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Abstract

Catechol estrogens are carcinogenic, probably because of their estrogenicity and potential for
further oxidative metabolism to reactive quinones. Estrogenic quinones cause oxidative DNA
damage as well as form mutagenic depurinating adenine and guanine adducts. O-Methylation by
catechol- O-methyltransferase (COMT) blocks their estrogenicity and prevents their oxidation to
quinones. A single gene encodes both membrane bound (MB) and soluble (S) forms of COMT.
The COMT gene contains 34 single nucleotide polymorphisms (SNPs). The valine108 (S-COMT)/
158 (MB-COMT) SNP encodes a low activity form of COMT and has been widely studied as a
putative risk factor for breast cancer, with inconsistent results. Investigations of two other SNPs in
the promoter of MB-COMT that may affect its expression have also provided mixed results.
Future studies on the role of COMT in breast cancer should incorporate measurement of
biomarkers that reflect COMT activity and its protective effects.

Introduction

Axelrod and Tomchick first described and characterized catechol- O-methyltransferase
(COMT) in the cytosolic fraction of liver and other organs as the enzyme responsible for
catalyzing the O-methylation of catecholamine neurotransmitters [1]. COMT also
methylates catechol xenobiotics and catechol metabolites of estradiol and estrone (E2, E1)

[2] (Fig. 1).

A single gene encodes COMT, Fig. 2, with 80% protein sequence similarity between rat and
human [3]. COMT is expressed in two forms from two promoters, a 24 kDa cytosolic
protein (S-COMT) and a 30 kDa membrane-bound protein (MB-COMT) [2,3]. The
additional N-terminal region in MB-COMT contains membrane anchoring hydrophobic
amino acids [4]. In humans, with the exception of brain, S-COMT is expressed at greater
levels than MB-COMT. MB-COMT has been localized to the endoplasmic reticulum and
variably on the plasma membrane and nuclear envelope in a variety of cell types [5,6] and in
breast epithelial normal and tumor tissue [7]. COMT expression is greatest in liver and
kidney.

O-Methylation of catechol estrogens

COMT catalyzes O-methylation of 2-OHE2/E1 at the 2-OH and 3-OH positions and of 4-
OHE2/E1 at the 4-OH position with the methyl group derived from S-adenosylmethionine.
The catechol metabolites of E2 and E1, particularly 4-OH E2/E1, have been shown to be
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carcinogenic [8,9]. They are estrogenic with the relative estrogenicity of 4-OHE2 > 2-OHE2
= E2[10-12]. O-Methylation by COMT eliminates their estrogenicity. The E2/E1 catechols
also undergo oxidative metabolism to quinones that can redox cycle to form reactive oxygen
species (ROS). ROS cause oxidative DNA damage and the estrogen quinones, especially the
4-OH E2/E1-derived quinone, form depurinating adducts with adenine and guanine [13].

COMT plays a central role in protection from formation of DNA damage as shown in Fig. 3.
In MCF-7 cells, inhibition of COMT increased the amount of oxidative DNA damage (8-
0x0-dG) [14]. In MCF-10F cells, COMT inhibition dramatically increased the amount of
estrogen 4-OH-quinone depurinating adducts [15]. These results are consistent with the
notion that COMT is a “‘gate keeper’ phase Il enzyme responsible for blocking the
estrogenicity of catechol estrogens and preventing their oxidative metabolism to genotoxic
quinone metabolites. Furthermore, as illustrated in Fig. 1, 2-MeE2 has anticarcinogenic and
cardioprotective effects mediated through anti-angiogenic and growth inhibitory effects
[11,16-19]. Thus, COMT-mediated O-methylation of the 2-OHEZ2 catechol estrogen not
only blocks its potential estrogenic and genotoxic effects but generates a potentially
protective metabolite.

COMT gene structure and polymorphisms

The COMT gene is located on chromosome 22 and contains six exons, the first two of which
are noncoding [2-4], Fig. 2. Promoter P1 regulates expression of a 1.3 kb S-COMT mRNA.
Promoter P2 regulates the expression of a 1.5 kb mRNA that includes noncoding exons 1
and 2 [3,4].

The COMT gene is polymorphic. While COMT activity was known to vary among
individuals, a seminal familial study of human erythrocytes revealed that a low activity
phenotype was inherited as an autosomal recessive trait [20,21]. The low activity form of
COMT had one-third to one-quarter of the activity of the wild type (WT) enzyme and
exhibited thermolability [20]. The single nucleotide polymorphism (SNP) responsible [22] is
a G>A nonsynonymous mutation in exon 4 causing a change of valine108 (S-COMT)/158
(MB-COMT) to methionine, Fig. 2. The mutation is not in the catalytic domain and does not
affect its kinetic capacity [23-25]. The Val108/158Met SNP is common in the Caucasian
population with an allele frequency of approximately 50%. Thus 25% of Caucasians are
homozygous for the low activity form of COMT. This mutation has been widely studied
with regard to its association with neurological diseases and cancer (see below).

Numerous additional polymorphisms have been identified. The COMT gene was
resequenced from exon 2 through 6 [26]. Of the 24 SNPs detected, one was a novel second
nonsynonymous polymorphism, Ala52/102Thr only observed in African American women
(Fig. 2). Saito et al. analyzed DNA from 96 Japanese subjects and detected 34 SNPs [27]. Ji
et al. resequenced DNA from Caucasian subjects with inclusion of 1 kb on each side of exon
1 and detected 33 SNPs [28]. In particular, two SNPs designated 5’FR(-628; C>T;
rs2020917) and 11(701; A>G; rs737865) located in the P1 promoter (Fig. 2) were associated
with reduced breast cancer risk ([28] and see below).

Determinants of COMT expression and activity levels

Expression vectors for the WT and the two nonsynonymous alleles encoding the variant
forms of S-COMT, Thr102 and Met108 (Fig. 2) were transfected into COS-1 and HEK293
cells for functional analysis [26]. Compared to WT, COMT activity was reduced in cells
expressing Met108 but not in cells expressing the Thr52 variant. The Met108 variant
demonstrated thermo instability, as expected, whereas the Thr52 variant did not. Kinetic
analysis revealed small differences in Km that were not sufficient to account for differences
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in activity. However, Western blot analysis demonstrated a reduced amount of Met108 S-
COMT protein and a somewhat increased amount of Thr52 protein.

These studies were extended to 33 human liver biopsy samples genotyped for the Met108 S-
COMT polymorphism. The amount of COMT protein present in homogenates was
significantly reduced in subjects homozygous for the Met108/158 allele [26]. In a similar
study of human hepatocytes from 31 female Caucasian subjects we observed significantly
reduced S-COMT activity and protein in samples from individuals homozygous for the
Met108/158 allele compared to heterozygous and WT individuals [29]. In a subsequent
study using human breast tumor-derived cell lines we found the half-life of WT S-COMT to
be unexpectedly long, 4.7 days, and to be significantly shortened to 3.0 days in Met108/158
variant allele homozygous cells, consistent with their reduced level of S-COMT protein and
activity [30]. No significant difference in the rate of S-COMT synthesis was detected. These
studies [26,29,30] confirm that the Val108/158Met polymorphism, while not affecting
catalytic activity, affects protein stability, with the increased turnover perhaps due to altered
conformation making it more susceptible to recognition by cellular protein degradation
processes.

A study by Ji et al. [28] demonstrated that the SNPs mentioned above in the promoter region
can alter nuclear protein binding and affect COMT expression. Similarly, COMT expression
can also be affected by synonymous SNPs that alter mMRNA secondary structure potentially
affecting its translation and/or degradation [31]. While it is accepted that the val108/158
SNP is responsible for the most of the interindividual differences in COMT activity levels,
these results clearly demonstrate that haplotypes comprising other nonsynonymous and
synonymous SNPs can alter protein levels and demonstrate the importance of functional
haplotype analysis in attempts to associate polymorphisms with diseases.

COMT levels exhibit a gender difference, with expression in liver greater in males than
females, a reduction in hepatic levels following estrogen exposure as well as variations in
level during the estrus cycle [2,32]. Treatment of estrogen receptor-expressing MCF-7 cells
with low physiologically relevant concentrations of E2 for 48 hours caused a concentration-
dependent reduction in COMT mRNA [32]. Sequencing of promoter P1 and P2 regions
revealed the presence of putative transcription factor binding elements including five half
palindromic estrogen response elements (ERE) in P1 and three in P2. Functional analysis
demonstrated that ERE 1 and 2 in P1 and ERE 8 in P2 are crucial for E2 responsiveness
[32]. These results indicate that endogenous estrogen levels modulate COMT gene
expression.

COMT polymorphisms in breast cancer

Given the potentially important protective role of COMT, we hypothesized that the
Val108/158Met SNP encoding the low activity form would be a risk factor for breast cancer
and conducted one of the first nested case control studies to test this hypothesis [33].
Postmenopausal women homozygous for the low activity allele had increased breast cancer
risk with an Odds Ratio (OR) of 2.2 that approached significance (95% Confidence Interval
[CI], 0.93-5.11). The risk was increased in postmenopausal women with a Body Mass Index
>24.47 kg/m? (OR, 3.58; 95% Cl, 1.07-11.98) and in post-menopausal women who were
either glutathione S-transferase (GST) M1 null (OR, 4.10; 95% Cl, 1.17-14.27) or GSTP1
intermediate/low activity (OR, 3.40; 95% CI, 1.17-12.33). Shortly thereafter several
additional studies examining the effect of this low activity polymorphism on breast cancer
risk were published, with three showing an increased risk [34-36] and one not finding an
association [37].
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There have been several recent reports describing results from meta-analyses of the many
subsequent studies on the association of the COMT low activity SNP with breast cancer risk.
Ding et al. analyzed data from 26 studies, 16,693 breast cancer subjects and 18,261 controls
[38]. The authors concluded that the ‘COMT val158Met polymorphism may be a low
penetrant risk factor for breast cancer development in the European population’ [38].
Actually, this conclusion is somewhat misstated in that their results suggest that the COMT
low activity SNP is a protective factor, not a risk factor. Xi ef a/[39] criticized several
aspects of this study including that it presented data that differed from those presented in the
original studies. Furthermore, the result indicating a possible protective role for the low
activity genotype runs counter to the protective role of COMT as important in the
inactivation of estrogenically active and genotoxic catechol metabolites of E2/E1. In another
study, Mao et al. [40] analyzed data from 41 studies, 25,627 breast cancer cases and 34,222
controls and found no association between the low activity val108/158met SNP and breast
cancer. Finally, He et al. [41] conducted a meta-analysis of 44 studies, 30,199 breast cancer
cases and 38,922 controls and found no association of the low activity allele with breast
cancer risk. By contrast, when conducting a stratified analysis by ethnicity, menopausal
status and family history they observed a small protective effect of borderline significance
among Caucasian subjects, OR, 0.96; 95% CI, 093-1.00 [41]. However, because this SNP
lowers COMT levels, as mentioned previously, from a biological perspective, these results
are inconsistent with what we currently know about the protective role of COMT. Together,
these results demonstrate that without some measure of COMT expression or activity it is
difficult to interpret results from these types of SNP association studies.

What are potential confounding factors that could account for these inconsistent results?
First and foremost, these meta-analyses have only analyzed individual studies with this
single SNP. As mentioned previously, the effect of the mutation is relatively small as
indicated by the low ORs in most studies. There are multiple genetic and other determinants
of the levels of estrogen catechols and reactive quinone metabolites that may be formed.
Even in our first study, we found other factors that influenced breast cancer risk associated
with the low activity SNP, for example BMI [33]. Other genetic determinants include the
activity of the cytochrome P450s involved in catechol and quinone formation (e.g.
CYPI1B]I), the activities of Phase Il enzymes involved in quinone inactivation (e.g. GSTSs,
quinone reductase), DNA repair capacities, among others.

Some studies have combined the COMT low activity SNP with putative high risk SNPs of
other genes involved in the metabolism of E2 and the quinone metabolites and protection
from ROS. For example, Cerne et al. [42] analyzed the combined effect of the putative high-
risk genotypes for CYP1B1, COMT, GSTP1and MnSOD on breast cancer risk in
postmenopausal women, 530 cases and 270 controls. There was no association of risk with
any of the four high risk variant SNPs alone. However, the presence of both the CYP1B1
high activity val432 and COMT low activity met108/158 SNP was associated with an
increased risk, OR 2.0, 95% CI 1.1-3.5. A similar increased risk was observed in the
presence of high risk SNP for MnSOD and COMT, OR 2.0; 95% ClI, 1.0-3.8 [42]. A
limitation of the studies on associations of polymorphisms in genes involved in estrogen
metabolism is that given limits on the number of subjects that can be included, only
combinations of the SNPs of a few genes at most can be analyzed.

Another factor that could contribute to differences between individual studies is the presence
of other polymorphisms within the COMT gene that may alter the conformation of COMT
MRNA and affect its ability to be translated as mentioned above [28, 31]. Ji et a/. [28]
reported the results from a study in Caucasians of the association of 15 COMT SNPs that
were genotyped in 750 breast cancer cases and 732 controls at the Mayo Clinic. They found
no association of increased risk with the low activity Met108/158 SNP, but as mentioned
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previously, they did observe a reduction in risk associated with the two common SNPs
present in promoter P2 for MB-COMT mentioned above that functional studies indicated
could effect COMT gene expression. The allele specific ORs were: SNP rs2020917, OR,
0.70, 95% ClI, 0.51-0.92; SNP rs737865, OR, 0.68, 95% Cl, 0.51-0.92. They repeated this
analysis in two other independent case control studies and found similar results in one but
not in another, again suggesting that other factors can affect the expression of the phenotype,
and again pointing to the need for determination of some direct measure of COMT
expression or activity.

It is also possible that exposures to various drugs or environmental chemicals that are
catechols or are metabolized to catechols could affect COMT activity and SNP penetrance.
Chemicals such as metabolites of zeranol [43], flavonoids, quercetin and selected
polychlorinated biphenol catechols are COMT substrates (see [4,25] for references) and
could affect COMT protein levels or inhibit its activity toward the endogenous estrogen
catechols and thus modify risk associated with COMT SNPs.

Conclusions

Estrogen catechol metabolites are carcinogenic and it is probable that the mechanism
involves both their estrogenicity and oxidative metabolism to genotoxic quinones. COMT is
a gatekeeper phase Il enzyme that O-methylates the catechols blocking their estrogenicity
and further metabolism. Common SNPs in COMT that affect its activity and expression
have been extensively studied as risk factors for breast cancer. However, the penetrance of
the phenotype encoded by these SNPs is low and their impact on breast cancer risk in
different populations is not consistent, perhaps because SNPs in other genes and
environmental chemicals that are COMT substrates may also vary and impact the effects of
COMT. Future investigations into the role of estrogen catechols, COMT and other genes
involved in estrogen metabolism and their SNPs must collect samples for the measurement
of specific biomarkers of metabolites hypothesized to be on the causative pathway. For
estradiol, this would involve determination of the levels of the E2/E1 catechol metabolites,
in particular 4-OHE2/E2 or even more appropriately, the specific adenine and guanine DNA
adducts and markers of oxidative DNA damage that can be detected in urine and plasma. It
is only through this approach that the role of catechol estrogens and SNPs in the enzymes
involved in their formation and inactivation, for example COMT, GSTs and others, can be
determined.
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Figure 1.

Endogenous COMT substrates. O-Methylation of endogenous catechols, catecholamine
neurotransmitters and catechol estrogens by COMT results in their inactivation. However, 2-
MeE2 has been shown to be anticarcinogenic and cardioprotective.
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Figure 2.

Human COMT gene structure and selected polymorphisms. The COMT gene comprises Six
exons indicated by the boxes. Open boxes represent untranslated exons and stippled boxes
translated exons. Common SNPs discussed in the text are indicated along with the
translation initiation and termination sites for MB- and S-COMT.

Information in this figure was derived from [3,4,28,31,44].
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Figure 3.

Effect of COMT inhibition on E2 or 4-OH E2-induced DNA damage. The amount of
oxidative DNA damage represented by 8-Oxo-dG is indicated on the left ordinate and solid
bars; the amount of 4-OHE1/E2 quinone-derived DNA adducts is indicated on the right
ordinate and stippled bars. Data in this figure were taken from [14,15].
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