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Abstract
Objective—The objective of this study was to evaluate whether mandatory fortification of grain
products with folic acid in the USA is associated with changes in DNA methyltransferase (Dnmt) 1
expression in cells involved in cervical carcinogenesis.

Methods—Archived specimens of cervical intraepithelial neoplasia (CIN) diagnosed before
(1990-92) and after mandatory folic acid fortification (2000-02) were used to examine the expression
of Dnmt 1 in specific lesions involved in cervical carcinogenesis by immunohistochemistry. The
total number of lesions examined was 101 in the pre-fortification period and 96 in the post-
fortification period. Immunohistochemical staining for Dnmt 1, its assessment and data entry were
blinded with regard to the fortification status.

Results—Age- and race-adjusted mean percentage of cells positive for Dnmt 1 or the Dnmt 1 score
was significantly higher in all lesion types (i.e., normal cervical epithelium, reactive cervical
epithelium, metaplastic cervical epithelium, CIN or carcinoma in situ) detected in the post-
fortification period compared to pre-fortification period (P < 0.05, all comparisons). The degree of
Dnmt 1 was significantly higher (P < 0.0001) in ≥ CIN 2 lesions compared to ≤ CIN 1 lesions,
regardless of the fortification group.

Conclusions—These results suggest that mandatory fortification with folic acid in the United
States seem to have resulted in a change in the degree of expression of Dnmt 1 in cells involved in
cervical carcinogenesis. Because the approach we have taken to demonstrate these differences have
limitations inherent to a study of this nature and this is the first study to report a folate fortification
associated change in Dnmt 1, validating these results in other study populations and or with other
techniques of assessing Dnmt 1 will increase the scientific credibility of these findings.
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Background
Although the addition of folic acid (synthetic form of folate, a water-soluble B vitamin) to
grain products which was mandated by the Food and Drug Administration (FDA) in 1998 was
directed toward the prevention of neural tube defects (NTDs), several other disease risks
including cancer may be affected by this. Because the methylation status of DNA plays an
important role in modifying cancer risk, we recently evaluated the status of global DNA
methylation in relation to the fortification program. We observed that the degree or the pattern
of global DNA methylation in tissues of the cervix is not altered by the fortification (1). A
recently described mathematical simulation of folate-mediated 1-carbon metabolism (2)
reported that intracellular methionine concentrations are relatively insensitive to variation in
total folate, but intracellular concentration of S-adenosyl-methionine (SAM) had a strong linear
association with total folate concentration suggesting that SAM concentrations are likely to be
elevated due to higher folate intake as a result of the folic acid fortification. Even a short term
supplementation with folic acid (1.2 mg/day for 12 week) has been shown to increase whole
blood SAM in humans (3). Because SAM is the principal substrate for cellular methylation
reactions, it is reasonable to expect that the overall methylation rate would be a function of
SAM concentration and, therefore, the total folate pool. However, these recent simulations
suggested instead that allosteric interactions between the folate and methionine cycles stabilize
the Dnmt reaction rate against variations in methionine input and folate pool size. This
phenomenon may explain the no change in global DNA methylation after higher folate intake
after the fortification program. However, it is also known that Dnmt is inhibited by S-
adenosylhomocysteine (SAH) and SAH is likely to be lower in the post fortification era due
to higher methyl availability for its conversion to SAM. This may result in higher expression
of Dnmt. Inhibition of Dnmt via high SAH has been shown to reduce methylation in promoter
regions of genes, but not at the level of global DNA methylation (4). Whether the opposite
effect may hold true, namely, reduced inhibition of Dnmt because of lower SAH is not reported,
but this possibility cannot be excluded. If this does occur, folate fortification may be associated
with higher expression of Dnmt 1 and this may result in higher methylation in the promoter
regions of specific genes without significant effects on global DNA methylation. In this study,
we investigated whether the Dnmt is over expressed in cervical tissues obtained in post
fortification period (2000-2002) compared to its expression in similar tissues obtained prior to
the fortification (1990-92).

Materials and methods
Study design

Paraffin-embedded specimens, archived in the Department of Pathology at the University of
Alabama at Birmingham (UAB), were used to evaluate the degree of expression of Dnmt 1 in
women diagnosed with CIN lesions before (1990-92) and after the initiation of the national
program on fortification of grains with folic acid (2000-02). The specimens were selected as
follows. First, we obtained diagnostic retrieval reports (which contain the date of diagnosis,
accession number, type of specimen [biopsy, curettage, etc], adequacy of specimen and
diagnosis) of women diagnosed with CIN in the two periods of interest, 1990-92 and 2000-02.
We prepared a list of all available specimens from this initial screening for women diagnosed
with different degrees of CIN (CIN 1, 2 and 3) according to the pathology report. In this
manuscript we used the first 46 and 38 subjects diagnosed with CIN 3 (according to the UAB
pathology report) from the pre- and post-fortification periods respectively. The sections stained
with H and E were requested for all these specimens and the study pathologist (WB) reviewed
them to identify the different types of epithelial cells or lesions (normal, reactive or metaplastic
cervical epithelium, CIN 1, CIN 2, CIN 3 or carcinoma in situ [CIS]). We reviewed medical
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charts in an attempt to obtain additional data on smoking, use of vitamin supplements, etc but
this information was unavailable for most women and therefore was not used in this study.
Data on race and age were available for all women. All specimens were given a code and the
individuals who were involved with immunohistochemical staining, evaluation of the degree
of Dnmt 1 expression and data entry were blinded with regard to the fortification status.

Histological Criteria and Classification of Lesions
Seven histological cell or lesion types, namely, normal, reactive, metaplastic cervical epithelial
cells, CIN 1, CIN 2, CIN 3 or CIS were identified in this study based on the histological features
of cervical epithelium in cervical sections obtained from women who were diagnosed with
CIN 3 or CIS (46 women in the pre-fortification period and 38 women in the post fortification
period). All cell or lesion types found in each section were evaluated separately for the
expression of Dnmt 1. The total number of lesions identified in pre-fortification specimens was
101 (33 normal, 10 reactive, 5 metaplastic, 4 CIN 1, 11 CIN 2, 24 CIN 3 and 14 CIS). The
total number of lesions identified in post-fortification specimens was 96 (32 normal, 14
reactive, 3 metaplastic, 4 CIN 1, 1 CIN 2, 27 CIN 3 and 15 CIS).

Immunohistochemical Analysis
Our methods of immunohistochemical analysis with various antibodies (with/without various
antigen retrieval techniques) have been reported previously [5,6]. A comparison of results with
and without different antigen retrieval techniques revealed that the protocol described below
gave the best results for the polyclonal antibody specific for Dnmt 1 (H-300, sc-20701). Briefly,
the slides containing 4μ thick paraffin tissue sections were deparaffinized in xylene, placed in
0.01M citric acid, pH 6.0, and boiled in a pressure cooker set at full power for 10 minutes.
After antigen retrieval, the sections were cooled, rinsed in deionized H2O (dH2O), and placed
in 3.5 N HCl for 15 minutes at room temperature to open the DNA. The sections were rinsed
with dH2O and treated with 3.0% H2O2 for 5 minutes to quench endogenous peroxidase
activity. Sections were incubated with preimmune goat serum (3%) for 20 minutes at room
temperature to suppress nonspecific staining and then subsequently incubated with Dnmt 1
antibody (1:100 concentration) for 1 hour at room temperature. After washing thoroughly with
Tris-buffered saline, the primary antibody was detected using a multi-species system (Signet
Laboratories, Inc., Dedham, MA). The antibody-antigen complex was visualized using a 3, 3-
diaminobenzidine substrate kit according to the manufacturer’s instructions (Biogenex, Inc.,
San Ramon, CA, USA); and lightly counterstained with haematoxylin. Slides were sequentially
dipped in 70%, 95% and 100% ethanol (3 minutes each); and then were allowed to dry slightly.
Finally, slides were dipped in xylene three times (3 minutes each) after which they were
protected with cover slips.

Assessment of Immunostaining
Immunostaining for Dnmt 1 was localized mainly in the nuclei of cells. Nuclear staining in
cells with or without cytoplasmic staining was interpreted as a positive reaction. The degree
of expression of Dnmt 1 in the nuclei was recorded independently by two observers (WCB and
JEC) as a percentage of cells positive for Dnmt 1 based on a visual assessment of the intensity
of brown reaction product within the cell nucleus on a scale of 0 (no staining) to 4+ (intense
staining). All evaluations were done separately in the basal, bottom-half and top-half layer of
the normal, reactive and metaplastic cervical epithelium and CIN 1, 2 and 3. This approach is
time consuming, but allows obtaining a more accurate estimate on the percentage of cells
positive for Dnmt 1 in each cell or lesion type. Because the basal, bottom half and top half
layers cannot be separated in CIS, one reading was given for those lesions. The degree of
expression of Dnmt 1 was reported as the total percentage of cells positive at any intensity (1-4
+) and as an intensity score which was derived by multiplying the percentage of cells positive
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for Dnmt 1 at each intensity score by the appropriate intensity score. For all cell or lesion types
except for CIS, the percentage of cells positive for Dnmt 1 or the intensity score in the basal,
bottom-half and top-half layer were averaged to obtain the average degree of Dnmt 1 expression
in each cell or lesion type. The readings from the two observers were averaged for each cell
or lesion type and thus the degree of Dnmt 1 expression reported is the average of the two
observers. In order to assure the reproducibility of results, we re-evaluated staining patterns in
randomly selected 20 cases each from the pre and post-fortification periods.

Statistical analysis
In the analyses the dependent variable was either the percentage of cells positive for Dnmt 1
or the Dnmt 1 staining intensity score. The independent variables of interest were 1) the period
of diagnosis (before or after implementation of the folate fortification program) and 2) the
diagnostic category of the tissue examined combined into ≤ CIN I which included normal,
reactive or metaplastic cervical epithelium and CIN 1 or ≥ CIN 2 which included CIN 2, CIN
3 and CIS. This grouping is based on the clinical significance of the pathological findings: the
≤ CIN I group included tissue with findings that are not considered to be true pre-neoplastic,
whereas the ≥ CIN 2 category included CIN 2, CIN 3 and CIS, which are considered to be true
pre-neoplastic lesions of the cervix. Because a patient’s specimen could contain areas with
pathologic findings compatible with more than one category, the expression of Dnmt 1 was
evaluated independently in each area and the same woman may have contributed information
on the degree of Dnmt 1 expression in more than one diagnostic category. We used statistical
methods that appropriately take into account the potential correlation of multiple findings from
the same subject.

For each diagnostic category we used the mixed procedure method in SAS with specimen ID
as a random effect and the robust variance estimator to estimate age- and race-adjusted mean
percentages of cells positive for Dnmt 1 or the intensity score for Dnmt 1 in the pre- and post-
fortification period. The difference in mean percentage of cells or intensity score in the pre-
fortification compared to the post-fortification group were considered significant at p < 0.05.
To determine whether the pattern of Dnmt expression has changed with fortification, we
assessed whether the percentage of cells positive for Dnmt 1 or the intensity score for Dnmt 1
in ≤ CIN 1 and ≥ CIN 2 specimens in the pre-fortification period was similar to that in the post-
fortification period. In an additional analysis we considered the within-woman variation in the
degree of Dnmt 1 expression across diagnostic categories. To accomplish this, we summed the
Dnmt 1 positive cells in all ≤ CIN 1 lesions and subtracted the total from the sum for Dnmt 1
positive cells in ≥ CIN 2 lesions, to obtain a within-woman Dnmt 1 difference. Next, we
compared the distribution of within-woman Dnmt 1 differences in the pre- and post-
fortification period. The mean difference in the pre-fortification period was compared to that
from the post-fortification using a t-test. A similar approach was taken to compare the results
from the re-evaluated 20 cases each from the pre and post-fortification periods.

Results
As shown in Table 1, in the pre-fortification period, 79% of the women were Caucasian
Americans (CAs) and the rest were African-Americans (AAs) while in the post-fortification
group 72% were CAs and the rest AAs. The mean age of the pre-fortification group (34.3 ±
13.5) was similar to that of the post-fortification group (31.7 ± 8.8). The expression of Dnmt
1, % cells positive or score were significantly higher in both ≤ CIN 1 lesions and ≥ CIN 2
lesions in the post-fortification period compared to the pre-fortification period (p< 0.0001 for
all comparisons). The expression of Dnmt 1 was significantly higher in ≥ CIN 2 lesions
compared to ≤ CIN 1 lesions in both pre and post fortification samples. Results from the re-
evaluated 20 cases each from the pre and post-fortification periods demonstrated exactly the
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same staining patterns (data not shown in the manuscript, but was presented to the reviewers).
Figure 1 demonstrates the higher expression of Dnmt 1 in a CIN 3 lesion (B) compared to
normal cervical epithelium (A) in pre-fortification period, higher expression of Dnmt 1 in a
CIN 3 lesion (D) compared to normal cervical epithelium (C) in post-fortification period and
higher expression of Dnmt 1 in normal cervical epithelium in the post-fortification period (C)
compared to pre-fortification period (A) and higher expression of Dnmt 1 in CIN 3 in the post-
fortification period (D) compared to pre-fortification period (B).

Discussion
Dnmt catalyzes the transfer of a methyl group from S-adenosylmethionine (AdoMet) to the 5-
position of cytosine in DNA and the specific pattern of methylation provides differential
accessibility to the DNA information code by affecting DNA-protein interactions and
chromatin condensation (7). Dnmt 1 has been shown to recognize and binds with high affinity
to DNA lesions such as base mispairs, uracil, and other unusual DNA conformations (8,9) and
these lesions are thought to be present in human pre-neoplastic lesions. This phenomenon may
explain the higher expression of Dnmt 1 in ≥ CIN 2 lesions compared to ≤ CIN 1 lesions. It
has been hypothesized that the high-affinity binding of the Dnmt 1 to un-repaired lesions in
DNA could sequester available enzyme away from the replication fork and promote passive
replication-dependent demethylation (10). It has also been hypothesized that when DNA
lesions occur within the promoter region of cancer-promoting genes the aberrant high-affinity
binding of the methyltransferase to these lesions is associated with ectopic cytosine
methylation. Therefore, in general, the increased Dnmt 1 activity is associated with genome-
wide hypomethylation and regional hypermethylation in CpG islands of tumor suppressor
genes (11) and both of these DNA changes are associated with increased risk of cancer.
Therefore, higher Dnmt 1 expression in the post fortification era is likely to have significant
risk modification effects on cancer. However, the degree of over-expression of Dnmt 1 required
for these changes to occur is unknown and may vary by the individual or population level or
may depend on specific tissues. In our recently published manuscript from the same study, we
observed that genome-wide methylation of DNA has not changed after fortification suggesting
that the degree of over-exprerssion of Dnmt 1 seen in this population is unlikely to be associated
with higher risk of cancer due to global DNA hypomethylation. However, because there have
been concerns about potential harmful effects of high folate intake on cancer risk (12,13), and
the association between promoter methylation and folate status is controversial (some studies
demonstrating that the prevalence of promoter hypermethylation was higher in individuals with
low folate intake (14) while others demonstrating an association between high folate levels
and frequent DNA hypermethylation [15]) and these concerns are still not answered, the post
fortification changes in Dnmt expression, global and gene-specific methylation should be
carefully evaluated in relation to cancer risk in future studies.

Although we demonstrate clearly that Dnmt 1 expression is higher in post-fortification samples,
the approach we have taken to demonstrate these differences have limitations inherent to a
study of this nature. Because the pre and post samples have been collected several years apart,
we cannot completely exclude the possibility that observed differences in Dnmt 1 expression
is an effect of storage time on antibody binding or due to time-dependent changes in quality
of DNA. However, other markers evaluated by immunohistochemistry in this study (global
methylation, published [1] and histone methylation and DNA damage/stability markers,
unpublished at this point) demonstrate either no change or lower degree of expression in post
fortification compared to pre-fortification suggest that time-dependent changes in DNA is
unlikely to explain the observed results for Dnmt 1. Because of the cross-sectional study design,
this study is unable to demonstrate a link between Dnmt 1 expression and cancer risk. We
attempted to associate Dnmt expression with disease risk by evaluating recurrence of pre-
cancer, progression to invasive cancer or survival. Because these patients were not actively
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followed by our institution, unfortunately we were unable to get this very important data related
to disease risk. For other cancers (example, hepatocellular carcinoma), increased expression
of DNMT1 and a parallel increase in the number of methylated genes and poor survival has
been reported (16). Therefore, reporting a folate fortification associated change in Dnmt 1 in
cervical tissues is an important preliminary finding.

Another limitation of our study is that at an individual subject level, we have no data to support
that folic acid intake, blood levels or cellular levels of folate have increased as a result of
fortification. In a population-based study, however, it is fair to assume that everyone had the
opportunity to be exposed to fortified food items after fortification had begun and there is no
question that serum folate concentrations have significantly increased after folic acid
fortification (17). Although the lack of these data can be viewed as a limitation of the study,
we believe that the results generated by this study are important preliminary findings that raise
concerns about possible adverse effects of folate fortification on cancer. Finally, because this
is the first study to report a folate fortification associated change in Dnmt 1, validating these
results in other study populations or with other techniques of assessing Dnmt 1 (eg; Q RT PCR
or western blot) will increase the scientific credibility of these findings.
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Figure 1.
Expression of Dnmt 1 in pre-fortification normal cervical epithelium (A); pre-fortification CIN
3 lesion (B); post-fortification normal cervical epithelium (C) and post-fortification CIN 3
lesion (D)
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