Major Molecular Differences Between Mammalian Sexes are involved in Drug Metabolism and Renal Function
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Summary

Many obvious anatomical differences exist between males and females. These sexual dimorphisms are further manifested on a molecular level by different hormonal and chemical environments, many of which are well-studied.  However, a comprehensive investigation of the gene expression differences between males and females has not been performed. In this study we utilize DNA microarray technology to survey the expression of 13,977 mouse genes in male and female hypothalamus, kidney, liver and reproductive tissues. We observed extensive differential gene expression not only in the reproductive tissues, but also in the kidney and liver.  The majority of differentially expressed genes are involved in drug and steroid metabolism, osmotic regulation or as yet unresolved cellular roles. In contrast to the kidney and liver we observed very few molecular differences between the male and female hypothalamus in both mice and humans.  We conclude that there are persistent differences in gene expression between adult males and females in the kidney and liver. Furthermore, these molecular differences have important implications for the physiological differences between males and females.

Introduction 

Most mammals exhibit obvious phenotypic differences between the male and female sexes, and many of the hormonal, chemical and anatomical differences between males and females have been well investigated. We expect that the hormonal and chemical differences between males and females should ultimately result in differential gene expression, which in turn should control mammalian behavior and physiology.  The extent to which genes are differentially expressed in male and female adult tissues has not been investigated previously on a systematic level.  

To date only a relatively modest number of differences in gene expression between sexes have been documented, largely through the analysis of individual genes.  For example, several cytochrome p450 genes have been found to exhibit sex-specific expression in the liver (Anderson, 2002; Tullis et al., 2003). However the extent this occurs in other tissues has not been fully investigated in a comprehensive manner. Moreover, it remains to be determined what other types of genes are differentially expressed by sex. Such information is expected to help elucidate basic physiological difference between sexes and may provide important insights into the documented sex-specific propensities to diseases such as anemia, hypertension and renal dysfunction (Belperio and Rhew, 2004; Depner, 2003; Schwartz, 2003; Thompson and Khalil, 2003). 

To gain a better understanding of the molecular differences between mammalian sexes, we have utilized DNA microarrays to identify differences in the adult male and female transcriptomes.  The hypothalamus, kidney, liver and reproductive tissues were analyzed because of their importance in control of behavior (hypothalamus), physiology (kidney and liver) and reproduction (gonads). We found many significant differences in gene expression in the kidney, liver and reproductive tissues. A majority of the genes differentially expressed in the kidney and liver are involved in drug and steroid metabolism or osmotic regulation, raising important implications for the differential abilities of males and females to respond to drugs or acquire hypertension.  In contrast to the liver and kidney very few gene expression differences we observed in the adult male and female hypothalamus.

Results
Surveying the Molecular Differences Between Sexes
We have investigated patterns of gene expression in different tissues and sexes of isogenic Swiss Webster mice using DNA microarrays. Five adult mouse tissues liver, kidney, hypothalamus, ovary and testis, were studied. For each somatic tissue, triple selected poly-A mRNA was prepared from 6 independent pools (biological replicates), 3 male and 3 female.  Likewise, 3 pools were prepared from the ovary and 3 pools from the testis.  Each pool of RNA was derived from 10 individuals. Furthermore, for each biological replicate two cRNAs (technical replicates) were prepared and independently hybridized to Affymetrix MOE430A chips, designed to monitor the expression of 13,997 unique genes and expressed sequence tags (ESTs). We also compared expression patterns between the human and mouse hypothalamus.  In total we probed 71 microarrays resulting in over 1,500,000 gene expression data points.

To determine the consistency of our mouse data we calculated correlation coefficients (r) of both biological and technical replicates.  The average correlation values (r) of biological and technical replicates ranged from 0.96 to 0.99 across the five tissues. Thus, our data are highly reproducible, presumably because the variation between biological samples was minimized due to the number of individuals represented in each RNA pool. This data set is publicly available to the research community via NCBI GEO (Accession numbers: GSE1147, GSE1148). 

To asses the biological accuracy of our data set we hierarchically clustered all expression values from the 48 mouse hybridizations (Figure 1). As expected, samples within a tissue were more similar than samples from different tissues and thus clustered accordingly. To further validate the biological relevance of the data set we identified genes that were highly expressed in one and only one tissue (Figure 1B, Experimental Procedures). Presumably these genes demonstrating tissue-specific expression are important for the basic physiology of that tissue. We identified a total of 1,631 genes with tissue specific expression (Figure 1B: 152 for kidney, 342 for hypothalamus, 257 for liver, 104 for ovary and 776 for testis. As expected, genes with tissue-specific expression have functions typical of the tissue in which they were expressed (hypothalamus: neurogenesis and synaptic transmission genes, kidney: vitamin cofactor and sodium ion transport genes, liver: xenobiotic metabolism and lipid transport genes, testis: spermatogenesis genes and ovary: steroid metabolism genes. Thus, our microarray data is not only precise, but also biologically accurate. 

Sex-specific Gene Expression in the Somatic Tissues

We first examined genes with sex-specific expression patterns in somatic tissues. We searched for two types of differential expression patterns in the hypothalamus, liver and kidney: I) expression that occurs in both males and females but is significant higher in one sex relative to the other, II) expression detected only in one sex and not the other. 

To identify type I signatures we used Analysis of Variance (ANOVA) to determine genes that are differentially expressed with 99.9% confidence (P < .001). This analysis was only applied to probes considered to have significant hybridization signals using the MAS5.0 algorithm. We further required a minimum of a 3-fold differential expression between sexes. A probe was considered to have a type II pattern if the genes had significant hybridization in 5 of 6 samples and insignificant hybridization in all or all but one probe for the other sex. A total of 20 and 19 unique genes and ESTs demonstrated Type I and Type II sex-specific expression, respectively (Figures 2, 4 and 5). Five genes exhibited sex-specific expressed in all tissues and 27, 6 and 1 genes were differentially expressed uniquely in the kidney, liver and hypothalamus, respectively. 

To independently verify the sex-specific expression 14 genes (33% of total) that exhibited differential expression in the kidney or liver were randomly selected and subjected to absolute-quantification-real-time PCR using the relevant RNAs. Each of the 14 exhibited strong sex-specific expression identical or similar to that observed for in the microarray data (Figures 2b, 4b, 5b). The actual quantity differences from these experiments are listed in supplemental Table 1. Thus, we conclude that our microarray data are highly accurate and representative of normal adult female and male physiology.

The five sex-specific genes expressed in all three tissues (liver, kidney and hypothalamus) are Xist, DBY, SMCY, Eif3ay and Uty (Figures 4, 5). The latter 4 genes are encoded on the Y chromosome and are believed to be involved in tissue sexual dimorphisms (van Abeelen et al., 1989).  Xist is involved in X inactivation and is typically only expressed in females. Each of these genes is documented to have sex-specific expression patterns and thus serve as internal controls for our approach. 

Molecular Differences Between the Female and Male Kidney
A total of 27 genes were found to have sex-specific expression in the kidney (Figure 2). These genes primarily belong to three categories: 1) Drug and steroid metabolism 2) Osmotic regulation and 3) Uncharacterized. 

Nine or one-third of the genes with sex-specific expression in the kidney are involved in drug and steroid metabolism. The dominant class encodes 5 cytochrome p450 family members, Cyp7b1, Cyp2d9, Cyp4a12, Cyp2e1, and Cyp2j13. Cytochrome p450s are a family of proteins important for drug metabolism. Interestingly, each of the sex-specific cytochrome p450s were preferentially expressed in the male kidney; in fact the largely uncharacterized Cyp2j13 to be exclusively expressed in the male kidney. In addition to genes involved in drug and steroid metabolism we observed sex-specific expression in three transferases (Ugt2b5, Ugt8 and Kat2) and the corticosteroid-binding globulin.

Together these results indicate an abundance of genes differentially expressed by sex in the kidney and many cytochrome p450s are preferentially expressed in the male kidney. 

Six genes exhibiting sex-specific expression are likely to be involved in osmotic regulation of the kidney. The prolactin receptor precursor (Prlr) is primarily known for its in mammary tissue development (Bole-Feysot et al., 1998). However, Prlr also has a clear role in osmotic regulation in lower vertebrates (Brown et al., 1986; Ogawa et al., 1973) and thus may also be involved in mammalian osmo-regulation (Bole-Feysot et al., 1998). We observed a five-fold enrichment of Prlr expression in the female kidney, indicating this gene may have a sex-specific role in osmo-regulation. We also found that the Rat hypertension homologue (SaH ) is expressed 10-fold more in the male kidney compared to the female kidney. Sah has been previously been linked to hypertension susceptibility in rats (Iwai et al., 1992). Three uncharacterized organic anion transporters, Slc21a1, Slc7a12 and mOATL-6, were all found to have male (Slc21a1 and Slc7a12) and female (mOATL-6) specific expression respectively. Slc21a1 is encoded on the X chromosome, Slc7a12 is similar to Slc21a1 and mOATL-6 is a predicted organic anion solute carrier. Cyp4a12, a drug and steroid metabolism gene, was preferentially expressed in both the male kidney and liver. Cyp4a12 is known to metabolize arachidonic acid into hydroxyeicosatetraenoic acids (HETEs), which affects smooth muscle tone and ultimately blood pressure. The expression pattern of Cyp4a12 suggests production of HETEs may be regulated in a sex-specific fashion.
A sixth gene implicated in osmotic regulation is the corticosteroid-binding globulin (Cbg).  Cbg is a glucocorticoid binding protein that functions as the major transporter of glucocorticoids such as cortisol and progestins into the bloodstream of most vertebrates (Scrocchi et al., 1993). Cbg is known to be developmentally important and a familial null deletion is associated with hypertension and fatigue (Seralini, 1996; Tropy et al., 2001). However, Cbg has not been shown previously to have sex-specific expression; we found that it is expressed in the female but not the male kidney. 

The remaining six genes, demonstrating sex-specific expression in the kidney are largely uncharacterized. Gc, Xat, MGC18894, NM_144930, Timd2, 0610033EO6Rik have all been identified by ESTs and cDNA analysis, but the genes have no documented function. A majority of them are highly expressed in at least one sex; therefore, we expect them to serve an important biological role in either males or females. 

Cbg mRNA Localizes to the Cortico Medullary Junction in a Female Specific Fashion

In order to further investigate the female-specific role of Cbg in the kidney we determined the localization of Cbg mRNA in vivo using RNA in situ hybridization (RISH). Kidney sections were prepared from both males and females and hybridized with a probe complementary to Cbg mRNA. This analysis revealed that Cbg is specifically expressed in the corticomedullary junctions and only in females (Figure 3). This female-specific corticomedullay expression pattern was observed in three separate animal preparations. Staining was not observed when a noncomplementary probe was used (data not shown).  These results indicate that Cbg expression is cell-specific and also suggest that Cbg is expressed exclusively in the female collecting ducts, an important site for controlling osmotic pressure in the kidney.
Molecular Differences Between the Female and Male Liver

A majority of the 6 genes with sex-specific expression in the liver are involved in drug and steroid metabolism (Figure 4).  Three are cytochrome p450s: Cyp4a12, Cyp2b13 and Cyp3a16. Cyp4a12 also exhibited male-specific expression in the kidney. Cyp2b13 is induced by phenobarbitol and has been documented as a female-specific testosterone dehydrogenase (Lakso et al., 1991). Cyp3a16 was found to be expressed only in the female liver, but not in the male. In addition to the cytochrome p450s we also found Hsd3b5, to exhibit male-specific expression in the liver. Wong et al. observed a similar male specific expression pattern for this gene in C57BL/6 mice (Wong and Gill, 2002). Thus, similar to the kidney, a large fraction of the genes differentially expressed between sexes in the liver are involved in drug and steroid metabolism.

Sex-specific differences in the Mouse Hypothalamus

The hypothalamus exhibited very little sex-specific transcription (Figure 5). Other than the five sex-specific genes expressed in all tissues, only one additional gene, TSIX, was found to be sex-specific in the hypothalamus. As its name implies this gene is inversely transcribed to Xist and it is expressed only in the female. The low number of differentially expressed genes in the hypothalamus is surprising considering the hypothalamus has well documented sexual dimorphisms, such as the Sexually Dimorphic Region of the Pre Optic Area of the hypothalamus (Goldstein et al., 2001).

Sex-specific differences in the Human Hypothalamus

Because the number of sex-specific genes identified in the mouse hypothalamus was low, we set out to determine if this was the case in humans, which we postulated might have different male and female gene expression.  
To this end we obtained postmortum hypothalami from 7 males and 5 females, prepared RNAs from each of sample and hybridized cRNA to human U133 microarrays representing 13,624 genes and ESTs.  Technical replicates were performed for each RNA sample, except for one female sample for which only one hybridization was carried out. Type I and Type II signatures from the 23 hybridizations were identified as described.  Similar to the mouse, very few genes (10) were found to be differentially expressed in the human male and female hypothalamus using our stringent criterion (Figure 5). Seven genes on the Y chromosome all had male-specific expression. Xist and Tsix were the only two genes with female-specific expression in the human hypothalamus. In summary, the only genes demonstrating sex-specific expression in the hypothalamus are either encoded on the Y chromosome or involved in X chromosome inactivation. However, these genes do serve as a positive control for the microarray approach to survey molecular differences between sexes.

Molecular differences in the Gonads

We also investigated sex-specific differences in gene expression among the reproductive tissues. Although some transcriptional differences between the gonads have been well studied, a comprehensive analysis of differential expression between the male and female gonads has not been reported (reviewed: (Merchant-Larios and Moreno-Mendoza, 2001)). 

We first determined which genes were differentially expressed between the ovary and testis using the ANOVA stringency (a P value of .001) and minimum a 3-fold expression level difference between sexes described above. At this threshold over 4,000 genes are differentially expressed between ovary and testis.  Increasing stringency to a P value of less than 1 e-6 reveals 882 differentially expressed genes. 534 and 358 had increased expression in the testis and ovary, respectively (Supplemental Tables 2 and 3 respectively). 

We searched the Gene Ontology Database (GODB) for gene functions that were enriched in each of the reproductive tissues using GOMiner (Zeeberg et al., 2003).  Briefly, GoMiner determines which functional terms or groups are enriched or depleted in the differentially expressed genes. It also gives a statistical measure (P value) of confidence that a given functional category is over or under represented in a differentially expressed gene list. We focused on GO terms with a P value less than 1e-4, the highest confidence level provided by the GOMiner program (Supplementary Table 4). 

GOMiner analysis revealed three interesting functional classifications enriched in the 534 genes demonstrating testis-specific expression. First, pol II transcription machinery genes were enriched in the testis-specific list, consistent with the transcriptional demand of active gametogenesis in the testis. Second, we observed a paucity of gene expression for immune response genes. Of the 677 immune response genes only two were differentially expressed.  Chance predicts twenty-five based on the number of these genes in the genome.  Finally, 42 signal transduction genes showed a significantly higher level of expression in the testis. However, only 1 of the 332 genes with G-protein coupled receptor (GPCR) activity was differentially expressed in the testis. These results indicate that extensive testis-specific signaling, but not through the induction of GPCRs. 

The 358 genes expressed significantly higher in the ovary are enriched (P < 1e-4) for one specific functional category: monoxygenases. Monoxygenases are genes that reduce oxygen and transfer the reactive oxygen species to other molecules; many of these are members of the cytochrome p450 family (reviewed: (Nelson et al., 1996)). Thirty-four or 10% of the genes with ovary-specific expression encode monooxygenases; 8 of these are cytochrome p450s that are only expressed in the ovary and not in the testis.  Thus, many genes expressed preferentially in the ovary are monooxygenases and specifically cytochrome p450s.

Lastly, we searched for genes that have high, but similar expression levels in both the ovary and testis compared to all the other tissues (i.e. gonad-specific expression). Using a one-way ANOVA (Experimental Procedures) we found only 16 genes that demonstrate increased expression in both the male and female gonads compared to the somatic tissues (Supplemental Table 5). Of particular interest is Foxj1 a forkhead transcription factor expressed in endothelial tissues (Huang et al 2003). We speculate that Foxj1 transcribes gonad-specific genes.

Discussion

In this manuscript we have investigated the molecular differences between females and males by surveying the expression of 13,977 genes across different tissues and sexes.  Our findings demonstrate that there are significant gene expression differences between sexes not only in the reproductive tissue but also in the adult kidney and liver. Genes preferentially expressed by sex are mainly involved in drug and steroid metabolism or osmotic regulation in the kidney. In contrast, there are very few molecular differences between the female and male hypothalamus of both mice and men. 

We presume that if a gene is differentially expressed in one sex over an average of 3 independent dissections, spread across several months, of 10 mice each, these transcriptional features are highly stable and thus important to the cellular physiology of the respective sex in which they are preferentially expressed.  Indeed a total of 39 genes were greater than 3-fold differentially expressed by sex in the kidney, liver and hypothalamus. The most extensive sex-specific expression, 27 genes, was observed in the kidney; however, six other genes are differentially expressed in the liver and five genes are differentially expressed by sex in all tissues consistent with other studies and the nature of their function.  Together these results indicate that there is extensive sex-specific expression in the somatic tissues and predominantly in the kidney.

Over one-third, 12, of the 33 genes differentially expressed by sex in the kidney and liver are involved in drug and steroid metabolism. A majority of these, 7, encode cytochrome p450s.  These genes are well known for their active role in the liver where they metabolize drugs and other xenometabolites.  Several examples of sex-specific expression of cytochrome p450s have been documented in the liver in response to pollutants or external stimuli, many of which were confirmed in this study as differentially expressed in healthy animals (Anderson, 2002). In addition, we identified sex-specific expression of several new cytochrome p450s, including two uncharacterized members, Cyp2j13 and Cyp3a16. Importantly, our results further demonstrate that there is extensive sex-specific expression of cytochrome p450s in the kidney, a phenomenon typically thought to occur in the liver. In total our study has revealed 15 (17%) of the annotated cytochrome p450s vary in expression between sexes, not only in the liver, but also in the ovary, testis and kidney. Since cytochrome p450s, especially those in the liver and kidney, have crucial roles in drug metabolism, these results have important implications in how males and females differentially metabolize and respond to drug treatments.

A large fraction of sex-specific expression is derived from genes that potentially regulate the osmotic state of the kidney. Cbg is of particular interest since it has a well documented role in osmotic regulation and was expressed in the female kidney, but not the male kidney. Cbg binds corticosteroids such as cortisol and aldosterone, which are know to play an important role sodium and potassium homeostasis.  We found that Cbg is expressed specifically in the collecting ducts in the corticomedullary junction of the female kidney (Figure 3).  These cells play an important role in sodium reabsorbtion, which affects the osmotic state of the kidney and ultimately impacts blood pressure. Specifically, in the principal cells of the collecting ducts aldosterone binds the aldosterone receptor and allows more sodium reabsorption. Interestingly, another corticosteroid, cortisol, can also bind the aldosterone receptor. Thus, it is possible that Cbg lowers the intracellular concentration of cortisol in the collecting ducts to dampen cross-reactivity with the aldosterone receptor. Consistent with a role for Cbg in salt metabolism, a recent study of a familial null deletion of Cbg in humans was shown to be associated with hypertension (Torpy et al., 2001). Our observation that Cbg is expressed specifically in these cells and in a female-specific fashion suggest it could have an important role in osmotic regulation of the kidney and thereby affecting hypertension in females.

In addition to Cbg we observed sex-specific expression in five other genes that may differentially affect the osmotic state of the kidney. Prlr has been shown to be a key regulator of osmotic balance in lower vertebrates and potentially could been involved in osmoregulation in the mammalian kidney. Moreover, Prlr could regulate the osmotic environment in a sex-specific manner as its expression patterns suggests. Another gene strongly implicated in osmoregulation is Sah, which is expressed in mice that are susceptible to hypertension (Iwai et al., 1992). We also observed sex-specific expression in three solute carriers that could alter the osmotic environment by transporting organic ions.  Together, the differential expression of these genes may explain molecular differences in the osmotic states between male and female kidney cells. Furthermore, these molecular differences may help explain recent reports of sex-specific propensities to hypertension (Port et al., 2000).
Six genes with yet unresolved cellular functions also demonstrate sex-specific expression.  Considering more than half of the genes exhibiting sex-specific expression involved in drug and osmoregulation it is likely that many of these genes will also function in these processes. Since these genes are highly and differentially expressed it is likely that they have important cellular roles and also contribute to sex-specific physiologies in their respective tissues.

Both the human and mouse hypothalamus have very few sex-specific genes. We found 6 and 10 genes to be sex-specific in the mouse and human hypothalamus, respectively. In addition, all of these genes are either on the Y chromosome or involved in X chromosome inactivation.  Recently Galfalvly et al. published a paper describing a strategy similar to ours, but in a different region (Brodman areas 9 and 47) of the human brain (Galfalvy et al., 2003).  The sex-specific genes identified in these two studies are in strong agreement. Seven of the genes we determined to be sex-specific were also present in their list of nine genes. Thus, two independent studies found very few genes to be differentially expressed by sex in the human adult brain. In conclusion, the sexual differences in the adult hypothalumus are mediated by a small number of genes, is transient, or occurs predominantly at the protein level. 

The male and female reproductive tissues exhibited the largest amount of sex-specific expression. This is largely expected, since these tissues are sexually dimorphic. However, several interesting patterns in the types of genes that are differentially expresses were apparent.  For example, the testis is immuno-suppressed on a transcriptional level and the ovary was enriched for genes that are involved in drug and steroid metabolism.  In contrast to the large transcriptional differences between the gonads, we found 16 genes with high and similar expression in both gonads compared to all other somatic tissues. Of particular note is the forkhead transcription factor Foxj1.  Although, this gene is primarily expressed in ciliated cells (Huang et al. 2003), we observed Foxj1 enriched expression in the brain as well as the reproductive tissues. Brain and reproductive tissues also have similarities in molecular signaling mechanisms (i.e. growth factors and hormones) (Marchetti et al., 1996). Thus, these shared signaling molecules may elicit similar changes in gene expression and potentially are regulated by Foxj1. 

In this study we were limited to using whole tissues from each sex, we were also limited to one developmental time pt. Currently we are investigating the molecular differences between sexes at multiple developmental stages (e.g. puberty) as well as the molecular differences in sub-populations of cells within a tissue.  

In summary, this study presents a comprehensive analysis of tissue and sex-specific expression patterns in the five healthy mammalian tissues. Our results show that there is extensive sex-specific expression in not only the reproductive tissues, but also the somatic tissues. Moreover these transcriptional differences are observed well after puberty indicating they are important to the routine physiological differences between mature males and females. 

Experimental Procedures

RNA Sample Preparation and Microarray Hybridization

For mouse liver, kidney, ovary and testis triple selected poly A+ mRNA was purchased from Ambion (Ambion, TX). For human and mouse hypothalamus total RNA was purchased from the same vendor. All RNA samples had a ratio of 28S ribosomal RNA/16S ribosomal RNA greater than 1 indicating that significant degradation had not occurred. Each RNA sample was further treated with DNase using the “Poly-A pure kit” from Ambion. Affymetrix arrays were hybridized according to Affymetrix protocols. Details can be found at: http://keck.med.yale.edu/affymetrix/protocols/

Analysis of microarray data

Data was extracted from the Affymetrix Mouse MOE430A microarrays using MAS 5.0. As suggested by Affymetrix, spots with associated p-values greater than 0.05 are considered to have insignificant hybridization and are flagged as lacking signal, those with p-values less than .05 were flagged present as exhibiting significant expression. In order to test the reproducibility of this data linear regression was performed between biological and technical replicates for a given tissue and gender. Linear regression was performed between pairs of slides using Affymetrix IDs common to both microarrays. Each individual slide was normalized to its respective median intensity. The linear regression was again performed between slides on the normalized data yielding near identical regression coefficients (.96-.99) to the unnormalized data. The normalized data is used in all the following analyses. We also choose to treat both biological and technical replicates as independent data measurements since technical and biological replicates had similar consistency. All the microarray data can be found at NCBI GEO (Accession numbers: GSE1147, GSE1148).

Identification of Tissue-specific Genes

Using the normalized microarray data we compared for each Affymetrix ID, the data of a specific tissue pair wise against each other tissue using a one-way ANOVA (t-test). Only features flagged present were used in this analysis and we required at least two data points for each tissue in order to make the comparison. We selected the Affymetrix IDs corresponding to genes expressed higher in one tissue relative to all others by requiring that the p-value for each t-test (where possible) be less than 0.001 and that there be at least a 3 fold increase in the expression intensity of the over-expressed gene in the specific tissue. This was done for all pair wise tissue combinations.  If these criterion were met in all comparisons we considered that gene to demonstrate tissue-specific expression. 

Identification of sex-specific genes

Type I sex-specific expression – ANOVA (t-test): Using the normalized data for a specific tissue we performed a t-test between male and female expression levels for each Affymetrix ID. We are only able to do this t-test if there are at least two spots flagged present for both male and female microarrays (absent spots are excluded). We then selected only the Affymetrix IDs corresponding to genes with p-values less than 0.001. For all tissues we also required a expression ratio of at least 3 for one gender compared to the other. We also compared the expression data between testis and ovary in a similar fashion but in order to get a manageable list, a threshold the p-value at 1e-6 was established in addition to a minimum expression ratio of 3.

Type II sex-specific expression: Since for each tissue (Hypothalamus, Kidney and Liver) was analyzed by 6 microarrays for each gender, we required a given Affymetix Ids to be flagged present in 5 out of 6 samples in one sex and the same ID is flagged absent in all or all but one samples of the other sex. We also require that the average intensity of present spots be at least a factor of 3 compared to the average intensity of absent. 

Analysis of Gonad-specific expression 

Using the normalized microarray data we performed a t-tests between the expression data for testis and ovary and require that the p-value be greater than 0.1 and the ratio of mean intensities be between 0.5 and 2. We then combine the testis and ovary data and use a t-test to compare the combined data pairwise against each other tissue. We require the p-value for each of the comparisons to be less than 0.01 and that the average intensity of the combined testis and ovary data be a factor of at least 3 greater than that for each other tissue. We only perform this comparison for Affymetrix IDs where there are at least two good data point for each of the sets being compared.

RNA In Situ Hybridization

Three female and three male Swiss-Webster mice kidney sections were prepared to determine the localization of Cbg mRNA. Probes were in vitro transcribed from Invitrogen clone: 5100884. Both sense and anti-sense probes were transcribed and hybridized to tissue preparations. All animal and probe preparation were performed as described by: Petersen et al, 2002 

Real Time Quantitative PCR

Each of the samples hybridized to the human HGU133A GeneChip® (Affymetrix, CA) was reverse transcribed using Applied Biosytems (ABI, CA) “high capacity cDNA archive kit.” These cDNAs were subsequently mixed with ABIs’ “SYBR Green® PCR Master Mix,” for Real-Time PCR. These primers were further used to amplify two concentrations, 15ng and 30ng, of cDNAs prepared from each of the experimental RNA pools, each in duplicate. A specific quantity was calculated for each concentration from the average of each replicate. These specific quantities were normalized within a pool by dividing each amplification by the specifc quantity of Gapdh to give a relative quantity. Finally, the relative quantities of males and females were compared. A similar comparison was performed for the mouse samples using a relative Crtical threshold (Ct) comparison. A average Ct was calculated for the triplicate reactions and normalized to Gapdh (Ct =  X – Gapdh {X = Ct for a given sex and gene target}). The normalized Cts were then compared between sexes (Ct = M-F). Finally a fold change (M/F) was calculated from the Ct (M/F = 2^Ct). More details can be found at http://www.appliedbiosystems.com/
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Figure Legends

Figure 1: Hierarchical clustering of microarray data Each gene is represented by 48 individual hybridization measurements or probe intensities across the five tissues. The probe intensities were normalized within a chip to the median intensity of all probes on that array (intra-chip normalization). The median value of the 48 normalized probe intensities (i.e. the global median) thus serves as a reference to compare the expression of each gene across experiments (inter-chip comparisons). Probe intensities above and below the global median are denoted by shades of red or blue, respectively; those at the global median are colored yellow.  B) As expected, expression profiles from a given tissue clustered tightly together, whereas expression profiles across different tissues exhibited wider variation. Genes demonstrating tissue specific expression were representative of the normal physiology of the tissue in which they are expressed, thus confirming the biological accuracy of our data. 
Figure 2: Extensive sex-specific expression in the kidney. A) Twenty-seven genes were differentially expressed by sex in the kidney.  One-quarter, 7, of these genes are drug and steroid metabolism genes. The rest are mainly comprised of osmo-regulation genes or genes with yet unresolved cellular roles. Shades of blue represent the degree to which expression in the male is lower than the female median expression level (female specific expression). Shades of red indicate the degree to which expression in the male is above the female median expression level (male specific expression). The brightness of the color represents the amount of expression. P values of differential expression between sexes are also listed.  B) We independently verified the expression of 7 genes in the kidney using quantitative-real-time PCR. Each reaction was performed in triplicate. RT represents the amount of pooled cDNA was amplified in the reaction per cycle. 100% of the randomly selected genes demonstrated the same sex-specific expression pattern observed in the microarray data.

Figure 3: Cbg mRNA localizes to the proximal tubules in a female-specific fashion. Cbg mRNA expression was analyzed in vivo using RNA In Situ Hybridization (RISH) using sense and antisense probes to Cbg to female (left) and male (right) kidney tissue preparations.  In corroboration with the microarray data, only the female kidney preparation showed Cbg mRNA staining. Also the staining suggests that Cbg is specifically expressed in the corticomedullary junction, a site important for osmotic regulation. Together these results suggests that Cbg may be playing a sex-specific role osmotic regulation. 

Figure 4: Sex-specific expression in the liver. A) Six genes were differentially expressed by sex in the liver. A majority of which are drug and steroid metabolism genes. Shades of blue represent the degree to which expression in the male is below the female median expression level (female specific expression). Shades of red indicate the degree to which expression in the male is above the female median expression level (male specific expression). The brightness of the color represents the amount of expression. P values of differential expression between sexes are also listed. B) We independently verified 3 genes demonstrating sex-specific expression in the liver quantitative-real-time PCR. Each reaction was performed in triplicate. RT represents the amount of cDNA amplified in the reaction per cycle. 100% of the randomly selected genes demonstrated the same sex-specific expression pattern observed in the microarray data.

Figure 5: Sex-specific expression in the mouse and human hypothalamus. A) Few genes exhibited sex-specific expression in the hypothalamus of mice and men. All genes demonstrating sex-specific expression in the mouse and human hypothalamus, were either encoded on the Y chromosome or involved in X chromosome inactivation. Shades of blue represent the degree to which expression in the male is below the female median expression level (female specific expression). Shades of red indicate the degree to which expression in the male is above the female median expression level (male specific expression). .* TSIX met our stringent criterion in the hypothalamus and ovaries but was slightly under our criterion in the liver and kidney. B) We independently verified 4 genes demonstrating sex-specific expression in human hypothalamus using quantitative-real-time PCR. Each reaction was performed in triplicate. RT represents the amount of cDNA amplified in the reaction per cycle. 100% of the randomly selected genes demonstrated the same sex-specific expression pattern observed in the microarray data.

