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Abstract

Women and men have different risks for certain diseases and they often respond differently to
treatment. These differences could be due to the sex-specific differences in the expression of genes
related to primary disease susceptibility or pharmacodynamic targets. To evaluate the sex-specific
pattern of gene expression, we compared gene expression levels using a publicly available microarray
dataset of 233 (115 women and 118 men) lymphoblastoid cell lines. From the 4799 probes meeting
a specified minimal level of expression, 10 genes (P<0.005, permutation adjusted false discovery
rate less than 50%) located on autosomal chromosomes were identified using a permutation-based
approach. These genes were found to be over-represented in certain gene ontology terms of biological
process (cell adhesion, apoptosis, transcription and signal transduction), and molecular function
(structural molecule activity, zinc ion binding, transcription factor activity and protein binding). A
Kyoto Encyclopedia of Genes and Genomes pathway analysis indicated that two known pathways
are over-represented: adherens junction and cytokine-cytokine receptor interaction.
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Introduction

It is widely recognized that risks for many diseases differ between men and women. For
example, women are more likely to get multiple sclerosis, rheumatoid arthritis and migraines;
men are more susceptible to heart attacks and gout [1]. In human cancers, sex differences in
prevalence are observed for not only hormone-dependent cancers like breast cancer and thyroid
cancer (more common in women) but also other cancers including those of the lung, kidney,
bladder and pancreas (more common in men) [1]. Environmental exposures can, of course, be
different in men and women, but linkage studies on a variety of quantitative traits have shown
that men and women may have a different genetic architecture for the same phenotype [2].
Moreover, even when men and women have the same disease, the disease may progress
differently, and they may respond differently to treatment.

Sex is an important human variable that reflects the differences in reproductive systems,
hormonal environment and gene expression. These differences, especially in gene expression,
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may contribute to observed sex differences in response to drugs. For example, studies have
shown that women have more cytochrome CYP3A in the liver [3]. The overexpression of
CYP3A, which metabolizes about 50% of drugs [4], modulates the effectiveness of drugs in
women. Therefore, a genome-wide search for gender-specific differences in gene expression
could provide more clues as to the underlying mechanisms for the discrepancy in
pharmacodynamic effects of medications between men and women.

Microarray expression studies provide a high-throughput way to search the whole genome for
sex differences in gene expression. Morley et al. [5] published a database of baseline expression
levels of genes in lymphoblastoid cell lines derived from Centre d' Etude du Polymorphisme
Humain individuals from the International HapMap Project using Affymetrix Human Genome
Focus (HG-Focus) Array. The HG-Focus Array represents over 8500 verified human
sequences from the NCBI RefSeq database. We compared the expression levels between men
and women for genes with expression meeting a specified minimal threshold.

The objective of our work was to identify the genes with significant differential expression
between men and women, as well as their functions and involvement in physiological pathways
by searching GO (Gene Ontology) [6] and KEGG (Kyoto Encyclopedia of Genes and
Genomes) [7] databases. Although the physiological functions are not clear for all the identified
genes, our genome-wide search for genes with sex differences in expression provides clues to
the underlying mechanisms for the discrepancy in pharmacodynamics between men and
women.

Data from 355 expression microarrays (study GSE1485 [5], including replicates) were
downloaded from the Gene Expression Omnibus Repository
(http://www.ncbi.nlm.nih.gov/projects/geo/). Sample data came from 233 lymphoblastoid cell
lines (including 94 grandparents) derived from individuals within 24 Centre d' Etude du
Polymorphisme Humain families [5]. Among them, 115 individuals were women and 118 were
men. The samples comprised family members representing three generations from 14 families
and unrelated samples (grandparents) from 10 families (see Supplemental data for detailed
family structure and age information). Samples were processed and hybridized using the HG-
Focus Array containing 8793 probe sets [5].

Baseline expression levels measured by Affymetrix Human Genome Focus Array

The raw intensity data were normalized using a robust multiarray average [8] method to
calculate probe signal levels. To be included in our studies, probe sets had to reach a threshold
raw expression level of 50 in at least 5% of the arrays. Furthermore, X-linked or Y-linked
probes were removed from the data set. After this filtering, 4799 probe sets on autosomal
chromosomes remained in the analysis set. The raw signals were then log, transformed for
further analyses.

Comparison of sex differences in expression

We used a permutation-based t-test to identify differentially expressed genes between men and
women using all the 233 samples (115 women and 118 men) for more statistical power. The
basic test used was the standard pooled variance t-statistic. To address the problem of multiple
comparisons, the free step-down approach of Westfall-Young (W-Y) [9] was used to compute
simultaneous P values that control the overall or family-wise error rate. The permutation-
adjusted P values were then used as an empirical estimate of false discovery rate (FDR). The
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permutation-adjusted P values, based on B = 10 000 permutations, were calculated using the
software Permax, which was implemented in the R statistical package [10].

For genes of interest, we tested two additional models. The first model adjusted for family
membership to account for the relatedness among family members, whereas the second
adjusted for generation to take into account the possible effect of age on expression level. For
the family-adjusted model, all unrelated samples (94 grandparents) were grouped into one
cluster, whereas parents and children were grouped into a second cluster. For the generation-
adjusted model, the samples were grouped into three clusters: 94 grandparents, 28 parents and
111 children, respectively. A general stratified statistic for comparing probe i between men
and women is defined as

Nk

iy G nmy
W.(Xu—qu): Wi Xk
; k lik ik 2 k P— Z ijk

J=1

where x;; is the average of the expression value of probe i in either men or women within
cluster k, nqy is the number of participants in group 1 (men) in cluster k, ny, = my - nyi and
wy are cluster weights determined by cluster size. The one-sided individual P values for the
family-adjusted and generation-adjusted models were calculated using software Permax in R
[10].

To select probe sets to use in bioinformatics searches, we used a lenient cutoff value of
unadjusted P < 0.005 and permutation-adjusted FDR < 50% based on the W-Y approach [9].
The differentially expressed probes were then matched to unique genes, which were subjected
to further model testing and GO/KEGG pathway analyses.

Gene Ontology analysis

To more thoroughly characterize sets of functionally related genes differentially expressed
between women and men, we used Onto-Express [11] to classify genes according to the
following GO categories [6]: biological process, cellular component and molecular function.
GO terms overrepresented in our set of genes relative to the filtered analysis set of 4799 probes
were identified by a hypergeometric test controlled at a Benjamini-Hochberg (B-H) FDR
[12] of 5%.

Kyoto Encyclopedia of Genes and Genomes pathway analysis

The differentially expressed genes were searched against the KEGG database [7] (release 37.0,
January 2006) for known physiological pathways using Pathway-Express [11]. Pathways
overrepresented in our set of genes relative to the filtered analysis set of 4799 probes were
identified by a hypergeometric test controlled at a B-H FDR [12] of 5%.

Results and discussion

Comparison of expression and identification of differentially expressed genes

Using a permutation-based t-test following the W-Y approach, 10 probe sets out of the filtered
data set of 4799 probes of the HG-Focus Array meeting a minimal expression level were found
to be differentially expressed (P < 0.005, permutation-adjusted FDR < 50%). The main
advantage of the W-Y approach is that it fully takes into consideration all dependencies between
genes. This is extremely important for tightly correlated genes such as those involved in the
same pathway. To avoid the complication of X-inactivation, we removed all X-linked or Y-
linked probes before analysis. As expected, without filtering out X-linked or Y-linked probes,
many of them would be selected for differential expression. A separate test including the X-
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linked or Y-linked probes meeting a minimum expression level showed that 21 of them could
be selected using our approach together with nine other probes (data not shown). Filtering X-
linked or Y-linked probes improved our power of identifying differential genes. Therefore, all
identified genes are located on autosomal chromosomes. The 10 differentially expressed probes
correspond to 10 unique genes. Among these, four genes (FOXO1A, JUP, KLF2, ZNF706)
had higher expression in women and six genes (CTNND1, FEZ1, FFAR2, LGALS1, LMNA,
TNFSF9) had higher expression in men. As gene expression could be correlated among family
members and because age and age-related hormonal levels could influence gene expression,
we used general stratified models to adjust for family membership and generation. After
separate adjustments for family membership and generation, respectively, these 10 genes still
showed significant expression differences between men and women (P < 0.01). The statistics,
P values and gene annotations for the 10 genes are shown in Table 1. In addition to the HG-
Focus data, expression data were available from the Affymetrix HG-U133 Plus 2.0 Array on
a subset of our samples (eight men and eight women, unpublished data). Even with such a
small sample size, one of the 10 genes found above (JUP) also showed significantly higher
expression in women (data not shown).

Gene Ontology analysis

The three organizing principles of GO are molecular function, biological process and cellular
component [6]. A gene product has one or more molecular functions and is used in one or more
biological processes; it might be associated with one or more cellular components. We searched
GO annotations for our 10 genes of interest using Onto-Express [11]. GO terms with more than
two hits and a corrected P value less than 0.05 on the basis of a reference data set of the filtered
4799 probes are presented in Table 2. Our 10 genes of interest were found to be overrepresented
in four GO biological processes: cell adhesion, apoptosis, transcription and signal transduction,
four GO molecular functions: structural molecule activity, zinc ion binding, transcription factor
activity and protein binding and four GO cellular components: “integral to plasma membrane’,
cytoplasm, nucleus and cytoskeleton.

Kyoto Encyclopedia of Genes and Genomes analysis

The KEGG database [7] was searched for any known pathways involving our 10 genes of
interest using Pathway-Express [11]. Two genes were found to be involved in two separate
known pathways that are overrepresented (corrected P < 0.05) in our gene list (Table 2).
Particularly, CTNND21, which is a member of the overrepresented GO categories of structural
molecule activity and protein binding and whose expression is higher in men, was found to be
involved in the adherens junction pathway. TNFSF9, which is also higher in men, was involved
in another overrepresented pathway: cytokine-cytokine receptor interaction.

The fact that there are overrepresented GO terms and known pathways in the 10 differentially
expressed genes between men and women suggests their roles in regulating expression and
such physiological processes as drug response between sexes. The overall differences in
expression and other physiological processes between men and women could be the
comprehensive results of these differing regulations. The GO analysis suggests such evident
biological processes as transcription activity (KLF2, FOXO1A) through molecular functions
of zinc ion binding (KLF2) that could contribute to the gender differences in expression.
Moreover, such GO biological processes as cell adhesion (JUP, FEZ1), apoptosis (TNFSF9,
LGALS1) and signal transduction (FFAR2, ZNF706) that could possibly contribute to gender-
specific physiological processes via different responses to the cellular microenvironment
between men and women exist. A separate analysis using KEGG found that one of the final
genes, CTNNDZ1, is related to adherens junctions, which have been linked to de novo drug
resistance in tumors [13]. Although the relationship between the overexpression of CTNND1
in men and drug resistance is not clear, the E-cadherin-dependent intercellular adhesion may
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enhance chemoresistance [14]. TNFSF9, a gene involved in another overrepresented pathway
of cytokine-cytokine receptor interaction, has been found to be upregulated by treatment with
certain drugs like irinotecan in vitro [15]. The fact that TNFSF9 is involved in apoptosis signal
transduction suggests its possible role in drug response. Although the precise mechanisms
responsible for gender-specific differences in expression and physiological processes largely
remain to be identified, our results provide some clues for further investigations.

One limitation of this study is the use of the HG-Focus Array, which represents only a fraction
of the genes present in the human genome. Use of an expression chip with a more complete
coverage of the genome such as the Affymetrix U133A Array or the Affymetrix Human Exon
Array will enable a more comprehensive analysis regarding differences in expression owing
to sex. In particular, data from the Exon Array will allow researchers to assess gender-specific
effects at the exon level as well as at the gene level, and to extend investigation of gender
influence to the area of alternative splicing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2
Overrepresented GO terms and KEGG pathways for 10 differentially expressed genes and corrected P values

GO-biological process Cell adhesion (3.5 x Transcription (1.8 x Signal transduction Apoptosis (4.3 x
107%) JUP, FEZ1 10"%) KLF2, FOXO1A (1.9 x 10°) FFAR2, 10°%) TNFSF9,
TNFSF9 LGALS1
GO-molecular function Transcription factor Structural molecule Zinc ion binding Protein binding
activity (3.0 x 102 activity (6.8 x 10°) (2.8x10°%) ZNF706, (4.8 %102
KLF2, FOXO1A CTNND1, LMNA, JUP KLF2 CTNND1, LMNA
GO-cellular component Cytoplasm (4.3 x 1072 Cytoskeleton (5.6 x Integral plasma Nucleus (2.3 x
CTNND1, JUP 10"°) CTNND1, JUP membrane (2.7 x 10°%) LMNA,
102) FFAR2, ZNF706,
TNFSF9 CTNND1, KLF2,
FOXO1A
KEGG pathway Cytokine-cytokine Adherens junction (3.5
receptor interaction x 10%) CTNND1

(1.2 x 10°%) TNFSF9

GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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