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Abstract

Cancer cells require large amounts of micronutrients, particularly iron, for their rapid growth and
frequent divisions. Cellular iron uptake is regulated by the transferrin receptor and the
hemochromatosis protein (HFE) system. Two frequent mutations in the HFE gene, H63D and
C282Y, are associated with hemochromatosis type I, an inherited iron overload disease and,
possibly, with cancer. In this study, we evaluated the frequency of the H63D and C282Y mutations
in a cohort of 677 consecutive cases of woman with gynecological pathologies. Cases included 80
women with tumor-free pathologies normal ovary (NOV), 124 with benign ovarian tumors (BOV),
96 with epithelial ovarian cancer (EOC) tumors of low malignant potential (LPM), 264 with
invasive tumors of the ovary (TOV) and 113 with endometrial cancer. We found that the C282Y
allele frequency in EOC patients was higher than that in the control NOV group (5.8% vs. 1.3%, p
< 0.001) and was associated with an increased risk of ovarian cancer (OR = 4.88; 95% CI 1.15—
20.61; p=0.018). The effect of the two AHFE mutations on patient survival was also analyzed.
Kaplan-Meier analyses did not find any significant association between the H63D allele and
patient survival. However, EOC patients with at least one C282Y allele had a decreased overall
survival compared to those with no C282Y allele (p= 0.001). These results indicate that the
C282Y mutation may increase the risk of developing ovarian cancer and may be further associated
with poor outcomes.
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Iron is an essential trace element that can be carcinogenic through a variety of mechanisms
including acting as an essential nutrient for proliferating tumor cells, catalyzing the
formation of mutagenic hydroxyl radicals,? and by suppressing the host immune response.34
In the past decades, several genes were identified as being central to the maintenance of iron
homeostasis.® One such gene is HFE, a major histocompatibility class I-like (MHC-I-like)
molecule, that, when mutated, may cause hereditary hemochromatosis (HH).6 HH is a
common genetic disorder in Caucasian populations that is characterized by high levels of
iron absorption from diet, which results in the presence of high circulating iron levels and
iron accumulation in the body.” As with other MHC-I molecules, HFE needs to associate
with B2-microglobulin (82m) for its appropriate expression at the cell surface.® The two
most common mutations in HFE are C282Y, a guanine-to-adenine transition leading to a
cysteine-to-tyrosine change and H63D, a cysteine-to-guanine transition causing a histidine-
to-aspartic acid change.®

HFE associates with the major protein responsible for cellular iron uptake, namely the
transferrin receptor (TfR), also called CD71. The association of HFE with TfR at the cell
surface lowers TR affinity for the circulating iron-transporter transferrin, thereby limiting
iron uptake and thus directly implicating HFE in the modulation of cellular iron levels.%-12
The C282Y mutation prevents the functional interaction between the HFE and TfR proteins
thereby increasing iron uptake. While the interaction between HFE and TfR is not affected
by H63D, this mutation fails to decrease the affinity of the TfR protein for transferrin, and
could similarly result in increased cellular iron intake.®

Tumor cells express high levels of TfR and internalize iron from transferrin at a tremendous
rate.1 /n vitro, overexpression of HFE in cancer cell lines leads to a decrease in transferrin-
mediated iron uptake and the consequent development of an iron-deficient phenotype.
11,13-16 By inference, a failure to appropriately express HFE at the cell surface, as it happens
with the C282Y mutated HFE protein, may result in an enhanced ability to capture iron and
may hence be advantageous for tumor cell proliferation.

In women, excess iron may contribute to endogenous oxidative stress that is produced in
target tissues by estrogen metabolites.? In fact, there is increasing evidence in support of an
association between inflammation and oxidative DNA damage in the estrogen-dependent
target organs of cancers, such as breast, ovary and uterus.1” At these sites, in addition to its
independent role as a proxidant, high levels of free iron may accentuate the effects of other
carcinogenic agents, such as estradiol, ethanol and ionizing radiation.18

Studies on the association of HFE mutations and breast cancer risk have led to contradictory
results, with some studies finding a positive association for both the C282Y19-21 and
H63D22:23 mutations, while others reporting no association with either mutation.24 In
contrast, there is a surprising lack of information whether HFE mutations may be associated
with other estrogen-dependent cancers, such as ovarian cancers. Furthermore, no studies
have yet evaluated the potential impact of these mutations on disease progression. The main
objective of the present study was thus to determine the frequency of the C282Y and the
H63D HFE mutations in epithelial ovarian cancer (EOC) and to evaluate their impact on
patient survival.
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Material and Methods

Patients and blood samples

Blood samples from consecutive patients, who underwent surgery within the Division of
Gynecologic Oncology at the Centre Hospitalier de I’Université de Montréal (CHUM) from
1996 to 2004, were collected and immediately processed for DNA extraction.
Histopathology, tumor grade and disease stage, as defined by the International Federation of
Gynecology and Obstetrics, were determined by an independent pathologist who reviewed
and graded the tumor samples.2> Clinical data were extracted from the “Systéme
d’Archivage des Données en Oncologie” (SARDOQ), which includes entries on tumor grade
and stage. Ovarian cancer patients were characterized as either benign (BOV) or low
malignancy potential (LMP) and invasive (TOV), which comprise the EOC tumors (mean
age of 55.1, 50.6 and 59.8 years, respectively) (Table 1). A control group of patients with
nontumor gynecologic pathologies (NOV) (mean age of 49.5 years), who had undergone
surgery, had the same diagnostic test as the cases, and were found tumor-free, was also
included in the study. Women in this group were diagnosed with diverse types of non-
neoplasic pathologies such as: cysts, endometriosis, ectopic pregnancies, fallopian tube
pathologies, polyps, fibromas and benign mesonephromas. In addition, 113 patients were
diagnosed with endometrial cancer and were included in the study (mean age of 60.9 years).
We excluded from the study patients that had cancers that were not primary to the ovary or
endometrius (mostly lung and colon metastasic cancers), and patients with germ cell and
stromal cell tumors.

The characteristics of the tumors and patient outcomes for the included 677 patients are
summarized in Table 1. The mean age of the patients was 55.2 + 12.1 years, and the mean
follow-up time was 32.7 + 34.9 months. TOV patients were significantly older than NOV
patients (0 < 0.001, ANOVA). Endometrial cancer patients were of similar age as the TOV
patients (0 =0.937, ANOVA) and served as a second control population for the development
of EOC. For survival analysis, inclusion criteria were: epithelial ovarian cancer, clinical
follow-up of at least 18 months or until death and malignant disease (TOV grades 1 to 3).
Survival was defined as survival time from surgery to death due to the disease.

This project was approved by institutional Ethics Committee of the Centre de recherche du
CHUM. Informed consent was obtained from all patients.

Assessment of HFE genotype

Hemochromatosis genotype was determined by amplification and melting curve analysis
performed in a LightCycler™ instrument (Roche Diagnostics Gmbh, Mannheim, Germany).
Reaction conditions, design of primers and fluorescent labeled hybridization probes have
been described previously.2® The two common HFE mutations were analyzed in separate
PCR reactions instead of a multiplex PCR. For participants carrying AFE mutations
additional genotyping was performed for confirmation.
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Statistical analyses

All statistical analyses were performed using the SPSS software, version 11.0 (SPSS,
Chicago, IL) and statistical significance was set at p < 0.05. Nonparametric Mann-U tests
were used to evaluate differences in allele and genotypic distributions. Risk assessments
were estimated using odds ratio and Chi-Square. For survival and progression analyses, we
used Kaplan-Meier curves coupled with the log rank test. Multivariate analysis was
performed using a forward stepwise hazard Cox regression model. To avoid an over-fitting
situation, only four categorical variables were included in the multivariate Cox regression
model.

Results

Allelic frequency and HFE genotype in patients with gynecological pathologies

A total of 677 consecutive patients were genotyped for the H63D and C282Y mutations in
the HFE gene. As it can be seen in Table 2, these patients were diagnosed with benign
tumors (BOV, 1= 124) as well as with epithelial ovarian cancer (EOC, 7= 360), with this
last group including 96 patients with low malignancy potential (LMP) and 264 patients with
invasive tumor of the ovary (TOV). Another subgroup of 113 patients were diagnosed with
endometrial cancer. The control group (NOV), was described in detail in the material and
method section, and included 80 cases. In our study, 37% of the participants (n7= 251)
carried at least one HFE mutation. When our cohort was considered jointly, the Y282 allele
frequency was 4.4% and that of the D63 allele was 16.4%. As a reference, the allele
frequency in Québec neonates has been reported as being 4.3% for the Y282 and 18% for
the D63 allele.?’

We then analyzed whether the Y282 and D63 allele frequencies varied among patients with
distinct gynecological pathologies. As shown in Table 2, most of the Y282 alleles (88.3%, 7
= 53/60) were found in patients diagnosed with BOV, LMP or TOV pathologies. When
compared to the NOV group (allelic frequency of 1.3%), the Y282 allele was statistically
more present in BOV patients (4.4%, p = 0.010, Mann-U) as well as in the ovarian cancer
LMP (6.3%, p=0.001) and TOV (5.7%, p= 0.001) groups. Similarly, when endometrial
(2.2%) and ovarian cancer patients were compared, a significantly higher frequency of the
Y282 allele was found in the ovarian cancer patient group (o= 0.003) and, within EOC, in
the TOV group (p = 0.006). Regarding the frequency of genotypes, individuals heterozygous
for the C282Y mutation (WT/Y) were more present in the BOV group (8.1%) compared to
the NOV group (2.5%), although this difference was not statistically significant (o= 0.097;
Table 2). However, compared to the NOV group (2.5%), patients with the WT/Y genotype
were more present in the EOC group (8.9%, p= 0.038) and in the malignant TOV subgroup
(8.7%, p=0.040). Moreover, the WT/Y genotype was also more present in the EOC and
TOV groups than in patients with endometrial cancer (2.7%, p=0.019 and p=0.021,
respectively). Our cohort also contained two C282Y homozygous women (Y/Y), which were
exclusively TOV patients.

In contrast to the Y282 allele, we did not observe any significant difference in the D63
allelic frequency between the NOV and the EOC population (14.4% vs. 15.8%, p= 0.336) or

Int J Cancer. Author manuscript; available in PMC 2012 March 26.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnue Joyiny gHID

Gannon et al.

Page 5

between NOV and BOV patients (15.7%, p= 0.594; Table 2). An increase in the frequency
of the D63 allele was found in endometrial cancer patients (20.4%) compared to NOV (p=
0.017), EOC (p=0.024) and invasive TOV patients (15.9%, p = 0.030). However, the
number of individuals heterozygous (WT/D) or homozygous (D/D) for the H63D mutation
was very similar between the groups with different tumor types (endometrial cancer, BOV,
LMP or TOV; p> 0.05; Table 2).

We also identified nine compound heterozygous patients carrying both mutations (D/Y
compound genotype) (Table 2). The number of these patients was evenly distributed
amongst the endometrial cancer, BOV, LMP and TOV groups, and absent in NOV. However,
no significant associations were observed, possibly due to the lower occurrences observed.

The odds ratios (ORs) for the H63D and C282Y mutations were also calculated to estimate
the ovarian cancer risk (Table 3). The C282Y carriers have significantly higher risk of EOC
than noncarriers (OR = 4.88; 95% CI 1.15 — 20.61; p= 0.018). A higher risk was similarly
observed when the analysis was restricted to patients with LMP (OR =5.57; 95% CI 1.21-
25.69; p=0.015) and TOV tumors (OR = 4.63; 95% CI 1.08-19.87; p=0.024). In contrast,
the H63D mutation was not associated with an increased risk of developing ovarian cancer.

Impact of C282Y and H63D on overall survival of TOV patients

Kaplan-Meier analyses coupled to log-rank tests were used to estimate the association
between C282Y and H63D mutations and overall survival for 246 TOV patients that had a
minimum follow-up of 18 months or until death due to the disease. As shown in Figure 1,
Kaplan-Meier analyses revealed that the C282Y mutation, but not the H63D mutation, was
associated with a decreased survival of TOV patients. In fact, TOV patients with either a
WT/Y or Y/Y genotype had decreased overall survival compared to TOV patients with a
WT/WT genotype (log-rank = 22.49, p=0.001, Fig. 18). Comparatively, there was no
significant overall survival difference for TOV patients with a WT/D or D/D genotype
compared to WT/WT patients (log-rank = 4.86, p= 0.1821, Fig. 1b).

Impact of C282Y and H63D on overall survival of serous TOV patients

Since the serous TOV disease accounts for the majority of EOC cases in our cohort and is
associated with a relatively poor patients outcome (77.6% mortality, Table 1), we determined
the effect of the HFE mutations in this specific group, which was further restricted to
patients with high-grade serous tumors, also known as type Il EOC (grade 3). As shown in
Figure 2a, high-grade serous patients with the WT/Y or Y/Y genotype were associated with
significantly shorter survival time (log-rank = 12.34, p=0.006, Kaplan-Meier). The median
survival time of WT/WT patients was 33.7 months as compared to 19.4 months for WT/Y
patients. In contrast to the C282Y mutation, the H63D mutation was not associated with
overall survival in high-grade serous EOC patients (Fig. 26). These results are consistent
with the previous finding obtained when all TOV subtypes were considered together.

The C282Y mutation is an independent predictor of overall survival in TOV patients

Finally, we compared the predictive strength of the C282Y and H63D mutations to clinical
parameters (age, stage and grade) known to be associated with overall survival of ovarian
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cancer patients. Univariate COX regression analyses in TOV patients revealed that the
C282Y mutation, age, stage and grade were all associated with reduced survival (Table 4).
Not surprisingly, the H63D mutation was not associated with survival. In a multivariate
analysis, the C282Y mutation was shown to be an independent predictor of overall survival
(HR =0.102 (WT/Y) and 0.278 (Y/Y), p=0.002 (WT/Y) and 0.101 (Y/Y)), along with
stage (HR = 2.263, p< 0.001) and age (HR = 1.029, p < 0.006).

Discussion

Our study analyzed 677 women that presented at our center with gynecological disorders,
for the two most common AHFE mutations (C282Y and H63D). An interesting observation of
our study is that the frequency of the C282Y mutation was markedly higher and statistically
significant in patients with ovarian tumors when compared with two control groups, namely
NOV (control, tumor-free cases) and endometrial cancers. Statistical analysis showed that
the presence of C282Y mutation increased the risk of TOV by 4.63 times and of LMP by
5.57 times compared to NOV.

Another important finding is that the C282Y mutation was found to be associated with
shorter survival of EOC patients. This decrease in survival time was observed both when all
EOC subtypes were considered together and when only high-grade (grade 3) serous subtype
cases were evaluated. This is important because ovarian cancer subtypes (serous,
endometrioid, mucinous and clear cell) are increasingly being considered different diseases,

with marked higher mortality being consistently observed in the high-grade serous subtype.
28

What would be the mechanism(s) by which the C282Y mutation predisposes to and
influences the outcomes of ovarian cancer? Iron levels should be considered since iron is a
potential carcinogen based on the capability of this metal to induce oxidative stress by
catalyzing hydroxyl radical formation through the Fenton reaction.? Iron-catalyzed oxidative
stress causes lipid peroxidation and protein modification, DNA damage with consequent
promotion of mutagenesis, and leads to the depletion of antioxidant defenses. In addition to
its contribution to a higher incidence of cancer via oxidative-stress pathways, iron may
further promote cancer growth as an essential cofactor for cell proliferation, since iron is a
co-factor for the ribonucleotide reductase enzyme, which is essential for DNA synthesis. In
this aspect, it is noteworthy that the incidence of ovarian cancer is higher in postmenopausal
than in premenopausal women, stages that are characterized by profound changes in body
iron levels. In fact, as a result of menstrual cessation, body iron levels tend to increase
sharply after menopause.2%-3! Unfortunately, we were unable to determine whether the
associations with genotype were mediated through body iron stores because traditional
measurements of iron, such as serum iron, ferritin and transferrin saturation might have been
confounded by anemia associated with their cancer.32:33 However, in our cohort, we found
only two patients that were homozygous for the C282Y mutation and developed an ovarian
carcinoma with very short survival time after diagnosis. These are the patients that would
have been at risk to develop significant iron overload compared to women presenting with
any other HFE genotype.34-36 In fact, while the C282Y heterozygotes have marginally
increased serum ferritin and transferrin levels, unless combined with H63D mutations
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(compound heterozygotes), these individuals are not at increased risk of developing iron
overload.34 Still, it is possible that the sharp accumulation of iron that occurs after
menopause may be accelerated and aggravated in women carrying a single copy of the
C282Y mutation, thereby increasing the chances of developing an ovarian cancer. Moreover,
there is some evidence that HFE-related increased expression of TfR and consequent effect
on tumor cellular homeostasis may modulate drug-induced apoptosis and ensure the survival
of cancer cells,3”38 which ultimately would affect patient outcomes.

There are other mechanisms that may also explain the association between HFE genotype,
ovarian cancer incidence and outcomes. HFE, as a nonclassical MHC class-like molecule,
has been proposed to have an immunological function. In fact, the C282Y mutation
interferes with the normal expression of MHC-1 molecules and impairs the MHC-I
presentation pathways,3° and there is some evidence indicating that HFE molecules may be
directly recognized by a subset of T cells.*0 MHC-I and T cell recognition are fundamental
in the shaping of the T cell repertoire and, intriguingly, altered CD4/CD8 T cells ratios have
been observed in HH patients.# In turn, evidence that immune responses are important in
ovarian cancer has been provided by a study revealing that immune responses and, more
specifically, the presence of intratumoral T cells are associated with clinical outcomes in
advanced ovarian cancer.42

On the other hand, the C282Y mutation, by preventing the correct association of HFE with
B2m,843 causes the retention of misfolded HFE molecules in the endoplasmic reticulum
(ER) and can trigger the unfolded protein response (UPR).** Importantly, there is increasing
evidence that the UPR response is associated with tumor progression and therapy resistance.
45 |n fact, cancer cells may adapt to ER stress and evade stress-induced apoptotic pathways
by activating UPR branches.#6:47 The HFE C282Y mutation could contribute to this process
either by accelerating or differentially activating UPR branches linked to tumor cell
resistance.*8

Finally, we cannot completely rule out that other mechanisms, such as linkage
disequilibrium with other genetic variants at risk on chromosome 6p,*° were the HFE gene
is located, might explain the association between C282Y heterozygosis, risk of ovarian
cancer and survival.

In summary, we identified the C282Y mutation in the HFE gene as a possible risk factor to
develop epithelial ovarian cancer. We also observed, for the first time, an association
between the presence of the C282Y mutation and a shorter survival in ovarian cancer
patients, which indicates that the HF£ C282Y mutation may act as a modifier of ovarian
cancer disease progression. Whether this is due to iron dysregulation or some other function
of the HFE gene remains to be determined. Additional studies including larger cohorts of
patients would be needed to reinforce these results and understand the biologic role of HFE
in ovarian cancer occurrence and progression, which may very well be also relevant to other
cancers.
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Abbreviations

BOV benign tumor of the ovary

EOC epithelial ovarian cancer

HH hereditary hemochromatosis

HR hazard ratio

LMP low malignant potential

MHC-I major histocompatibility class |

NOV normal ovary

OR odds ratio

TfR transferrin receptor

TOV invasive tumor of the ovary

UPR unfolded protein response
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Figure 1.

Kaplan-Meier survival curves for the entire group of TOV patients according to HFE
genotype. For patients with invasive epithelial ovarian cancer overall survival curves are
shown for (8) WT/WT, WT/Y, Y/Y and D/Y patients and (6) WT/WT, WT/D, D/D and D/Y
patients. D represents H63D allele. Y represents the C282Y allele. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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overall survival curves are shown for (&) WT/WT, WT/Y, Y/Y and D/Y patients and (4)
WT/WT, WT/D, D/D and D/Y. D represents H63D allele. Y represents the C282Y allele.

[Color figure can be viewed in the online issue, which is available at
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