (%) 48/102 (47) 45/111 (40) 0.06
Left-colon n (%) 37/102 (36) 32/111 (29)
Rectal n (%) 17/102 (17) 34/111 (31)

aStatistical significance was calculated using t tests (mean age, hematocrit, and current smoker) and c2 tests for all other variables.
Significant P values are indicated in bold.
bTheMTHFRC677Tgenotypedistributionwas confirmed to be inHardy–Weinberg equilibrium in both healthy andcancer participants.
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the colorectal mucosa was directly correlated with Alu
methylation (r ¼ 0.42; P < 0.0001).
There was no correlation between blood and colonic

mucosal DNA methylation, either globally (n ¼ 213;
r ¼ 0.13; P ¼ 0.051), at LINE-1 (n ¼ 215; r ¼ 0.15;
P ¼ 0.026), or Alu repeat elements (n ¼ 216; r ¼ 0.07;
P ¼ 0.28).

Distribution of folate in blood and colorectal mucosa
The erythrocyte folate assay was linear (R2 > 0.99) and

reproducible (inter-assay variability 3.8%–14.4%; intra-
assay variability 2.2–6.0%), with excellent recovery of
spiked folate standards (85.1%–125.5%).

By using previously collected mucosa derived from indi-
viduals with (n¼ 19) or without (n¼ 23) colorectal cancer,
we showed that cancer status did not influence the observed
distribution of folate species in colorectal mucosa (Fig. 4A)
or total folate concentration (data not shown). With this
issue clarified, all following data refer to results from the
prospectively collected tissues from the cancer and healthy
participants.

The distribution of folate species in the blood was iden-
tical in healthy and cancer participants (Fig. 4B). However,
the colonic mucosa from cancer participants (n ¼ 67)
showed widespread differences in folate species distribu-
tion compared with the blood from the same individuals.
These differenceswere significant for all species but aremost
notable in terms of a lower proportion of 5-CH3-H4folate
(55% � 13.6 vs. 88% � 13.1) and a higher proportion of
formyl-H4folate (16%�12.1 vs. 9.3%� 11.1) andH4folate
(25% � 9.4 vs. 1.4% � 3.1; Fig. 4B).

There were no differences in total erythrocyte folate levels
between cancer and healthy participants (data not shown).
In cancer participants, total erythrocyte folate correlated
with total colorectal folate (r ¼ 0.38; P ¼ 0.002; Supple-
mentary Fig. S1). There was a significant correlation in
formyl-H4folate distribution between colorectal mucosa
and erythrocytes from the same individual (r ¼ 0.34; P ¼
0.005, Supplementary Fig. S2), however no significant
correlations in the other folate species were found (data
not shown).

No difference in folate species distribution and total
folate concentration were seen in the normal mucosa of
patients with CIMPþ versus CIMP� tumors (Supplemen-
tary Table S2), nor those patients with MSI versus MSS
tumors (Supplementary Table S3).

Discussion
This study provides new evidence about the complex

relationship between folate, DNA methylation, and colo-
rectal carcinogenesis. It has done so by focusing on the
analysis of colorectal mucosa, the tissue of direct biologic
relevance to colorectal cancer development. Using
LC-MS/MS assays, we have shown changes in folate
species distribution in blood and colorectal mucosa from
colorectal cancer patients and healthy individuals. We
have also shown how folate distribution relates to DNA
methylation in those tissues.

We found that although erythrocyte folate distribution
was similar between healthy and cancer participants, there
were significant differences in folate distribution in colonic
mucosa from cancer participants when comparedwith their
blood. Specifically, normal colorectal mucosa showed sub-
stantially lower 5-CH3-H4folate distribution and higher
H4folate and formyl-H4folate distribution compared with

Figure 2. DNA methylation in cancer participants is similar to healthy
participants. Data shown are mean values. Errors bars ¼ SD. Significant
P values after adjustment for age, sex, and smoking status differences
between subjects in the cancer and healthy participants are reported.
Where inconsistent measurements were seen for global (n¼ 14), LINE-1
(n ¼ 10), and Alu (n ¼ 9) methylation, these were excluded from the
analysis.

Relationship between Folate Distribution and Global DNA Methylation
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erythrocytes from the same patient. We were also able to
show in both cancer and healthy participants that this
redistribution of folate away from the methylation com-
partment and toward the DNA synthesis compartment was
accompanied by a decrease in both global and repeat
element DNA methylation in the colorectal mucosa, when
compared with blood. This decrease in the degree of DNA
methylation in the normal mucosa occurred to the same
extent in both healthy and cancer participants.

The marked variation in folate species distribution in
different tissues highlights the importance of determining
individual folate species, rather than assessment of total
folate. It is also noteworthy that the use of microbiologic
assays to determine total folate concentration could pro-
duce significant experimental error because some bacteria
respond differently to the different folate species (8).

Using by necessity mucosal samples from a previous
collection, we were also able to tentatively show that folate
species distribution and total folate concentration (calcu-
lated as the sumof the different folate species) did not differ
in resected samples of normal colonicmucosa, regardless of
whether the individual had a neoplastic or nonneoplastic
colorectal disorder. This finding that normal mucosa of
colorectal cancer patients does not harbor disease-specific
changes in folate status is in agreement with previous
observations that epithelial cells from normal mucosa had
similar total folate concentration to cells from normal
mucosa adjacent to tumors and adenomas (35).

Taken together, these results suggest that the extent of
DNA methylation is related to folate species distribution,
rather than to tissue type or disease status per se. The results
also offer insights into the way different tissues may prior-
itize folate for methylation versus DNA synthesis.

DNAhypomethylation is generally thought to result from
incomplete copying ofmethylation patterns to the daughter
strand after DNA synthesis, possibly as a consequence of a
deficiency of methyl groups. Thus in the context of relative
folate deficiency, DNA hypomethylation would occur only
if cellular proliferation was sustained (via higher formyl-
H4folate distribution) at the expense of diminished avail-
ability of methyl groups (via decreased 5-CH3-H4folate
distribution). In tissues such as the colonic mucosa that
prioritize more folate for DNA synthesis, we would predict
higher baseline formyl-H4folate distribution and lower
baselineDNAmethylation levels. Although the relationship
between folate species distribution, cell proliferation, and
DNA methylation in different tissues has not been exten-
sively studied in humans, methylenetetrahydrofolate
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Figure 3. Levels of global, LINE-1, and Alu DNA methylation in blood
(circles) andcolorectalmucosa (diamonds). Data fromhealthy and cancer
participantswere pooled for this analysis. Panels show lack of correlation
between global DNA methylation and LINE-1 (A: blood r¼ 0.05, P ¼ 0.5;
mucosa r ¼ 0.08, P ¼ 0.2), global DNA methylation and Alu (B: blood
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(C: blood r¼�0.05, P¼ 0.4). However, Alu and LINE-1 methylation were
correlated in colorectal mucosa (r ¼ 0.42, P < 0.0001). Alu and LINE-1
hypomethylation values are expressed as a percentage relative to the
methylation content of a reference normal blood DNA (Affymetrix).
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reductase (MTHFR) deletion in rats resulted in tissue-spe-
cific changes in folate species distribution (36). In addition,
low colonic 5-CH3-H4folate distribution, but not total
folate concentration, was associated with a 35% reduction
in colonic DNA methylation in vitamin B12–deficient rats
(37).
To date, there has been conflicting evidence about the

extent of global and repeat element hypomethylation in
otherwisenormal colorectalmucosaof patientswith cancer.
Regional or colon-widehypomethylationhas been reported
in the macroscopically normal mucosa of colorectal cancer
patients (19, 38), raising the possibility of a "field defect"
that may predispose to tumor development. In contrast,
others have found no significant difference in global (39) or
repeat element methylation (40) in this setting, although
folic acid supplementation or short-term depletion (suffi-
cient to modify total colonic folate concentration) do not
alter colonic global (26) or LINE-1 methylation (41). By
analyzing mucosa from large numbers of colorectal cancer
and healthy individuals using gold standard assays, this
study has definitively showed that the normal mucosa of
colorectal cancer patients is no more demethylated than
mucosa from endoscopy-confirmed healthy individuals.
When considered with our observations about folate dis-
tribution, these findings suggest that alterations in folate

distribution and DNA methylation are a phenomenon
occurring specifically within neoplastic cells.

The "field defect" concept has also been invoked in
relation to CIMPþ tumors, a subgroup of colorectal
cancers with widespread and tumor-specific CpG island
hypermethylation and by inference to MSI tumors, which
show MSI because of biallelic hypermethylation of the
MLH1 gene promoter (42). The bias of CIMPþ and MSI
cancers to the right colon (43) and their increased syn-
chronicity (44) would be consistent with a field defect,
perhaps involving changes to DNA methylation or folate
profiles. Indeed, higher erythrocyte folate has been asso-
ciated with increased CpG island methylation in normal
colonic mucosa (45), whereas altered folate distribution
has been seen in CIMPþ cancers (46). In this study, both
CIMPþ and MSI tumors were present at frequencies
(18.2% and 20.4%, respectively) broadly consistent with
previous reports. However, we found no significant dif-
ferences in colonic DNA methylation or folate distribu-
tion in individuals with either CIMPþ or MSI tumors.
Although based on relatively small numbers, this finding
argues against an underlying field defect related to folate
or methylation.

One limitation of this study relates to themeasurement of
colonic folate distribution in individuals without colorectal

Figure 4. A, no difference in folate
species distribution was present in
the normal colorectal mucosa of 23
individuals presenting for colorectal
resection for noncancer causes
compared with that of 19 colorectal
cancer patients. Samples from both
groups were collected in 2005–06
andhavebeen in�80�Cstorage for 6
years. There were no differences in
age, gender distribution, or colonic
global or repeat element DNA
methylation between these 2 groups
(data not shown). B, mean folate
species distribution in erythrocytes
and colorectal mucosa. The
distribution in erythrocytes of 5-CH3-
H4folate (5-methyltetrahydrofolate)
and formyl-H4folate
(formyltetrahydrofolate) was not
different between subjects in the
healthy and cancer participants
P ¼ 0.97 and 1.0, respectively,
independent samples t test). Within
the same individual, cancer
participants showed lower 5-CH3-
H4folate (P < 0.0001), higher formyl-
H4 folate (P < 0.0001), higher H4folate
(P < 0.0001), and higher folic acid
(P < 0.0001) in colorectal mucosa
than erythrocytes (paired samples
t test). Error bars ¼ SD.
�, P < 0.0001. 5-CH3-H4folate,
5-methyltetrahydrofolate; formyl-
H4folate, formyltetrahydrofolate;
H4folate, tetrahydrofolate.
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cancer. It is challenging to obtain mucosa from normal
individuals in amounts suitable for folate distribution anal-
ysis, and individuals undergoing colorectal resection for
noncancer causes may not be representative of a normal
population. In addition, blood global and repeat DNA
methylation and folate were measured in different cell
populations (PBMCs and erythrocytes, respectively). At the
same time, this study has a number of methodologic
strengths. There was rigorous selection of healthy partici-
pants, including only those free of endoscopically identifi-
able colorectal neoplasms. State-of-the art biochemical
assays were used to quantify folate and global DNA meth-
ylation. Finally, folate distribution and DNA methylation
were measured in the same samples.

In summary, this study has shown that blood folate levels
should not be used as a surrogate for the colorectal mucosa.
We found no evidence that mucosal DNA methylation or
folate distribution was related to the presence of cancer
per se, suggesting that if abnormalities exist they are confined
to individual cells rather than the entire colon.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: J. Liu, L.B. Hesson, J.E. Pimanda, R.L. Ward

Development of methodology: J. Liu, L.B. Hesson, A.P. Meagher, K.N.
Rand, P.L. Molloy, R.L. Ward
Acquisitionofdata (provided animals, acquired andmanagedpatients,
provided facilities, etc.): J. Liu, A.P. Meagher, M.J. Bourke, N.J. Hawkins,
R.L. Ward
Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis): J. Liu, L.B. Hesson, J.E. Pimanda, R.L.
Ward
Writing, review, and/or revisionof themanuscript: J. Liu, L.B. Hesson, A.
P. Meagher, M.J. Bourke, N.J. Hawkins, P.L. Molloy, J.E. Pimanda, R.L. Ward
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): J. Liu, N.J. Hawkins, R.L. Ward
Study supervision: L.B. Hesson, R.L. Ward

Acknowledgments
The authors thank Dr. Francis Lam, Prof. Stephen Riordan, Dr. Carolyn

Bariol, Dr. Jeffrey Tu, and Dr. Antony Wettstein for their assistance in
collection of endoscopy samples and thankDr. Russell Pickford for technical
assistance with mass spectrometry and Dr. Michael Falster for reviewing the
statistical analyses described in this study. RLW had primary responsibility
for the final content. All authors read and approved the final manuscript.

Grant Support
This study was supported by a grant from the Cancer Council New South

Wales. J. Liu is supported by an Australian Postgraduate Award and a NSW
Cancer Institute Research Scholars Award.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received December 27, 2011; revised April 13, 2012; accepted May 1,
2012; published OnlineFirst May 18, 2012.

References
1. Nijhout HF, ReedMC, BuduP, Ulrich CM. Amathematical model of the

folate cycle: new insights into folate homeostasis. J Biol Chem
2004;279:55008–16.

2. Quinlivan EP, Davis SR, Shelnutt KP, Henderson GN, Ghandour H,
Shane B, et al. Methylenetetrahydrofolate reductase 677C->T poly-
morphism and folate status affect one-carbon incorporation into
human DNA deoxynucleosides. J Nutr 2005;135:389–96.

3. Goelz SE, Vogelstein B, Hamilton SR, Feinberg AP. Hypomethylation
of DNA from benign and malignant human colon neoplasms. Science
1985;228:187–90.

4. Feinberg AP, Gehrke CW, Kuo KC, Ehrlich M. Reduced genomic 5-
methylcytosine content in human colonic neoplasia. Cancer Res
1988;48:1159–61.

5. Duthie SJ. Folic acid deficiency and cancer: mechanisms of DNA
instability. Br Med Bull 1999;55:578–92.

6. Kim YI. Folate and DNAmethylation: amechanistic link between folate
deficiency and colorectal cancer? Cancer Epidemiol Biomarkers Prev
2004;13:511–9.

7. Brockton NT. Localized depletion: the key to colorectal cancer risk
mediated by MTHFR genotype and folate? Cancer Causes Control
2006;17:1005–16.

8. Arcot J, ShresthaA. Folate:methodsof analysis. TrendsFoodSci Tech
2005;16:253–66.

9. Liu JJ, Ward RL. Folate and one-carbon metabolism and its impact on
aberrant DNA methylation in cancer. Adv Genet 2010;71:79–121.

10. Schernhammer ES, Giovannucci E, Kawasaki T, Rosner B, Fuchs CS,
Ogino S. Dietary folate, alcohol and B vitamins in relation to LINE-1
hypomethylation in colon cancer. Gut 2010;59:794–9.

11. Powers HJ, Hill MH, Welfare M, Spiers A, Bal W, Russell J, et al.
Responses of biomarkers of folate and riboflavin status to folate and
riboflavin supplementation in healthy and colorectal polyp patients
(the FAB2 Study). Cancer Epidemiol Biomarkers Prev 2007;16:
2128–35.

12. Meenan J, O'Hallinan E, Lynch S, Molloy A, McPartlan J, Scott J, et al.
Folate status of gastrointestinal epithelial cells is not predicted by

serum and red cell folate values in replete subjects. Gut 1996;38:
410–3.

13. Kim YI, Fawaz K, Knox T, Lee YM, Norton R, Arora S, et al. Colonic
mucosal concentrations of folate correlate well with blood measure-
ments of folate status in personswith colorectal polyps. Am JClin Nutr
1998;68:866–72.

14. Kim YI, Fawaz K, Knox T, Lee YM, Norton R, Libby E, et al. Colonic
mucosal concentrations of folate are accurately predicted by blood
measurements of folate status among individuals ingesting physio-
logic quantities of folate. Cancer Epidemiol Biomarkers Prev 2001;10:
715–9.

15. Bagley PJ, Selhub J. A common mutation in the methylenetetrahy-
drofolate reductase gene is associated with an accumulation of for-
mylated tetrahydrofolates in red blood cells. Proc Natl Acad Sci U S A
1998;95:13217–20.

16. FrisoS,Choi SW,Girelli D,MasonJB,DolnikowskiGG,BagleyPJ, et al.
A common mutation in the 5,10-methylenetetrahydrofolate reductase
gene affects genomic DNA methylation through an interaction with
folate status. Proc Natl Acad Sci U S A 2002;99:5606–11.

17. Liu J, Pickford R,Meagher AP,Ward RL.Quantitative analysis of tissue
folate using ultra high-performance liquid chromatography tandem
mass spectrometry. Anal Biochem 2011;411:210–7.

18. Yetley EA, Pfeiffer CM, Phinney KW, Fazili Z, Lacher DA, Bailey RL,
et al. Biomarkers of folate status in NHANES: a roundtable summary.
Am J Clin Nutr 2011;94:303S–12S.

19. Suter CM, Martin DI, Ward RL. Hypomethylation of L1 retrotranspo-
sons in colorectal cancer and adjacent normal tissue. Int J Colorectal
Dis 2004;19:95–101.

20. Pufulete M, Al-Ghnaniem R, Khushal A, Appleby P, Harris N, Gout S,
et al. Effect of folic acid supplementation on genomicDNAmethylation
in patients with colorectal adenoma. Gut 2005;54:648–53.

21. Irahara N, Nosho K, Baba Y, Shima K, Lindeman NI, Hazra A, et al.
Precision of pyrosequencing assay to measure LINE-1 methylation in
coloncancer, normal colonicmucosa, andperipheral blood cells. JMol
Diagn 2010;12:177–83.

Liu et al.

Cancer Prev Res; 5(7) July 2012 Cancer Prevention Research928

D
ow

nloaded from
 http://aacrjournals.org/cancerpreventionresearch/article-pdf/5/7/921/2251186/921.pdf by guest on 19 M

ay 2023



22. Weisenberger DJ, CampanM, Long TI, KimM,Woods C, Fiala E, et al.
Analysis of repetitive element DNAmethylation byMethyLight. Nucleic
Acids Res 2005;33:6823–36.

23. Chalitchagorn K, Shuangshoti S, Hourpai N, Kongruttanachok N,
Tangkijvanich P, Thong-ngam D, et al. Distinctive pattern of LINE-1
methylation level in normal tissues and the association with carcino-
genesis. Oncogene 2004;23:8841–6.

24. Estecio MR, Gharibyan V, Shen L, Ibrahim AE, Doshi K, He R, et al.
LINE-1 hypomethylation in cancer is highly variable and inversely
correlated with microsatellite instability. PLoS One 2007;2:e399.

25. Friso S, Girelli D, Trabetti E, Olivieri O, Guarini P, Pignatti PF, et al. The
MTHFR 1298A>C polymorphism and genomic DNA methylation in
human lymphocytes. Cancer Epidemiol Biomarkers Prev 2005;14:
938–43.

26. Protiva P, Mason JB, Liu Z, Hopkins ME, Nelson C, Marshall JR, et al.
Altered folate availability modifies the molecular environment of the
human colorectum: implications for colorectal carcinogenesis. Cancer
Prev Res 2011;4:530–43.

27. Wong JJ, Hawkins NJ, Ward RL, HitchinsMP. Methylation of the 3p22
region encompassing MLH1 is representative of the CpG island
methylator phenotype in colorectal cancer. Mod Pathol 2011;24:
396–411.

28. Ahmadian A, Gharizadeh B, Gustafsson AC, Sterky F, Nyren P, Uhlen
M, et al. Single-nucleotide polymorphism analysis by pyrosequencing.
Anal Biochem 2000;280:103–10.

29. Quinlivan EP, Gregory JF 3rd. DNAmethylation determination by liquid
chromatography-tandemmass spectrometry using novel biosynthetic
[U-15N]deoxycytidine and [U-15N]methyldeoxycytidine internal stan-
dards. Nucleic Acids Res 2008;36:e119.

30. Rand KN, Molloy PL. Sensitive measurement of unmethylated repeat
DNA sequences by end-specific PCR. Biotechniques 2010;49:xiii–vii.

31. Smith DE, Kok RM, Teerlink T, Jakobs C, Smulders YM. Quantitative
determination of erythrocyte folate vitamer distribution by liquid chro-
matography-tandem mass spectrometry. Clin Chem Lab Med
2006;44:450–9.

32. Rychlik M, Netzel M, Pfannebecker I, Frank T, Bitsch I. Application of
stable isotope dilution assays based on liquid chromatography-tan-
dem mass spectrometry for assessment of folate bioavailability. J
Chromatogr 2003;792:167–76.

33. Huang Y, Khartulyari S, Morales ME, Stanislawska-Sachadyn A, Von
Feldt JM, Whitehead AS, et al. Quantification of key red blood cell
folates from subjects with defined MTHFR 677C>T genotypes using
stable isotope dilution liquid chromatography/mass spectrometry.
Rapid Commun Mass Spectrom 2008;22:2403–12.

34. Lamers Y, Prinz-Langenohl R, Bramswig S, Pietrzik K. Red blood cell
folate concentrations increase more after supplementation with [6S]-

5-methyltetrahydrofolate than with folic acid in women of childbearing
age. Am J Clin Nutr 2006;84:156–61.

35. Meenan J, O'Hallinan E, Scott J, Weir DG. Epithelial cell folate deple-
tion occurs in neoplastic but not adjacent normal colon mucosa.
Gastroenterology 1997;112:1163–8.

36. Ghandour H, Chen Z, Selhub J, Rozen R. Mice deficient in methyle-
netetrahydrofolate reductase exhibit tissue-specific distribution of
folates. J Nutr 2004;134:2975–8.

37. Choi SW, Friso S, Ghandour H, Bagley PJ, Selhub J, Mason JB.
Vitamin B-12 deficiency induces anomalies of base substitution and
methylation in the DNA of rat colonic epithelium. J Nutr 2004;134:
750–5.

38. CravoMJ, Pinto AG, Chaves P, Cruz JA, Lage P, Nobre Leitao C, et al.
Effect of folate supplemention on DNAmethylation of rectal mucosa in
patients with colonic adenomas: correlation with nutrient intake. Clin
Nutr 1998;17:45–9.

39. Bariol C, Suter C, Cheong K, Ku SL, Meagher A, Hawkins N, et al. The
relationship between hypomethylation and CpG island methylation in
colorectal neoplasia. Am J Pathol 2003;162:1361–71.

40. Hiraoka S, Kato J, Horii J, Saito S, Harada K, Fujita H, et al. Methylation
status of normal background mucosa is correlated with occurrence
and development of neoplasia in the distal colon. Hum Pathol
2010;41:38–47.

41. Figueiredo JC, Grau MV, Wallace K, Levine AJ, Shen LL, Hamdan R,
et al. Global DNA hypomethyation (LINE-1) in the normal colon and
lifestyle characteristics and dietary and genetic factors. Cancer Epi-
demiol Biomarkers Prev 2009;18:1041–49.

42. Herman JG, Umar A, Polyak K, Graff JR, Ahuja N, Issa JP, et al.
Incidence and functional consequences of hMLH1 promoter hyper-
methylation in colorectal carcinoma. Proc Natl Acad Sci U S A
1998;95:6870–5.

43. Ward R, Meagher A, Tomlinson I, O'Connor T, Norrie M, Wu R, et al.
Microsatellite instability and the clinicopathological features of spo-
radic colorectal cancer. Gut 2001;48:821–9.

44. Hawkins N, Norrie M, Cheong K, Mokany E, Ku SL, Meagher A, et al.
CpG island methylation in sporadic colorectal cancers and its rela-
tionship to microsatellite instability. Gastroenterology 2002;122:
1376–87.

45. Wallace K, Grau MV, Levine AJ, Shen L, Hamdan R, Chen X, et al.
Association between folate levels and CpG Island hypermethy-
lation in normal colorectal mucosa. Cancer Prev Res 2010;3:
1552–64.

46. Kawakami K, Ruszkiewicz A, Bennett G, Moore J, Watanabe G,
Iacopetta B. The folate pool in colorectal cancers is associated with
DNA hypermethylation and with a polymorphism in methylenetetrahy-
drofolate reductase. Clin Cancer Res 2003;9:5860–5.

Relationship between Folate Distribution and Global DNA Methylation

www.aacrjournals.org Cancer Prev Res; 5(7) July 2012 929

D
ow

nloaded from
 http://aacrjournals.org/cancerpreventionresearch/article-pdf/5/7/921/2251186/921.pdf by guest on 19 M

ay 2023


