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Abstract
Loss of heterozygosity (LOH) is a common type of genomic alterations in ovarian cancer.
Analyzing 74,415 copy neutral LOH events in 513 serous ovarian adenocarcinomas samples from
the Cancer Genome Atlas, we report that the frequency of LOH events increases with age. Similar
trend is observed for chromosome 17, which is frequently implicated in ovarian cancer. The
results are consistent when we analyze data from the Boston High-grade serous cancer (HGSC)
cohort. We further show that germ line and somatic mutations in BRCA1 (in chromosome 17) and
BRCA2 (in chromosome 13) loci are not necessary to establish the pattern. We also report
significant age-related changes in expression patterns for several genes in the homologous
recombination (HR) pathway such as BRCA1, RAD50, RAD52, XRCC2, XRCC3, and MRE11A
in these patient samples. Furthermore, we develop a metric for pathway-level imbalance, and
show that increased imbalance in the HR pathway i.e. increase in expression of some HR genes
and decrease in expression of others - is common, and correlates significantly with the frequency
of LOH events in the patient samples. Taken together, it is highly likely that aging and
deregulation of HR pathway contribute to the increased incidence of copy-neutral loss of
heterozygosity in ovarian cancer patients.

INTRODUCTION
Ovarian cancer is one of the most deadly cancers that affects women (Ries, et al. 2007), and
the 5 year survival rate for all stages of ovarian cancer is typically poor (~47%). It has
caused ~14,000 deaths in the United States in 2010 alone (Jemal, et al. 2010). Ovarian
cancer is typically more common in older patients – age adjusted rate increases with age,
and the older patients are more likely to have advanced disease at the time of initial
diagnosis (Yancik 1993). Systematic investigation by the Cancer Genome Atlas and other
studies reported extensive genomic alterations in ovarian cancer patients (Kan, et al. 2010;
Ruark, et al. 2013; 2011). Loss of heterozygosity (LOH) is a common class of genomic
alterations observed in ovarian cancer genomes, which occurs due to heterozygous deletion
of one allele, or duplication of a maternal or paternal chromosome or chromosomal region
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and concurrent loss of the other allele; the latter is known as copy neutral LOH. Several
historic studies have suggested that not only the age-adjusted incidence rate (Yancik 1993),
but also molecular profiles including the pattern of LOH might differ between younger and
older patients. For instance, Garcia et al. reported that ovarian cancer patients with chr17q-
LOH-positive tumors were older than those with chr17q-LOH-negative tumors (mean ages
67 and 49, respectively) (Garcia, et al. 2000). But a genome-wide systematic assessment of
copy neutral LOH patterns in a large cohort of patients was not possible until recently.

Meanwhile, in model organisms, it has been demonstrated that the incidence of LOH events
and the efficiency of DNA double strand repair mechanisms change with aging. Increasing
evidence suggest that the efficiency of these repair pathways, and more interestingly, the
preference for a given repair pathway over another can change with age (Chen, et al. 2007).
For instance, using Rr3, a repair reporter system in Drosophila, Preston et al. showed that
the incidence of homologous repair increased gradually from 14% in young individuals to
more than 60% in old ones, whereas two other repair pathways showed a age-related
decrease, and that the proportion of long conversion tracts also increased in older flies
(Preston, et al. 2006). In budding yeast, there is a significant increase in the frequency of
loss of heterozygosity (LOH) events in older diploid yeast mother cells (McMurray and
Gottschling 2003), suggesting age-dependent abnormalities in the HR pathway. Consistent
with this observation, it was reported that NHEJ, which is an alternative to the HR pathway
for DSB repair, is more efficient and accurate in young human fibroblast cells than in older
cells (Seluanov, et al. 2004). These findings have led to a speculation that age-dependent
changes in DNA repair contribute to increased LOH events in aging organisms, and that the
findings from these model organisms could be extended to humans as well (Carr and
Gottschling 2008).

Availability of systematic genomic, transcriptomic and clinical data for 529 well-
characterized high grade serous ovarian cancer samples from the Cancer Genome Atlas
(TCGA 2011) has allowed us to investigate age-related changes in the incidence of copy-
neutral loss of heterozygosity comprehensively. Here we investigate whether the frequency
of LOH events increases with age, and whether germ line and somatic mutations in BRCA1
and BRCA2 loci are necessary to establish the pattern. We validate the findings in another
cohort. Furthermore, since imperfect repair of DNA double strand break by HR pathway
leads to LOH, we also examine whether age related changes in the expression of key HR
pathway genes could explain the pattern.

METHODS
We obtained data on loss of heterozygosity (LOH), gene expression, and clinical
information for high-grade serous ovarian adenocarcinomas (serous cystadenocarcinomas)
from the Cancer Genome Atlas (TCGA 2011). All data were mapped to the human genome
version hg18/NCBI36. All statistical analyses were performed in R.

We performed extensive quality control steps to process the LOH data (Supplementary
Figure SF1). LOH status was determined by Hudson Alpha Institute for Biotechnology
using Illumina Human1MDuo SNP chip as a part of the TCGA initiative. There were 529
samples with LOH data in the initial dataset. We checked for systematic errors and batch
effects. The samples with plate-ID 0535 had significantly more LOH events and log2 signal
intensity compared to all other samples in the dataset, which could be due to biological
reasons or systematic errors, and were excluded from further analysis. In addition, several
samples had extremely large number of potential LOH events compared to all other samples;
they was excluded from further analyses as well. The final filtered dataset had 513 ovarian
adenocarcinomas samples.
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We then applied two filters to identify the most likely copy-neutral LOH events. First, we
excluded the heterozygous deletion-mediated LOH events. Copy number alteration status for
the ovarian cancer samples were analyzed the Agilent Human Genome CGH244A
microarray at Memorial Sloan Kettering Cancer Center, and processed using published
protocols (TCGA 2011). We flagged those LOH events as heterozygous deletion-mediated,
which overlapped with deletion events (aCGH log2 signal intensity ratio < −0.20) for at
least 80% of its length, and excluded from the analysis. The final list of the LOH events was
mostly insensitive to the choice of threshold for copy number detection. Second, the LOH
log2 signal intensity distribution in the original dataset had a range from 0.00 to 1.00, with a
prominent dip near 0.075. The LOH events with log2 value <0.075 could be potentially
spurious cases, although we can't rule out effects of genetic heterogeneity. In any case, we
considered only the LOH events with log2 values >0.075 for final analysis. We also
repeated the analyses with LOH events having log2 value >0.1 and >0.2, and got similar
results. After using these two filters, the final dataset had 74,415 copy neutral LOH events in
513 samples.

We obtained gene expression data for these samples from the Cancer Genome Atlas (TCGA
2011). Gene expression was analyzed using Affymetrix U133A microarray at the Broad
Institute, and processed using published protocols. Germ line and somatic mutation data for
BRCA1 and BRCA2 were obtained from the Supplementary Table S8.1 and S8.2 of the
TCGA ovarian adenocarcinoma paper (TCGA 2011).

The processed LOH calls and per SNP copy number calls for the Boston High-grade serous
cancer (HGSC) cohort were previously described (Wang, et al. 2012). We focused only on
the samples with stage ≥III and grade ≥3. For each LOH region, we counted the number of
marker SNPs in those LOH region (N), and the number of such SNPs with allelic copy
number <1.9 (n). If n/N was ≥0.8, we postulated that LOH to be deletion mediated; while
the remaining ones (n/N <0.8) as copy neutral LOH. We only considered the likely copy
neutral LOH events with size >10kb. There were 569 LOH events in 33 samples in the
filtered dataset.

To estimate pathway-level imbalance, we first analyzed expression data of a set of genes
(e.g. HR pathway genes) in the tumor samples alongside that in one (or average) normal
sample. For each gene (i) in each sample (j), we calculated the normalized difference in rank
between its expression level in the sample with that in the normal control (dij = ranki

tumor-j –
ranki

normal/number of samples). If a sample has relatively high expression (compared to
control) for all the genes (i in 1:N) in the set, average dij

i=1:N will be high and variance (e.g.
inter-quartile range, IQR(dij

i=1:N)) would be small. Similarly, for a sample with relatively
low (or moderate) expression for all the genes in the set, will have low (or intermediate)
average dij

i=1:N and small variance. In contrast, a sample with relatively high expression of
some genes (high dij), and low expression in some other (low dij) will have a high
IQR(dij

i=1:N). We have used IQR(dij
i=1:N) as a score for pathway-level imbalance in tumor

samples. This method is non-parametric, and hence unaffected by outliers. It also does not
depend on the actual expression level of the genes, or the number of genes (preferably 4 or
more genes) in the dataset.

RESULTS
We first obtained the loss of heterozygosity (LOH) data for 529 high-grade serous ovarian
adenocarcinomas (serous cystadenocarcinomas) from the Cancer Genome Atlas (TCGA)
(TCGA 2011). We performed extensive quality control steps to identify most likely copy
neutral LOH events (see Methods and Supplementary Figure SF1 for more details). In brief,
we first checked for systematic errors arising from batch, plate, or center-specific effects in
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the microarray-based LOH calls, and removed the samples with systematic biases, or those
with a considerable excess of LOH calls. We then overlaid the copy number alteration data
for the same samples, and excluded those LOH events, which are likely to arise due to
heterozygous deletion. Finally we applied a semi-supervised LOH log2 signal intensity cut-
off (≤0.075) to exclude those with a low signal to noise ratio. The final dataset had 74,415
copy neutral LOH events in 513 samples. We also obtained the age of initial diagnosis data
from the clinical data repository at the TCGA (TCGA 2011). The age of the patients in the
filtered dataset ranged from 30 to 89, with a median of 59. In particular, 196 patients were of
age ≤55 years (pre or peri-menopausal), and 317 were >55 years old (post-menopausal).

We plotted the number of LOH events per individual against the age those patients. We
found that the number of LOH events was significantly higher in older patients (Figure 1A,
p-value <0.005). The results were similar when we used alternative threshold for LOH log2
signal ratio of 0.1 and 0.2 (Supplementary Figure SF2), suggesting that our results were
insensitive to the choice of threshold.

Loss of heterozygosity on chr17 is frequent in epithelial ovarian tumors(Eccles, et al. 1992).
We examined whether the frequency of LOH events affecting chr17 also change with age,
and found that while the younger patients (age: 30–49) had fewer LOH events (mean: 3
events) on chr17, those between 50 and 69 (mean: 4.44 events), and older patients (≥70
years; mean: 5.39 events) had more LOH events on chr17 (Figure 1B), and this difference
was significant (30–49 years vs ≥70 years; Mann Whitney U test; p-value: 0.015).
Therefore, increased likelihood of chr17 LOH is also a trend associated with older patients.
We did not find significant difference in survival between the patients who had LOH in
chr17 and those who did not. The lack of statistical significance could also be confounded
by the relatively small sample size.

We then repeated the analyses using data from the Boston High-grade serous cancer
(HGSC) cohort (Wang, et al. 2012). We found that the frequency of copy neutral LOH
events significantly increased in the older patients (Figure 2A; p-value: 0.028). Moreover,
the patients with chr17 LOH were typically older compared to those who had no LOH
(Figure 2B), but it was not statistically significant due to small size of the dataset.

We also analyzed the LOH events in the TCGA glioblastoma samples (TCGA 2008), and
found that the age related patterns and also the genome-wide distribution of LOH events in
glioblastoma were different from that reported for the ovarian cancer (Supplementary text
Stx1 and Supplementary Figure SF3). It might be due to the distinct biology of
glioblastoma, but we could not rule out biases due to technical issues.

We then examined whether germ line and somatic mutation status of BRCA1 and BRCA2
contributed to the observed trend in ovarian cancer. 27 and 10 TCGA ovarian cancer
samples had BRCA1 germ line and somatic mutations, respectively; 20 and 9 had BRC2
germ line and somatic mutations, respectively; 2 samples had both BRCA1 and BRCA2
mutations (TCGA 2011). We first repeated the analysis for the samples wild type for
BRCA1 and BRCA2, and found consistent results, i.e. the number of LOH events increased
in older patients. Next, focusing on the samples with BRCA1 or BRCA2 germ line and
somatic mutations we observed similar age associated increase (Figure 1C); even though
individual datasets were too small to test for statistical significance meaningfully. For
instance, among the patients with BRCA1 germ line mutations, those with age ≤49 years
(group A according to the convention used in Figure 1B) had a mean LOH frequency of
132.7 while those with age ≥50 years (group B and C combined) had a mean LOH
frequency of 175.9. Similarly, among the patients with BRCA2 germ line mutations, those
with age ≤49 and ≥50 years had mean LOH frequencies of 44.6 and 61.5, respectively. The
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Boston HGSC cohort was too small for a comparable analysis. Taken together, our findings
suggest that in ovarian cancer the number of LOH events increases with age, and that
BRCA1 and BRCA2 mutation are not necessary to establish the pattern.

LOH events arise due to incorrect repair of DNA double strand breaks by homologous
recombination (HR) pathway (Chapman, et al. 2012; TCGA 2011). So, we then investigated
whether expression pattern of the genes in the HR pathway (BRCA1, BRCA2, RAD50,
RAD51, RAD52, RAD54B, RAD54L, XRCC2, XRCC3, and MRE11A; Figure 3) also
change systematically with age. We grouped the samples by age: 30–49 years, 50–70 years,
and 70–89 years, and plotted the distribution of expression-level of these genes. We found
that expression level of BRCA1, RAD52, and XRCC2 significantly increased with age
(Mann Whitney U test; adjusted p-value <0.05), while it significantly decreased with age for
RAD50, XRCC3, and MRE11A (Mann Whitney U test; adjusted p-value <0.05). We found
similar trends when using linear models (expression ~ age), suggesting that our findings are
not sensitive to the choice of age thresholds. Collectively, these findings suggest that,
several genes in the HR pathway show systematic change in expression with age in ovarian
cancer patients.

We then asked whether the increase in frequency of LOH events in older ovarian cancer
patients could be due to age-related change in expression of any of the HR pathway genes.
At this end, we developed a multivariate model testing for association between LOH and age
of the patients and also expression of these 11 genes simultaneously. We found that the
frequency of LOH events was significantly correlated with age (p-value: 0.00789); but
expression of none of the HR pathway genes (except RAD54L, p-value: 0.01) was
significantly related to the frequency of LOH events (p-value >0.05; Supplementary Figure
SF4). This suggests that, even though the expression of some of the HR genes changes with
age, increase in the frequency of LOH events in older patients cannot directly be inferred
from altered expression of the HR pathway genes.

Our findings guided us to revisit the age-related changes in expression of the HR pathway
genes from another angle. When some HR genes increased in expression with age, others
decreased – led us to investigate whether the balance within the HR pathway might be
affected. We developed a non-parametric model for estimating pathway-level imbalance,
and assigned a score to each sample (see Methods for details), such that (i) a sample with
concerted increase (or decrease or no change) in expression of most of the genes in a
pathway relative to normal samples would have a low score, while (ii) a sample with
considerable increase in expression of some genes and decrease in expression of some other
genes in the pathway will have a high score. The non-parametric pathway imbalance score is
conceptually similar to pathway-level variance estimators(Glaab and Schneider 2012), but it
is robust against outliers and actual expression level of the genes. Using a multivariate
model (LOH ~ age + pathway imbalance score), we found that both age and pathway
imbalance score were significantly associated with the frequency of LOH events (Figure 4;
p-value <0.006 in both cases). Furthermore, using partial correlation analysis, we found that
the effect of age on LOH frequency is independent of the pathway imbalance score
(Spearman partial correlation; p-value: 1.14e–4), and on the other hand, the effect of
pathway imbalance score on LOH is also independent of age (Spearman partial correlation;
p-value: 1.9e–06). We also obtained similar results using an alternative, parametric approach
for estimating pathway-level imbalance (Supplementary text STx2). Taken together, even
though one needs to be careful while inferring causality from correlation, in the light of
published reports (Chen, et al. 2007; Kirkwood 2005; Preston, et al. 2006), it is tempting to
suggest that both aging and deregulation of the HR pathway are likely to contribute to an
increase in LOH frequency in ovarian cancer patients.
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DISCUSSION
Here, we performed the first systematic survey of the frequency of LOH events in a large
cohort of more than 500 ovarian cancer patients, and reported that the incidence of loss of
heterozygosity is higher in older ovarian cancer patients. We also found that chr17, which is
commonly implicated in ovarian cancer also shows similar trend, and that BRCA1 and
BRCA2 mutation are not necessary to establish the pattern. We also found age-related
changes in expression in several key HR pathway genes (increase: BRCA1, RAD52, and
XRCC2; decrease: RAD50, XRCC3, and MRE11A), and reported that in addition to age,
deregulation of the HR pathway contributes to an increase in LOH events. Our results are
robust towards statistical approaches and choice of datasets.

Our findings are concurrent with the report that ovarian cancer patients with chr17q-LOH-
positive tumors are older than those with chr17q-LOH-negative tumors(Garcia, et al. 2000),
and also suggest that the increased LOH frequency not only affects chr17, but is a genome-
wide phenomenon. Furthermore, age-related changes in expression of the HR-pathway
genes are consistent with the fact that increased deregulation of DNA repair pathways is
common in older individuals - as reported in model systems(Carr and Gottschling 2008;
Chen, et al. 2007; McMurray and Gottschling 2003; Preston, et al. 2006; Seluanov, et al.
2004; 2011). Previously, Preston et al. reported that the age-related changes in DNA repair
in fruit fly did not imply an overall increase or decrease in repair capacity, but instead
followed a change in preference for non-homologous end-joining and single-strand
annealing in younger individuals to predominantly homologous recombination-driven repair
in older ones(Preston, et al. 2006). It is suspected that similar mechanisms might be
operating in human tissues as well(Carr and Gottschling 2008), contributing to age-related
increase in LOH frequency in different types of cancer. But, as reported in the gastric
mucosa (Moragoda, et al. 2002), it may not be a universal rule and one can expect to find
tissue-specific patterns. Why is HR-mediated repair relatively more frequent in older
individuals? According to the `antagonistic pleiotropy' hypothesis(Kirkwood 2005), during
early development simpler and quicker end-joining processes allow rapid repair of DNA
breaks and faster growth, which in turn might offer a significant competitive advantage for
most species, even if that comes at the cost of increased mutation burden with deleterious
consequences later in life(Engels, et al. 2007).

It was recently reported that expression of key HR pathway genes such as BRCA1, MRE11,
RAD51, but not BRCA2, declines in single mouse and human oocytes, and that specific
knockdown of BRCA1, MRE11, RAD51, and ATM expression increased DNA double
strand breaks and reduced survival(Titus, et al. 2013). We found that the expression of these
genes changed in age-specific manner in ovarian cancer patients. While deregulated HR
pathway is causally implicated in increased incidence of loss of heterzygosity and incorrect
repair of DNA double strand break (Chapman, et al. 2012), it is however difficult to pinpoint
whether deregulated DNA repair pathways are causes or consequences of tumorigenesis and
aging. Increased cell to cell stochastic variation in gene expression is a hallmark of aging
(Bahar, et al. 2006), which could be due to the increasing burden of somatic mutations in
apparently healthy individuals (De 2011), or it might arise as a result of specific
deregulation of certain metabolic pathways (Cluett and Melzer 2009). Age-associated
telomere shortening could be another confounding factor (Eissenberg 2013). Therefore,
further work is warranted. In addition, the prevalence of ovarian cancer, and also the
frequencies of BRCA mutations differ between patients from different ethnic background. In
the future, it will be informative to take into account the ethnic background of the patients,
and test whether the age-related genome-wide LOH patterns differ between different
ethnicities.
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Nevertheless, our findings have important implications for ovarian cancer biology and
treatment of the patients. In general, ovarian cancer is more common in older patients- more
than 48% of all ovarian cancers occur in women in the age group 65 years and older; the
age-adjusted incidence rates also increases with age and older patients are more likely to
have advanced disease at the time of initial diagnosis (Yancik 1993). While the patients of
age less than 45 years have 5 year survival rate of 82%, only 33% of those of age 65 years or
more survive more than 5 years (Pignata and Vermorken 2004; Ries 1993; Riggs 1995).
Furthermore, the older persons are at a higher risk for therapeutic complications than the
younger patients (Balducci and Corcoran 2000; Pignata and Vermorken 2004). The
molecular bases of these differences between older and younger patients are poorly
understood. Some of the complications might arise due to the increase in LOH events we
observe. It was recently reported that the LOH of BRCA1 locus might be involved in brain
metastasis from ovarian cancer (Sekine, et al. 2013), and that the loss of heterozygosity at
multiple markers in cell free DNA of the patients could be indicative of lymph node
metastasis (Schwarzenbach, et al. 2012). However, further work is necessary to establish the
relationship between LOH and metastasis firmly. Copy neutral LOH mediated gene
conversion can potentially replace wild-type alleles with recessive deleterious alleles,
leading to increased risk of manifestation of recessive deleterious traits, complicating the
resulting phenotype in the affected individuals. This can be a particularly complicated issue
for ovarian cancer genomes that have high frequency of LOH events. Given that many LOH
events are megabases in size, such changes have the potential to affect many genomic loci.
Given the complex relationship of ovarian cancer with several other diseases (e.g. obesity)
(Olsen, et al. 2007), loss of heterozygosity at loci harboring the disease causing variants
have the potential to compound the phenotypic consequences (e.g. increasing BMI or cross-
talk between diseases) during the course of tumorigenesis, which in turn can affect treatment
strategies. Another possibility is that, error-prone repair of these sites of genomic alterations
contributes to increased incidence of somatic point mutations (De and Babu 2010); a subset
of those in protein coding genes or conserved functional elements (De, et al. 2008) could
affect important cellular functions leading to additional complications in these patients.
Thus, increased incidence of LOH in older ovarian cancer patients may have important
implications for disease progression and treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Scatterplot showing the distribution of loss of heterozygosity (LOH) frequency for the
patients in the TCGA cohort against their age. The trend line for regression is shown in dark
grey. The p-value is shown at the top right corner. B) Frequency of LOH events affecting
chr17 in patients of different age group. C) LOH frequency in patients with germ line or
somatic mutations in BRCA1 or BRCA2. TCGA-13-1512 had germ line mutation in both
BRCA1 and BRCA2.
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Figure 2.
A) Scatterplot showing the distribution of loss of heterozygosity (LOH) frequency for the
patients in the Boston HGSC cohort against their age. The trend line for regression is shown
in dark grey. The p-value is shown at the top right corner. B) Boxplot showing the age of the
patients who had chr17 LOH against those who did not.
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Figure 3.
Change in expression level of the key homologous recombination pathway genes in young
(30–49 years, light grey), intermediate (50–69 years, dark grey) and older (70–99 years,
black) patients. Those with adjusted p-value <0.05 are shown with asterisk, and the wedges
show the direction of increase in expression.
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Figure 4.
3D scatter plot showing joint distribution of the frequency of loss of heterozygosity (LOH)
events per sample with the pathway imbalance score and age at diagnosis of the patients.
The regression plane (LOH ~ pathway imbalance score + Age) is shown in light grey. In the
3D plot, darker points are further away compared to those with a lighter shade.
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