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Abstract
Pathologies of sexual development are common in humans and reflect the
precarious processes of sex determination and sexual differentiation. The gonad forms
as a bipotential organ, and recent results from the Capel lab revealed that it is initially
balanced between testis and ovarian fates by opposing and antagonistic signaling
networks. In XY embryos, this balance is disrupted by the transient expression of the Ylinked gene, Sry, which activates genes that promote the testis pathway and oppose the
ovarian pathway. While the roles of a few genes have been defined by mutation, current
evidence suggests that the interactions of many genes and signaling pathways are
involved in the establishment of sexual fate. For example, most cases of disorders of
sexual development (DSDs) are unexplained by mutations in known sex determination
genes. In addition, recent microarray studies in the mouse revealed that nearly half the
transcriptome is expressed in the gonad at the time of sex determination (Embryonic day
11.5, or E11.5), and as many as 1,500 genes are expressed in a sexually dimorphic pattern
at this early stage. Thus the sexual fate decision in the developing gonad likely depends
on a complex network of interacting factors that converge on a critical threshold.
To begin to elucidate the transcription network topology underlying sex
determination, we exploited two inbred mouse strains with well-characterized
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differences in sex reversal. The common inbred strain C57BL/6J (B6) is uniquely
sensitive to XY male-to-female sex reversal in response to a number of genetic
perturbations, while other strains, including 129S1/SvImJ (129S1) and DBA/2J (D2) are
resistant to sex reversal. We hypothesized that these strain differences in gonad
phenotype likely result from underlying expression differences in the gonad at the
critical timepoint of E11.5. Using microarrays, we identified significant, reproducible
differences in the transcriptome of the E11.5 XY gonad between B6 and 129S1 indicating
that the reported sensitivity of B6 to sex reversal is consistent with a higher expression of
a female-like transcriptome in B6 XY gonads. Surprisingly, a well-characterized master
regulator of the testis pathway, Sox9, was found to be upregulated in the sensitive B6
background, which may serve as a compensatory mechanism to counteract the femaleleaning transcriptome and activate the testis pathway in wild type B6 XY gonads.
We extended our expression analysis to a large set of F2 XY gonads from B6 and
129S1 intercrosses. From each pair of gonads, we analyzed the expression of 56 sexassociated genes by nanoliter-scale quantitative RT-PCR (qRT-PCR). The expression
levels of most genes were highly variable across the F2 population, yet strong
correlations among genes emerged. We employed a First-Order Conditional
Independence (FOCI) algorithm to estimate the F2 coexpression network. From this
unbiased analysis of XY expression data, we uncovered two subnetworks consisting of
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primarily male and female genes. Furthermore, we predicted roles for genes of
unknown function based on their connectivity and position within the network.
To identify the genes responsible for these strain expression differences, we
genotyped each F2 embryo at 128 single nucleotide polymorphisms (SNPs) located
evenly throughout the 19 autosomes and X chromosome. We then employed linkage
analysis to detect autosomal regions that control the expression of one or more of the 56
genes in the F2 population. These regions are termed expression quantitative trait loci,
or eQTLs. We identified eQTLs for many sex-related genes, including Sry and Sox9, the
key regulators of male sex determination. In addition, we identified multiple prominent
trans-band eQTLs that controlled the expression of many genes. My work represents the
first eQTL analysis of a developing vertebrate organ, the mouse gonad. This systemslevel approach revealed the complex transcription architecture underlying sex
determination, and provides a mechanistic explanation for sensitivity to sex reversal
seen in some individuals.
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1. Introduction

1.1 Building the bipotential gonad primordium
The mammalian gonad is unusually plastic at the time of sex determination,
which makes it unique among organ systems and ideal for elucidating the transcription
architecture responsible for mediating and reinforcing fate decisions. In mice, the
gonads arise around embryonic day 10 (E10.0) as paired thickenings of the coelomic
epithelium covering the ventral-medial surface of the mesonephros (Brennan and Capel
2004). Mutational analyses have identified a number of genes that are required for the
first phase of proliferation and gonad development in both sexes, including SF1 (Nr5a1),
Wt1, M33 (Cbx2), Lhx9, Emx2, and Igf1r/Irr/Ir (Kreidberg et al. 1993; Luo et al. 1994;
Miyamoto et al. 1997; Katoh-Fukui et al. 1998; Birk et al. 2000; Hammes et al. 2001; Nef et
al. 2003). Disruption of these genes results in varying degrees of gonad dysgenesis.
Moreover, recent microarray-based analyses of the gonad transcriptome have identified
hundreds of genes with unknown roles in sex determination that are expressed early in
the bipotential gonads of both sexes, revealing a vast, active transcriptional network
(Nef et al. 2005; Small et al. 2005; Beverdam and Koopman 2006; Bouma et al. 2007b;
Cory et al. 2007; Bouma et al. 2010). This network appears to be similar in both sexes
before E11.5.
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The gonad retains the ability to form a testis or ovary irrespective of
chromosomal sex until ~E11.0-11.5 (Hiramatsu et al. 2008). This brief window of
plasticity stems from a balanced network state established by the antagonistic
intercellular signals WNT4 (wingless-related MMTV integration site 4) and FGF9
(fibroblast growth factor 9) (Kim et al. 2006). Before E11.5, Fgf9 and Wnt4 are expressed
in both XY and XX gonads – Fgf9 is expressed in the coelomic domain at the surface of
the gonad, while Wnt4 is expressed at the mesonephric border (see top of Fig. 1). The
opposing expression domains of these antagonistic signaling pathways are thought to
hold gonadal cells in an undifferentiated state.

1.2 Primary sex determination
Although genetic sex is determined at fertilization, in mammals, male or female
sexual development depends on the differentiation of the gonad as a testis or ovary.
Sexually dimorphic development of the gonad is the first step in male and female
development, occurring prior to the production of hormones, and controlling the rest
of phenotypic sexual development. Usually, this step, referred to as “primary sex
determination”, depends on the presence or absence of a Y chromosome. However it
actually hinges on the actions of many genes that direct the fate of the gonad. The
primary sex-determining decision occurs in the somatic “supporting cell lineage” of the
gonad, so called because of its role in supporting the development of germ cells
2

throughout reproductive life. Through cell interactions, these cells recruit other cell
types to initiate differentiation as ovarian or testicular cell types and to create two
distinct niche environments for germ cells, the testis or the ovary. Recent findings from
the Capel lab suggest that the primary fate decision in the gonad results from
disrupting the balance between the antagonistic WNT4 and FGF9 signaling
pathways. In XY gonads, transient expression of the Y-linked gene Sry (sex
determining region of Chr Y) from E10.5-12.0 tips this balance by triggering the
supporting cell lineage to differentiate as male-specific Sertoli cells. Downstream of
this event, multiple inter- and intra-cellular pathways act to reinforce the testis fate.
Early hallmarks of testis differentiation downstream of Sry include increased cell
proliferation, cell migration from the mesonephros to the gonad, aggregation of
Sertoli and germ cells into cord-like structures, and formation of the coelomic arterial
vessel (Martineau et al. 1997; Schmahl et al. 2000; Brennan et al. 2002; Brennan and
Capel 2004).
Sox9 (SRY-box containing gene 9) encodes a transcription factor that is
expressed at similar levels in both XX and XY gonads from their formation at E10.5
until E11.5, when expression declines in XX gonads and is dramatically upregulated
in XY gonads in response to SRY (Sekido et al. 2004; Sekido and Lovell-Badge 2008).
Work by a former student in the Capel lab, Yuna Kim, showed that Fgf9 (fibroblast
growth factor 9) and Wnt4 converge on SOX9 during sex determination in mice. Sox9
3

upregulates Fgf9 in a feed forward loop that is required to sustain Sox9 expression,
establish Sertoli cell differentiation, and repress Wnt4 (Fig. 1). In the absence of Fgf9
in XY gonads, Sox9 is downregulated, and Wnt4 is upregulated, which shifts the XY
gonad to the ovarian pathway. The reciprocal situation occurs in XX gonads, where
Wnt4 normally co-operates with Rspo1 (R-spondin homolog) to shift the fate of the
supporting cell lineage toward differentiation as female-specific follicle cells
(Chassot et al. 2008). In the absence of Wnt4 in XX gonads, Sox9 and Fgf9 are both derepressed, leading to the initiation of Sertoli cell differentiation and the testis
pathway. Thus, differentiation as a testis or an ovary proceeds as a consequence of
sexually dimorphic gene expression and downstream feedback loops that disrupt the
WNT4/FGF9 balance to amplify or repress Sox9 expression.
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Figure 1: Antagonistic signals regulate mammalian sex determination.
Before the critical timepoint of E11.5, Fgf9 and Wnt4 are expressed in both XY
and XX gonads (see undifferentiated gonad at top). Fgf9 is expressed in the coelomic
domain (light blue), while Wnt4 is expressed at the mesonephric border (violet). The
balance between these signals is important for maintaining the gonad in an
undifferentiated state. Expression of Sry in XY gonads upregulates Sox9, which
subsequently forms a feedforward loop with Fgf9 to drive the male pathway and repress
the female pathway (right scenario). In XX gonads, or in XY gonads that fail to express
Sry or Sox9, Wnt4 and Rspo1 are upregulated (left scenario). These genes drive the
female pathway and also antagonize aspects of the male pathway.
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Experiments altering the balance between these signaling pathways can tip
the scale toward the testis or ovary fate. Rspo1 and Wnt4 signaling likely cooperate to
establish ovary development through the activation of β-catenin. A post-doctoral
fellow in the Capel lab, Danielle Maatouk, showed that activation of β-catenin in XY
gonads blocks SOX9 expression and switches the XY gonad to the ovarian pathway
(Maatouk et al. 2008). Conversely, FGF9 can induce SOX9 expression when applied
to XX gonads at a high local dose, or, alternatively, when applied at a lower dose to a
gonad heterozygous for a null allele of Wnt4 (Kim et al. 2006). All of these results
suggest that differences in the expression levels of key genes have profound effects
on the balance of signals that direct the central cell fate decision in the supporting
cell lineage and result in male or female sex differentiation regardless of
chromosomal sex.

1.3 Sox9 is a conserved master regulator of the male pathway
Sox9 is likely to be the only direct downstream target of SRY in mammals (Sekido
and Lovell-Badge 2008) (although a recent conflicting report suggests Cbln4 as another
direct target of SRY (Bradford et al. 2009)). Furthermore, Sox9 has been shown by
mutation in humans and transgenic experiments in mouse to be necessary and sufficient
for testis development (Foster et al. 1994; Wagner et al. 1994; Vidal et al. 2001;
Chaboissier et al. 2004; Barrionuevo et al. 2006). Mounting evidence implicates the
7

upregulation of SOX9 expression as the critical factor driving male sex determination
(Hiramatsu et al. 2008; Wilhelm et al. 2009).
Sry normally acts as the genetic switch to initiate male development of the
supporting cell lineage; however the finding that the testis pathway can be established
in the absence of Sry by alterations in the underlying antagonistic signaling pathways
suggests that Sry is a mammalian invention, superimposed on a conserved signaling
network that regulates sex determination. Sox9 likely resides at the top of this conserved
network (Morrish and Sinclair 2002). Establishment and reinforcement of Sox9
expression 1) above a threshold expression level in each pre-Sertoli cell, 2) in a minimum
number of pre-Sertoli cells, and 3) within a specific window of development before
E11.5, appears to be the key factor in directing the bipotential gonad to adopt the testis
fate (Palmer and Burgoyne 1991b; Palmer and Burgoyne 1991a; Sekido et al. 2004;
Bullejos and Koopman 2005; Hiramatsu et al. 2008). Whereas Sry expression is transient,
normally downregulated by E12.5 by an unknown mechanism that may or may not
involve SOX9 (Albrecht and Eicher 2001; Chaboissier et al. 2004; Barrionuevo et al. 2006;
Wilhelm et al. 2009), Sox9 expression is maintained in Sertoli cells throughout fetal
stages and into adulthood (Kent et al. 1996). Multiple mechanisms are known to play a
role in maintaining Sox9 expression in XY gonads. First, SOX9 is able to synergize with
SF1 to bind its own enhancer in the absence of SRY (and with higher affinity than SRY),
and thus can autoregulate its own expression following the initial SRY-dependent
8

upregulation (Sekido and Lovell-Badge 2008). In addition to autoregulation, Sox9
expression is reinforced by two intercellular positive feedback loops. As stated earlier,
SOX9 upregulates expression of Fgf9, which then reinforces Sox9 expression (Kim et al.
2006). SOX9 also directly binds the promoter of Ptgds (Prostaglandin D2 synthase) to
form another positive feedback loop in which Prostaglandin D2 signaling can recruit
additional cells to the Sertoli cell fate (Wilhelm et al. 2005). Although this feedback loop
does not appear to be required for testis development, Prostaglandin D2 signaling may
act as a fail-safe mechanism. Indeed, many experiments indicate that intercellular
interactions in the gonad reinforce the central decision and canalize development of both
the testis and ovary (Adams and McLaren 2002; Yao et al. 2003; Wilhelm et al. 2005;
Tang et al. 2008) (Fig. 2).

9

Figure 2: The primary fate decision occurs in the supporting cell lineage, but it
is reinforced by intercellular signals and feedback loops.
Sexual fate is determined in the somatic supporting cell lineage by disrupting the
balance between the antagonistic WNT4 and FGF9 signals. Establishment of Sox9
expression directs the undifferentiated XY somatic cell to become a Sertoli cell (scenario
on left). This decision is reinforced by separate positive feedforward loops involving the
intercellular FGF9 and PGD2 signaling pathways. In XX gonads, Wnt4 is upregulated
and directs the undifferentiated XX somatic cell to adopt the follicle cell fate (scenario on
right).

The sexual fate of primordial germ cells is dependent on the somatic

environment, and once specified, germ cells help to canalize the sexual fate of the gonad
by antagonizing aspects of the alternative pathway. For example, meiotic XX germ cells
can inhibit aspects of testis morphogenesis, including mesonephric cell migration and
testis cord formation (Yao et al. 2003).
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1.4 Sex is a complex trait
It is becoming clear that sex is not a simple Mendelian trait but rather a complex
threshold dichotomy (Palmer and Burgoyne 1991a; Capel 2006; Mittwoch 2006). Under
normal conditions, SRY expression is sufficient to establish Sox9 expression above the
critical threshold required to drive Sertoli cell differentiation and downstream malespecific morphogenetic events, as expected of a dominant determinant. However,
analyses of sex reversal in human cases and mouse mutants have identified a number of
X-linked and autosomal genes that play a role in mediating or canalizing the sexual fate
decision (Fleming and Vilain 2005; Wilhelm et al. 2007). Similarly, genetic background
differences have been identified in inbred mouse strains that can compromise male sex
determination when combined with certain Y Chromosome variants or other genetic
perturbations (Eicher et al. 1982; Eicher et al. 1996). These modifier loci likely affect Sox9
expression either in a direct manner independent of Sry (Bouma et al. 2005), in an
indirect manner by affecting Sry expression (Bullejos and Koopman 2005), or by
upregulating components of the alternative pathway to bias the balanced network in
favor of the female fate (Eicher et al. 1995). Moreover, microarray profiles of gonadal
somatic cells have identified hundreds of genes that exhibit sexually dimorphic
expression patterns at E11.5 (Nef et al. 2005; Small et al. 2005; Beverdam and Koopman
2006; Bouma et al. 2007b; Cory et al. 2007; Bouma et al. 2010). These global profiles of the
gonad transcriptome, as well as a recent global survey of the gonad proteome (Ewen et
12

al. 2009), reveal a large network that is active in establishing and/or canalizing the sexual
fate decision. Although Sry lies at the top of the hierarchy in therian mammals, it is
evident that the combined actions of many transcription factors and signaling pathways
are required to amplify the male pathway and repress the competing female pathway to
establish the testis fate. The question of how these many pathways are interwoven lies at
the center of sex determination, yet few methods have been applied to detail and
interpret this complex interplay at a global level.

1.5 Genetics and genomics can be combined to elucidate
transcription networks
Questions about how the network is balanced, how commitment to one sex or
the other is established and reinforced, and where critical nodes in the network lie,
will require a more global view of the process as opposed to the single gene
approaches that have been the focus of research in the last 20 years. Expression
quantitative trait loci (eQTL) analysis, or ‘Genetical Genomics’ (Jansen and Nap 2001),
previously has been applied to adult tissues with static transcriptomes, and holds
promise to reveal genetic interactions at a global level in developing organs. This
approach treats the natural variation in the expression levels of genes in a population of
individuals as quantitative traits to genetically map the positions of loci throughout the
genome that control expression levels (Fig. 3). Genes that share an eQTL can be related
to infer a gene interaction network (Wessel et al. 2007; Zhu et al. 2008). eQTL analysis
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has been successfully applied to elucidate interacting loci in yeast (Brem et al. 2002),
maize (Schadt et al. 2003), Arabidopsis (Keurentjes et al. 2007), humans (Schadt et al.
2003; Bystrykh et al. 2005), rats (Petretto et al. 2006), and mice (Schadt et al. 2003;
Bystrykh et al. 2005; Chesler et al. 2005; Gatti et al. 2007).
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Figure 3: Overview of an eQTL mapping approach to elucidate transcription networks
in the gonad.
An eQTL mapping approach, similar to classical QTL mapping studies, first
requires that parent strains be crossed and F1 progeny intercrossed (or backcrossed to
the parent strain) to produce a mixed F2 population. In the context of the current study,
total gonad RNA and genomic DNA are then extracted from each individual F2 XY
embryo. Global gene expression is quantified in each individual pair of gonads, and
SNPs across the genome are genotyped from each DNA sample. Using linkage analysis,
regions of the genome (eQTLs) that correlate with a gene’s expression level can be
identified, and eQTL data for all data can be compiled to generate a directed
transcription network.
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Most eQTL mapping studies in mice have focused on one of two areas. Multiple
groups have successfully applied this approach to infer causal associations between
gene expression and clinical traits (Cervino et al. 2005; Schadt et al. 2005; Lan et al.
2006). Others have applied an eQTL mapping approach toward revealing the genetic
architecture of specific adult tissues, such as the brain (Chesler et al. 2005) or liver
(Yang et al. 2006). These studies have reached a number of common conclusions: (1)
the expression levels of most genes are controlled by more than one eQTL, (2) the
majority of eQTLs act in trans, (3) trans-eQTLs are usually tissue-specific, and (4)
many transcripts are coregulated by the same eQTL. Often called master regulators
of gene expression or eQTL “hotspots”, these prominent trans-band eQTLs may act
directly or indirectly to regulate downstream genes.
These studies have confirmed the utility of expression genetics in elucidating
relationships between groups of genes; however all studies done in mouse to date
have focused on adult tissues that are quiescent and in homeostatic balance. This is
appropriate for inferring causal associations between gene expression and adult
disease traits. However, by the time a mouse reaches adulthood, physiologic
feedback mechanisms (e.g., hormones and neuronal networks) are in place that may
buffer differences between individuals and thus mask the genetic architecture within
a given tissue. By contrast, genetic networks in developing embryonic tissues are
likely to be local and lack much of the physiological feedback complexity of adult
17

tissues. We fully expected that this approach would be even more effective at
elucidating transcription networks in embryonic tissues before systemic feedback
mechanisms are established.

1.6 Differences in gonad phenotypes among inbred mouse
strains predict underlying gene expression differences
As with any genetic mapping approach, choosing strains that differ in the
phenotype of interest (gene expression in the case of an eQTL analysis) is a critical first
step in the process. Inbred strain differences in gonad phenotypes have been wellcharacterized, and predict significant underlying expression differences that can be
mapped by an eQTL approach (Fig. 4). Eva Eicher and colleagues first identified the
C57BL/6J (B6) background as being particular sensitive to XY sex reversal in response to
the introduction of a Mus poschiavinus Y Chromosome (YPOS) (Eicher et al. 1982). Other
strains, including DBA/2J (D2) and 129S1/SvImJ (129S1), were found to be completely
resistant to YPOS-associated sex reversal. Similarly, the B6 genome was later found to be
uniquely sensitive to XY sex reversal in response to other genetic perturbations,
including Fgf9 (Colvin et al. 2001), Dax1 (Nr0b1) (Meeks et al. 2003), SF1 (Nr5a1), and
Wt1 (E. Eicher, personal communication). In a later collaboration with David Page at
Harvard, Eicher and colleagues employed an elegant strategy that combined a genetic
backcross with linkage analysis to map autosomal regions that conferred some, but not
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all, of the sensitivity to YPOS-associated phenotypic sex reversal observed in the B6
background (Eicher et al. 1996). Three such regions were found on Chromsomes (Chrs)
4, 2, and 5, and named testis determining autosomal or tda’s 1, 2, and 3, respectively. In a
separate study, Barry Whitney and colleagues constructed a congenic strain that
contained one region from 129S1/SvImJ on an otherwise B6 background, and this strain
was partially protected from the sex-reversing effects of YPOS (Whitney et al. 2000). This
region was recently mapped to Chr 11 by Eric Vilain’s group (Nikolova et al. 2008).
Importantly, Sox9 is found on Chr 11 but does not colocalize with this congenic region,
thus implicating a novel causative gene.
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Figure 4: Common inbred mouse strains differ in susceptibility to sex reversal
in response to genetic perturbation.
The B6 strain is uniquely sensitive to XY sex reversal in response to multiple
genetic perturbations. Other strains, including 129S1 and D2, develop as normal XY
males in response to the same perturbations.
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It was hypothesized that the genes underlying the tda loci would encode for
proteins that regulate the expression of Sry, and sex-reversal in B6 YPOS gonads would
result from the inability of these proteins to properly regulate SryPOS expression (Eicher
et al. 1996). Alternatively, it was suggested that one or more of the tda genes have active
roles in the female pathway and are up regulated early in the B6 background relative to
other strains, thereby shortening the critical window for Sry expression to initiate the
male pathway (the “timing mismatch” hypothesis)(Palmer and Burgoyne 1991b; Eicher
et al. 1995). Lending support to this hypothesis, the expression of both Sry and Sox9 was
found to be delayed in B6 YPOS gonads, likely causing these gonads to miss the critical
window necessary for initiation and establishment of the testis pathway (Albrecht et al.
2003; Bullejos and Koopman 2005).
Bouma and Eicher utilized a similar backcross strategy to investigate the strainspecific sex reversal phenotype associated with mutations in an X-linked nuclear
receptor, Dax1 (Nr0b1, nuclear subfamily 0, group b, member 1). Dax1
mutations/deletions in humans result in both X-linked congenital adrenal hypoplasia
and hypogonadotropic hypogonadism, while duplications are associated with maleto-female dosage sensitive sex reversal (DSS). In mice, Dax1 has been shown to play
roles in both testis and ovary development at different stages (Ludbrook and Harley
2004). Dax1-/Y gonads fully sex reverse only on the B6 background, and Bouma and
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Eicher identified a region of Chr 4 (colocalizing to tda1) as well as interacting loci on
Chrs 1 and 8 that confer this strain-specific sensitivity to sex reversal (Bouma et al.
2005). Wnt4 was suggested as a candidate gene underlying the Chr 4 interval; however a
direct role for Wnt4 in Dax1-/Y and YPOS-associated sex reversal has not been verified.
Surprisingly, in contrast to B6 YPOS gonads, the timing and level of Sry expression
appears normal in Dax1-/Y gonads, and their failure to successfully initiate the male
pathway likely results from an inability to properly up regulate Sox9 expression
downstream of SRY (Meeks et al. 2003; Bouma et al. 2005).
The T-associated sex reversal (Tas) locus on mouse Chr 17 is another classic
example of an autosomal locus that confers effects on sex reversal in a strain-dependent
manner. Washburn and Eicher first noted this mutation in their hairpin-tail (Thp = a
dominant mutation at the brachyury locus) stock nearly thirty years ago (Washburn and
Eicher 1983). They found that after the fourth and fifth generations of backcrossing Thp
onto the B6 background, sex ratios became skewed in favor of females. A closer
inspection of these females revealed that many were actually XY mice that had
undergone varying degrees of sex reversal. The gene underlying this classic locus
remained a mystery until just recently, when Andy Greenfield and colleagues employed
a forward genetic ENU mutagenesis screen to identify a recessive mutation, named
boygirl (byg), that mapped to the same region of Chr 17 (Bogani et al. 2009). B6 XY
embryos homozygous for byg exhibit male to female sex reversal. The authors used a
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bioinformatics-based approach to identify candidate genes in the byg critical region, and
identified Map3k4 (encoding a MAPK kinase kinase) as a good candidate. Sequencing
this gene in byg mutants revealed a single base pair substitution that introduced a
premature stop codon before a critical kinase domain. The authors crossed byg to a
separate Map3k4 mutation and confirmed this gene as causative for the sex reversal
phenotype. Finally, the authors used a complementation test to provide strong evidence
that Map3k4 is the causative gene underlying the Tas locus. Doubly heterozygous byg/+
Thp/+ XY embryos failed to compliment, exhibiting gonad phenotypes ranging from
defects in testis cord morphology to complete sex reversal.
The Odd sex (Ods) mutation is another example of a genetic perturbation that
exhibits strain-specific effects. This transgenic insertional mutation ~1 Mb upstream of
Sox9 on Chromosome 11 causes aberrant up regulation of Sox9 expression and
subsequent female-to-male sex reversal in XX Ods/+ gonads (Bishop et al. 2000; Qin et al.
2004). This mutation was found to be fully penetrant in the original FVB/N strain,
however F1 hybrids of FVB/N and A/J that carried the mutation developed as normal
females (i.e. sex-reversal was suppressed). Bishop’s group utilized a F2 intercross
between FVB/N and A/J to map a single major effect modifier on Chromosome 18
(Odsm1A, modifier of Odd sex 1) that suppressed the Ods/+ sex reversal phenotype in A/J
(Qin et al. 2003). The authors hypothesized that the gene underlying Odsm1 may be part
of a repressor complex responsible for down regulating Sox9 expression in normal XX
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gonads. Interestingly, the Ods/+ sex reversal phenotype depends on parent-of-origin
effects; specifically, suppression of sex reversal depends on a complex interaction
between the paternally transmitted (imprinted) Ods transgene and the maternal-effect
Odsm1A modifier locus (Poirier et al. 2004). The same group later employed a backcross
mapping approach to identify three loci on Chromosomes 5 and 10 that suppressed the
Ods/+ sex reversal phenotype in B6, and concluded that these loci may represent male
pathway genes carrying hypomorphic B6 alleles (Poirier et al. 2007).
Chromosomal regions that modify the sex reversal phenotype in inbred mouse
strains are mapped in Figure 5. Importantly, the results from these studies implicate a
disrupted global network rather than a few discrete genes as conferring this phenotype
in B6. We predict that small changes in the expression of key genes can alter the tenuous
balance in the bipotential network in B6 and shift the XY gonad to adopt the ovarian
fate. This compromised network state makes the B6 strain a useful genetic resource for
dissecting the transcriptional network underlying sex determination. However, sex
reversal is never observed in wildtype B6 males, implicating the existence of a
compensatory mechanism that normally counteracts the variant B6 network to
successfully initiate and canalize the male pathway. As gene expression is a more
proximate measure of a QTL’s effect than phenotype, an eQTL approach will likely
identify novel loci that confer or counteract the sensitive background in B6.
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Figure 5: Modifiers of sex reversal mapped in inbred mouse strains.
Strain-specific modifiers of sex reversal in mice have been identified across the
genome, but are more likely to be found in non-IBD regions (i.e., regions that are not of
shared ancestry). The critical regions for classical modifiers of sex reversal are mapped
onto a strain variability map. This map displays sequence variation between B6 and
129S1 as vertical black bars. Regions with many SNPs that differ between B6 and 129S1
have taller bars, while regions of shared ancestry are either devoid of or have short black
bars.

26

27

1.7 Applying an eQTL approach to sex determination
The work described in this dissertation represents the first integrated
coexpression and eQTL analysis of a developing mammalian organ, the mouse gonad
during sex determination. First, I identified reproducible differences in the
transcriptome of the developing XY gonad between B6 and 129S1 at the critical
timepoint of E11.5, which suggested the mechanism for B6 sensitivity to XY sex reversal
is overexpression of genes typically associated with female gonads. Next, I extended this
analysis to quantify the expression of many sex determination pathway genes in a large
panel of F2 XY gonads derived from B6 and 129S1 intercrosses. Gene expression was
found to be highly variable across the F2 population, yet many genes were coexpressed.
In collaboration with Paul Magwene at Duke, we employed a first-order conditional
independence (FOCI) model to identify the most robust correlations in the F2 expression
data and predict important roles for genes of unknown function based on their high
degree of connectivity and positions within the network. A genetic analysis of the F2
population detected multiple autosomal regions that control the expression of many sexrelated genes. Importantly, we identified autosomal regions that control the expression
of Sry and Sox9, the key regulators of male sex determination. Finally, we have
developed predictive methods to prioritize candidate genes within each eQTL interval
and a cell culture-based assay to test candidates for effects on the expression of target
gene(s). Results from this work provide insight into the complex transcription
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architecture underlying cell fate determination, organogenesis and sex determination,
and suggest a mechanism by which individuals are sensitized to sex reversal.

29

2. Materials and Methods

2.1 Mouse strains and crosses
C57BL/6J (stock# 000664) and 129S1/SvImJ (stock# 002448) mice were obtained
from The Jackson Laboratory. For the microarray analyses of parental strains and F1
reciprocal hybrids, the following crosses were established: C57BL/6J x C57BL/6J,
129S1/SvImJ x 129S1/SvImJ, C57BL/6J x 129S1/SvImJ, and 129S1/SvImJ x C57BL/6J. For
the eQTL analysis, reciprocal crosses of C57BL/6J and 129S1/SvImJ mice were
established. The resulting F1 progeny were then intercrossed to produce a segregating
F2 population.

2.2 Dissection, staging, and genotyping of E11.5 XY gonads
Timed matings were established for the above crosses, and embryos were
collected from pregnant females at embryonic day 11.5 (E11.5), where E0.5 is defined as
noon on the day a mating plug was detected. Embryos were staged in a more precise
manner by counting tail somites distal to the hindlimbs: E11.5 corresponds to
approximately 18 tail somites (ts) (Hacker et al. 1995). B6, 129S1, and reciprocal F1
hybrid embryos that fell within the 17-21 ts window were included in the microarray
analysis and F2 embryos that fell within the 17-20 ts window were included in the eQTL
analysis. The chromosomal sex of each embryo was determined by PCR on tail or head
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genomic

DNA

using

primers

to

detect

the

Smcx/Smcy

genes

(5’-

TGAAGCTTTTGGCTTTGAG-3’ and 5’-CCGCTGCCAAATTCTTTGG-3’). Only XY
embryos were included in this analysis. Gonads were dissected away from mesonephroi
in sterile PBS (Gibco/Invitrogen cat# 1490-144) and stored in RNAlater® RNA
stabilization solution (Ambion cat# AM7024) at -80C. Sterile technique was used
throughout the dissection procedure, and all instruments and surfaces were treated with
RNaseZAP® RNase decontamination fluid (Ambion cat# AM9780) followed by 70%
EtOH in DEPC-treated water.

2.3 RNA Isolation
For all expression analyses, total RNA was first extracted from E11.5 whole
gonads (separated from mesonephroi) using TRIzol reagent (Invitrogen cat# 15596-026)
as directed by the manufacturer, with the following change: Glycogen (0.5-1.0ul of
15mg/ml stock, Ambion GlycoBlue cat# AM9515) was added to each reaction before the
isopropanol precipitation step. Total RNA was eluted with 8ul RNase-free water (not
DEPC treated). To prevent genomic DNA contamination, RNA was treated with 1uL
DNase I and 1uL 10x DNase I Reaction Buffer (Sigma cat# AMP-D1) at room
temperature for 15 min. DNase was inactivated by treatment with 1uL DNase I Stop
Solution at 70°C for 10 min. Total RNA quantity and quality was assessed using a
NanoDrop ND-1000 or ND-8000 spectrophotometer (NanoDrop Technologies Inc.,
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Rockland, DE). Only samples with >100ng total RNA and an A280:A260 ratio of >1.6
were included in the expression analyses.

2.4 Agilent Microarrays
2.4.1 Microarray Processing
Whole genome transcript abundance was quantified in individual pairs of E11.5
XY gonads using the Agilent 4x44k mouse two-color platform (Agilent cat# G4122F)
according to protocols established by the manufacturer and optimized by us (Syed and
Threadgill 2006), with minor modifications. Briefly, 200-450ng total RNA was amplified
from each pair of XY gonads (n=5 pairs tested per cross) into cRNA using the Low RNA
Input Linear Amplification kit (Agilent cat# 5184-3523) and labeled with 1.5uL Cy5-CTP
(Perkin Elmer cat# NEL581). Multiple tissues were pooled to create a reference sample;
this pool included XY gonads, XX gonads, XY whole embryos, and XX whole embryos.
The reference sample was amplified into cRNA and labeled with 1.5uL Cy3-CTP (Perkin
Elmer cat# NEL580). To each array, 900ng each of Cy5-labeled experimental and Cy3labeled reference cRNA were co-hybridized at 65˚C for 17h. Microarrays were scanned
using an Agilent scanner, and raw data were collected using feature extraction software
(Agilent). Data are available (accession GSE16917) at http://www.ncbi.nlm.nih.gov/geo.
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2.4.2 Microarray Analysis
Probe level data were imported into BRB-ArrayTools software (BRB-ArrayTools
version 3.7.0, http://linus.nci.nih.gov/BRB-ArrayTools.html) (Simon et al. 2007), and
normalized using the Lowess smoother function (Yang et al. 2002). The log ratio of
background-adjusted Cy5 to Cy3 signals was calculated for each spot and used for
subsequent analyses. Probes for which >50% of the arrays were missing data were
excluded from the analysis. For hierarchical clustering of individual samples, genes
whose expression differed by at least 2-fold in at least 20% of the samples were retained,
and samples were clustered using a centered correlation with average linkage (genes not
centered). To quantify expression differences among the strains and reciprocal F1
hybrids, individual samples within a group were averaged, and genes that differed at
>1.5-fold in pairwise comparisons between groups were identified.

2.5 Reverse transcription, primer design, and qRT-PCR in F2
samples
2.5.1 Reverse transcription
To quantify the expression of 56 genes in each F2 XY gonad, we utilized a SYBRbased chemistry on the BioTrove OpenArray™ platform (BioTrove, Woburn, MA). Total
RNA from individual pairs of F2 whole gonads was reverse transcribed into cDNA
using the High Capacity cDNA Archive kit (Applied Biosystems cat# 4322171) followed
by cleavage with Exonuclease I (Amersham Biosciences cat# E70073X), according to
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BioTrove protocols, with the following changes: for each sample, 700ng of total RNA
was reverse transcribed into cDNA in a total reaction volume of 11.5ul, resulting in a
final concentration of 61ng/ul. cDNA was stored at -20C until needed.

2.5.2 Primer design
Primers were designed for real-time qPCR analysis in PerlPrimer software
(http://perlprimer.sourceforge.net/)(Marshall 2004) according to BioTrove specifications.
Briefly, primers were designed to span an intron-exon boundary and amplify a specific
70-300bp region of the desired gene. Primers were designed to be 18-24bp long, have a
melting temperature (Tm, calculated by Nearest Neighbor thermodynamic algorithm) of
62°-65°C with a maximum Tm difference between forward and reverse primers of 1°C,
and have a GC content between 30 and 60%. Primer sequences are listed in table 1.
Primer sequences were submitted to BioTrove for synthesis and application to
OpenArray™ slides. Dax1 and Fgf9 primers were not included on the OpenArray™
slide, but rather were ordered directly from IDT (www.idtdna.com) and used in
standard qRT-PCR reactions on the BioRad iCycler™ platform.
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Table 1: List of primers used for qRT-PCR.
Genes assayed by qRT-PCR in the eQTL analysis and/or cell culture screen are
included in this table. Gene symbol, name, accession number, and forward and reverse
primer sequences are listed. *Primers for Afp, Fbln2, and Tph failed a quality control step
and were excluded from the F2 expression analysis. These three primer sets amplified
multiple bands and/or failed an efficiency threshold of 90%.
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Table 1: List of primers used for qRT-PCR.
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Gene Symbol

Gene Name

Accession

Forward (5'→3')

Reverse (5'→3')

Actr6
Afp*
Amh
Asns
Axin2
B2m
Cbln1
Centb1 (Acap1)
Col27a1
Col9a3
Cst9
Ctnnb1
Dapk1
Dax1 (Nr0b1)
Dcamkl1 (Dclk1)
Defb19
Defb7
Dhh
Dock4
Dtna
Ereg
Fbln2*
Fgf9
Fog2 (Zfpm2)

ARP6 actin-related protein 6 homolog (yeast)

NM_025914
NM_007423
NM_007445
NM_012055
NM_015732
NM_009735
NM_019626
NM_153788
NM_025685
NM_009936
NM_009979
NM_007614
NM_029653
NM_007430
NM_019978
NM_145157
NM_139220
NM_007857
NM_172803
NM_207650
NM_007950
NM_007992
NM_013518
NM_011766

AGATTTGCTGTGCCAGAAATACTC
TGTTTCACAGAAGAGGGTCCA
TGCTGAAGTTCCAAGAGCCTCCACCT
AACTCTTCCCAGGCTTTGACC
ACGGATTCAGGTCCTTCAAGAG
GGTCTTTCTGGTGCTTGTCTC
TCTACAACAGACAGACCATCCAG
ATCCAAATCAGAGTGCCCGT
AAACGAGGGACAGAAGGTGG
CCTGGTCCCAAAGGAATCCC
ATACCTTCACCTGCCTGTTTACTG
GGGTCCTCTGTGAACTTGCT
GAACCCTCTCCGAGTTGTCC
ACATTGACACCAAAGAGTATGCC
GGCAAGTCACCAAGTCCATCAC
CATACTTGTGGCAACGGAACTG
TCTGTTCGCATTTCTCCTGGT
GCCTGATGACAGAGCGTTGC
GACAGCAAAGAGAATCGCCC
GTCTTCCATCCAGTTGAGTGTTCC
CTGTACCGCCTTAGTTCAGATGGA
GTATCTCCCAACACCATCCCACTG
CAGGGAACCAGGAAAGACCA
TGTAACAAAGGTGATGACGAAGGA

AACACCGAACTTCTGAGTAAACAC
GCTCACACCAAAGAGTCAACAC
GTCCACGGTTAGCACCAAATAGCGG
AGCAAATGTCTGGAGAGGATACTG
AGGGACTCCATCTACGCTACTG
GTTCAGTATGTTCGGCTTCCC
TATGCTCGGTCGCCTTTCTC
CCCACATTGACCCAGTTGAC
CTTCCTTTCCCATCAAGCCAG
CAGCCTCTCCCTTCTCACCA
CAGAGAAGTACGTGACCAGTCC
GCCGCTTCTTGTAATCCTGTG
GTCATTCCCGAACCTGTTTCTG
AGTAAGGATCTGCTGGGTTCTC
TTCCTCAGACTCTTCCCTCCTCC
GTCATCTACTCCTGTGAGGCTG
TCTTCTCTGGGATTTGAAACTTGC
GAGTGAATCCTGTGCGTGGTG
TGCTACCCAAGTCCACAAAGAG
TTCTTAGCAGGTGATTTCCACGAC
CATCGCAGACCAGTGTAGCC
AACACTCGTCTTGGTCTTCACAGG
GAGGTAGAGTCCACTGTCCAC
CGACTCTGAATCTTCCTTTCTCCA

alpha fetoprotein
anti-Mullerian hormone
asparagine synthetase
axin2
beta-2 microglobulin
cerebellin 1 precursor protein
ArfGAP with coiled-coil, ankyrin repeat and PH domains 1
collagen, type XXVII, alpha 1
collagen, type IX, alpha 3
cystatin 9
catenin (cadherin associated protein), beta 1
death associated protein kinase 1
nuclear receptor subfamily 0, group B, member 1
doublecortin-like kinase 1
defensin beta 19
defensin beta 7
desert hedgehog
dedicator of cytokinesis 4
dystrobrevin alpha
epiregulin
fibulin 2
fibroblast growth factor 9
zinc finger protein, multitype 2

Table 1 (continued)
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Gene Symbol

Gene Name

Accession

Forward (5'→3')

Reverse (5'→3')

Fst
Gata4
Gng13
Hprt1

follistatin

NM_008046
NM_008092
NM_022422
NM_013556

AGACAGAACTGAGCAAGGAAGAG
AAACGGAAGCCCAAGAACCT
CCCAGATGAAGAAGGAGGTAGAG
GGGCTTACCTCACTGCTTTCC

TTCTCACACGTTTCTTTACAAGGG
GCCCATAGTGAGATGACAGCC
ATCCACTTGAGAAGCTCGGG
CATCATCGCTAATCACGACGCT

Klf7
Mkrn1
Mmd2
Pglyrp1
Pld1
Prokr2 (Gpr73l1)
Ptgds
Ptpre
Rec8L1 (Rec8)
Ren1
Rpgrip1
Rspo1
Rtn4rl1
Serpine2
SF1 (Nr5a1)
Slco3a1
Smoc2
Smpdl3b
Socs2
Sox8

Kruppel-like factor 7 (ubiquitous)

NM_033563
NM_018810
NM_175217
NM_009402
NM_008875
NM_144944
NM_008963
NM_011212
NM_020002
NM_031192
NM_023879
NM_138683
NM_177708
NM_009255
NM_139051
NM_023908
NM_022315
NM_133888
NM_007706
NM_011447

AGGAGACCTGGCAGCAGA
TGAGAAAGCCAACCCCAGCGA
TATGCTCCTTGGCTGAACCT
CCGAGGCTGGAACATCAAGG
CAGAGTTCCTTGATGTAAGCCAG
CTCTGACTTCCTGGTGGCGA
GGCTCCTGGACACTACACCT
TCACAGACTATATCAACGCATCCT
GCAGATTGAAGGAGAGCAGGA
TACCTTTGAACGAATCCCGCT
GCAACAAGGGAAAGAAGACGAC
CTCCGACACCAAAGAGACCC
GCCCAGGGATTTGAATCTGGAC
TTCAATCAGATCATCAAGTCACGG
GCCGACCAGACCTTTATCTCCA
TGACACAAGTAACCTGGACATCAC
CCTGTCCCGATGTGAGTTCC
ACTACAGCAACAACGAGCAG
ATGAGCCTTTCCTCCCGCAG
TACCCGCATCTCCATAACGCA

CCGGAAGCTCTCCTCAATG
CCTGCACGCCTTGTTGCTCATGG
GCAGGGAAGAAACCCATCAC
CAGAAGATTTAGGGCAGCACGG
CAACCACCTCTTTGACCACC
AGCGAGGTATCTGTCAATAGCGA
CTGGGTTCTGCTGTAGAGGGT
GCATTTATCCTGTTCCCGCTC
GAGAGTGCCGAGACCAAACC
GCCTCTTTGTGAATACGCCC
CTGATGGCTGTTTGGTATTTGTGG
GTTGCCCTTTGTGTCTCCGA
GCAGCAACAGCAGCAATTCC
CTTCTTCAGCACTTTACCAACTCC
CTCCACCTCCTGTCCAGTAACC
CCAAACATCAGGAGGGACGAG
CTGTGACACTGGACCTGACTG
GCCAATAACATACACCATCTCCC
TCGCAGACACTGTCACCCAC
AGTCTTCACACTCTTCCTTCGCC

GATA binding protein 4
guanine nucleotide binding protein (G protein), gamma 13
hypoxanthine guanine phosphoribosyl transferase
makorin, ring finger protein, 1
monocyte to macrophage differentiation-associated 2
peptidoglycan recognition protein 1
phospholipase D1
prokineticin receptor 2
prostaglandin D2 synthase (brain)
protein tyrosine phosphatase, receptor type, E
REC8 homolog (yeast)
renin 1 structural
retinitis pigmentosa GTPase regulator interacting protein 1
R-spondin homolog (Xenopus laevis)
reticulon 4 receptor-like 1
serine (or cysteine) peptidase inhibitor, clade E, member 2
nuclear receptor subfamily 5, group A, member 1
solute carrier organic anion transporter family, member 3a1
SPARC related modular calcium binding 2
sphingomyelin phosphodiesterase, acid-like 3B
suppressor of cytokine signaling 2
SRY-box containing gene 8

Table 1 (continued)
Gene Symbol

Gene Name

Accession

Forward (5'→3')

Reverse (5'→3')

Sox9
Sphk1
Sry
Stat1

SRY-box containing gene 9

NM_011448
NM_025367
NM_011564
NM_0099283

TCCAGCAAGAACAAGCCACAC
GAGACTGCCATCCAGAAACCC
CATTTATGGTGTGGTCCCGTG
GGTGACAGAGCCCAGGAA

TCTCGTTCAGCAGCCTCCAG
CTTCATTAGTCACCTGCTCGTACC
ATCTTCAATCTCTGTGCCTCCT
AAACTGCCAACTCAACACCTC

NM_028958
NM_013684
NM_011638

GTCCATGCCAACCACTCCAG
ACCCTTCACCAATGACTCCT
GTCTTCTGTTGAAACTTGCCCA

CCACATCATTACTGTTGCTGCCA
AAGTTTACAGCCAAGATTCACGG
GAAAGGTATCCCTCCAACCACTC

GTTAAAGCAGAACTTCAGCAGGA
GCTCTCCAAACTCTACCCGA
GCTTCACCAAGTCCTCCCAG
CTGTCTTTGGGAAGGTGGTG

ATACTTATGGAATGGCGGATGGA
GAAGCCAGATCGCTCTTTCAG
ACTCCACATCTTCTGAGCCGA
CATAGGCGATGTTGTCCGAG

GTGTGACTTCAAGGACTGCGA

TGGTGTGGGTCTTCAGATGGT

Taf7l
Tbp
Tfrc

sphingosine kinase 1
sex determining region of Chr Y
signal transducer and activator of transcription 1
TAF7-like RNA polymerase II, TATA box binding protein (TBP)-associated factor

TATA box binding protein
transferrin receptor

Tpd52l1
Tph2*
Trim47
Wnt4

tumor protein D52-like 1

wingless-related MMTV integration site 4

NM_009413
NM_173391
NM_172570
NM_009523

Wt1

Wilms tumor 1 homolog

NM_144783

tryptophan hydroxylase 2
tripartite motif-containing 47
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2.5.3 Nanoliter-scale qRT-PCR on the BioTrove OpenArray™ Platform
Experimental and control cDNA samples were applied in replicate to
OpenArray™ slides according to BioTrove protocol. Slides were cycled and scanned on
the OpenArray™ NT Cycler (BioTrove), and the resulting amplification curves were
analyzed in the accompanying OpenArray™ real-time qPCR system software (BioTrove)
according to manufacturer’s parameters. Threshold cycle values (Ct) were obtained for
each sample, and replicate values that surpassed a confidence score of 100 were
included in the analyses of F2 expression range, Y-Chromosome and stage effects, and
co-expression. A more stringent confidence threshold of 300 was set for inclusion in the
eQTL analysis, to minimize the potential for identifying false positive associations. Ct
values for all experimental genes were normalized to the housekeeping gene B2m to
obtain relative expression values. Genes in which >50% of the F2 samples failed to meet
the Ct confidence score criteria were excluded from the expression analysis.

2.5.4 Standard qRT-PCR on the BioRad iCycler™ Platform
Fgf9 and Dax1 expression levels in F2 and control cDNA samples were quantified
independently on the iCycler™ Thermal Cycler (Bio-Rad cat# 170-8720) with MyiQ™
Single-Color Real-Time Detection System (Bio-Rad cat# 170-9740). Samples were run in
duplicate, and reactions included 2ul sample cDNA, 10 ul 2x SensiMix Plus SYBR® +
Fluorescein mastermix (Quantace cat# QT615-05), 4ul RNase-free water, and 2ul each of
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gene-specific forward and reverse primers (200 nM final concentration each). PCR
cycling parameters are as follows: 95°C for 15 min (one cycle); 95°C for 30 sec, 59°C for
30 sec, 72°C for 30 sec (40 cycles); and 72°C for 5 min (one cycle). Threshold cycle values
(Ct) for replicated samples were averaged and normalized to B2m.

2.6 First-Order Conditional Independence Network Analysis
To estimate the structure of the gene coexpression network from the F2 XY panel
expression data, we used a first-order conditional independence (FOCI) model
(Magwene and Kim 2004). FOCI modeling is a type of graphical modeling approach
that is useful for exploring the correlation structure of multivariate datasets. This and
related methods are particularly appropriate for genomic studies where there are many
genes to consider but only a modest number of samples are available (Magwene and
Kim 2004; Wille et al. 2004; Wille and Buhlmann 2006.) To minimize the potential for
spurious coexpression relationships arising from samples or genes with significant
amounts of missing data, we removed samples that were missing expression data for
greater than one-third of the genes analyzed (12 out of 80 samples removed), and
removed genes that were missing data in >20% of the F2 samples (10 out of 50 genes
removed). In total, expression data for a reduced subset of 40 genes in 68 XY F2 samples
were included in the FOCI analysis. We used a modified FDR approach (Benjamini and
Yekutieli 2001; Drton and Perlman 2007) to control the edgewise false discovery rate for
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the FOCI graph (FDR = 0.05), and edges in the graph were weighted based on partial
correlation thresholds of 0.25 and 0.33 (stricter threshold = heavier weight).

2.6 SNP Genotyping
2.6.1 SNP Genotyping on the BioTrove OpenArray™ Platform
For the initial genome-wide eQTL scan, we genotyped SNPs on the BioTrove
OpenArray™ platform. Genomic DNA was first extracted from individual F2 samples
using the Qiagen DNeasy kit (cat# 69504) according to manufacturer’s instructions.
DNA from each sample (150ng total) was then applied to BioTrove OpenArray™ slides
according to BioTrove protocol. OpenArray™ slides were configured to genotype F2
samples at 117 SNPs (located evenly throughout the genome) by TaqMan®-based
chemistry with FAM and HEX labeled probes. Slides were cycled and scanned on the
OpenArray™ NT Cycler (BioTrove), and genotype clusters were individually
determined in the accompanying OpenArray™ SNP genotyping software (BioTrove).
Genotypes were checked for likely errors based on recombination discrepancies in j/qtl
(a Java-based GUI to r/qtl) (Broman et al. 2003).

2.6.2 SNP Genotyping on the Applied Biosystems StepOnePlus™
Platform
To further resolve high-priority eQTL intervals, an additional 16 SNPs (plus one
positive control) from Chrs 1, 3, and 12 were genotyped independently in each F2
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sample using a standard TaqMan® reaction on a StepOnePlus™ thermal cycler (Applied
Biosystems). In this case, 5ng total of genomic DNA was analyzed in 10uL reactions, and
allele-specific TaqMan® probes were conjugated to FAM and VIC dyes. Positive DNA
controls, including B6, 129S1, and heterozygous (B6x129S1)F1 samples, as well as
negative water controls, were included in each genotyping run. Genotypes were scored
automatically by the StepOnePlus™ software using the manufacturer’s default settings.
Samples that fell outside of automatically-defined genotype clusters were manually
scored if they amplified above baseline, and were located reasonably close to a defined
cluster and away from other clusters. As a precaution, all genotypes were checked for
likely errors based on recombination discrepancies in j/qtl (Broman et al. 2003). F2
Expression data, SNP identifiers, marker position, and individual sample genotypes at
each SNP can be found listed in supplemental table 6 in Munger et al. (Munger et al.
2009).

2.7 eQTL Analysis
2.7.1 Genome-wide eQTL scan
Genetic linkage analysis was conducted in j/qtl to identify regions of the genome
(eQTLs) that correlated with differences in gene expression in the F2 population. YChromosome origin (B6 or 129S1) and developmental stage (tail somite number) were
included as additive covariates in all scans to account for potential small confounding
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effects from these variables. For each gene, a one QTL genome scan was performed
using the expectation-maximization (EM) algorithm (Lander and Botstein 1989) with
default convergence parameters (Maximum number of iterations = 4000; convergence
tolerance = 1E-4). Physical SNP locations were based on NCBI build 37 and converted to
genetic map positions using the Mouse Map Converter function within the JAX Center
for Genome Dynamics website (http://cgd.jax.org/mousemapconverter/). Significance
thresholds were determined empirically by permuting the expression data for each
individual gene 1000 times. eQTLs were deemed suggestive if they met or exceeded a
37% genome-wide adjusted threshold, and significant if they met or exceeded a 95%
genome-wide adjusted threshold. Bayesian 0.95 credible intervals were determined for
each eQTL in j/qtl.

2.7.2 Fine-mapping trans-band eQTLs on Chrs 1,3, and 12
F2 genotypes at the additional 16 SNPs located within the Chrs 1,3, and 12 eQTL
intervals were added to the existing genome-wide genotyping dataset, and then
correlated with differences in gene expression across the F2 population in j/qtl using the
same parameters as above. Bayesian 0.95 credible intervals were compared before and
after the addition of these 16 SNPs.
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2.8 Predicting candidate genes in eQTL intervals
Multiple sources of genomic sequence and gene expression data were crossreferenced to predict candidate genes that were most likely to be causative in eQTL
intervals. The search space was limited to transcription factors (TFs), as we reasoned that
expression or structural variation in TFs would be most likely to have an effect on the
expression of downstream target genes. The list of mouse TFs was downloaded from the
mouse Transcription Factor database (TFdb) at http://genome.gsc.riken.jp/TFdb/
(Kanamori et al. 2004). TFs that were then interrogated against gonad gene expression
data to identify any that were expressed in a sexually dimorphic pattern in gonad
somatic cells and/or preferably in a strain-dimorphic pattern in whole XY gonads at
E11.5. Sexually dimorphic expression data came from a previously published study and
downloaded from ArrayExpress (E-MEXP-454) (Nef et al. 2005). Strain dimorphic
expression data came from the current eQTL study (Munger et al. 2009). In a concurrent
analysis, the complete genome sequences for B6 and 129S1 in eQTL intervals were
downloaded from the Sanger website (ftp://ftp.sanger.ac.uk/pub/mouse_genomes/REL0912/) and compared to identify polymorphisms in and around TFs that could be
affecting expression and/or function. Non-synonymous coding mutations we manually
inspected by Loren Looger (HHMI). Predictions about the functional consequences of
these SNPs were based on the significance of the amino acid change and the location of
the amino acid in the protein. Non-coding SNPs were predicted to have a functional role
44

if they were located in regions of high conservation across mammalian species. Each
SNP was assigned a conservation score based on a comparative genomics analysis in the
UCSC genome browser (genome.ucsc.edu). All gene expression and sequence data sets
were imported into a MySQL database and analyzed by Anirudh Natarajan.

2.9 Overexpressing candidate genes in cell culture assays to
test for effects on target gene expression
2.9.1 Cell lines
Two gonad cell lines were used to test candidate genes in transfection assays.
12XG cells, a kind gift from Dagmar Wilhelm, were derived from E12.5 XX gonads from
an X-linked GFP strain (Hadjantonakis et al. 1998) that spontaneously immortalized. The
TM4 cell line was obtained from ATCC (stock# CRL-1715). This XY Sertoli line was
derived by JP Mather from 11-13 day old mice (Mather 1980). Cells were grown in
Dulbecco’s Modified Eagle’s Medium (GIBCO #11965) supplemented with 10% Fetal
Bovine Serum, penicillin/streptavidin, and L-Glutamine. Cells were passaged every 3-4
days at a 1:10 dilution.

2.9.2 Mammalian expression vectors
Mammalian expression vectors were constructed to screen individual candidate
genes in gonadal cell lines. The pIRES2-DsRed2 expression vector (Clontech; a kind gift
from the Dzau lab) was chosen for multiple reasons (Fig. 6A). First, the 12XG cell line
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contains an EGFP-expressing transgene, and therefore a GFP expression vector would be
unsuitable for FACS analysis. Second, the pIRES2-DsRed2 vector produces a bicistronic
transcript with an internal ribosomal entry site (IRES) that enables the gene of interest
and the fluorescent reporter gene to be independently translated. Transfected positive
cells could be identified by expression of the fluorescent reporter, and the native protein
structure encoded by the candidate gene can be analyzed without the concerns that
result from working with fusion proteins.
For each candidate gene, the open reading frame (ORF) was amplified by PCR
from purified gonad full-length cDNA. Primers were designed with 15bp of 5’ adapter
sequence specific to the SacI and SacII sites in pIRES2-DsRed2 using the In-Fusion
Primer Design Tool (http://bioinfo.clontech.com/infusion/convertPcrPrimersInit.do).
PCR products with the vector-specific adapter sequences were gel extracted and/or
column purified (Qiagen), and then cloned into pIRES2-DsRed2 (previously linearized
with SacI and SacII) using In-Fusion reagents (Clontech) according to manufacturer’s
protocols (Fig. 6B). Recombinant vectors were transformed into DH5α ultracompetent
cells (Invitrogen) and grown overnight on selective kanamycin plates. Positive colonies
were picked, grown up in standard LB media supplemented with kanamycin, and
plasmid DNA was extracted by miniprep kit (Qiagen). Plasmid DNA was digested to
check for presence of the insert, and up to eight positive clones were sequenced from the
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5’ and 3’ ends. One clone containing no mutations in the ORF was chosen, grown up
again in LB media, and maxiprepped (Qiagen kit) to obtain pure plasmid DNA.
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Figure 6: Description of the pIRES2-DsRed2 expression vector and the InFusion cloning technology.
A. Plasmid map of the pIRES2-DsRed2 expression vector from Clontech. This
vector expresses the candidate gene and a DsRed2 reporter from the CMV promoter. It
also contains a Kanr/Neor antibiotic resistance cassette that allows for selection in E. coli
and stable selection in mammalian cells. Vector map downloaded from Clontech
website.
B. In-Fusion cloning technology from Clontech provides a low cost, fast method
for cloning any pcr fragment (up to 10kb) in the correct orientation into any vector.
Overview schematic downloaded from Clontech website.
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2.9.3 Transient transfection assays and FACS analysis
Purified expression plasmids were transfected into 12XG and TM4 cells using the
Fugene HD reagent (Roche) according to manufacturer’s protocols. Cells were analyzed
for transfection efficiency at 24 hours post-transfection using a fluorescent inverted
microscope, and then harvested by trypsinization (Gibco) for 10 minutes at 37C followed
by multiple washes in PBS. Trypsinized cells were then passed through a 35 micron cell
strainer to obtain single cell suspensions. Samples exhibiting low transfection efficiency
were sent to the FACS core facility at Duke, where DsRed2(+) cells were isolated by
fluorescence activated cell sorting (FACS). Following the sorting procedure, total RNA
was extracted from cells by a column-based kit (Qiagen RNeasy Mini) according to
established protocols. Total RNA was reverse transcribed to cDNA using the iScript
cDNA synthesis kit (BioRad). The expression levels of the transfected candidate gene
and putative downstream targets were quantified by standard qRT-PCR (refer to section
2.5.4).
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3. Defining the differences in the XY gonad
transcriptome between 129S1 and B6 at E11.5.
3.1 Summary
Global gene expression was quantified by microarray for individual pairs of B6,
129S1, and reciprocal hybrid F1 XY gonads at the critical timepoint of sex determination,
E11.5. Within-strain expression was quite reproducible, while significant expression
differences were observed between strains. Reciprocal hybrid F1 samples clustered as a
single group irrespective of cross direction, indicating that any expression differences
resulting from the Y chromosome are likely to be minimal. F1 samples clustered closer to
the 129S1 parent, in agreement with previously published reports that (B6x129S1)F1
mice are resistant to sex reversal. Over 10% of probes on the microarray (4,196) were
found to be differentially expressed between the parent strains at 1.5-fold or greater. The
resulting XY strain dataset was then cross-referenced to lists of sexually dimorphic genes
generated from previously published microarrays that compared XY v XX somatic
gonadal cells. Hundreds of sexually dimorphic genes are differentially expressed
between 129S1 and B6 in XY gonads, with a significant majority of female-enriched
genes being upregulated in B6. A nearly significant majority of male-enriched genes are
downregulated in B6, suggesting that the B6 background is biased toward the female
fate. Sox9 is upregulated in B6 XY gonads, and may act as a compensatory mechanism to
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counteract the female-leaning background and initiate the male pathway, as would have
been required to establish the inbred strain.
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3.2 Introduction
Since all previous eQTL studies to date used adult tissues that are not
undergoing active tissue remodeling or development, I first sought to determine the
reproducibility of generating gene expression profiles on small amounts of tissue from
precise developmental time points. Highly reproducible measurements are essential to
detect differences in expression that are due to genetic background and not technical
variation like embryo staging or microdissection technique. Reproducibility was
investigated by isolating and measuring global gene expression by microarrays in five
individual pairs of E11.5 XY gonads from each parental strain and both reciprocal F1
hybrids. These crosses allowed us to analyze variability in gene expression due to the Ychromosome, maternal environment and cytoplasmic inheritance (i.e., mitochondria).
Furthermore, within each cross, XY gonads were dissected from multiple litters to
capture any expression variability arising from differences in maternal environment.
Microarray processing and analysis steps were conducted under the guidance of Haider
Ali as part of a collaboration with David Threadgill at UNC.
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3.3 Results
3.3.1 Inbred strain differences in the XY gonad transcriptome at E11.5
are reproducible and significant.
Significant and reproducible differences in gene expression were found between
strains, whereas variation among individual XY gonads from the same parental strain
was much lower and very little if any litter bias could be detected (Fig. 7) (mean pairwise Pearson correlation within a strain = 0.84; mean pair-wise correlation among
parental strains and reciprocal F1 hybrids = 0.76; mean pair-wise correlation between
parental B6 and 129S1 strains alone = 0.60). Gene expression differences between the
parental strains were significant, as all B6 and 129S1 samples clustered in a straindependent pattern. In contrast, reciprocal F1 hybrid (B6x129S1)F1 and (129S1xB6)F1
samples failed to cluster as distinct groups, suggesting that expression differences due to
parental origin effects were negligible. Furthermore, expression profiles of F1 hybrid
samples were more similar to the expression profiles of the 129S1 parent than the B6
parent irrespective of cross direction (Fig. 7). This observation is consistent with earlier
studies showing that the (129S1xB6)F1 hybrid background is resistant to YPOS-associated
sex reversal, like the 129S1 parental strain (Whitney et al. 2000).
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Figure 7: Clustering dendrogram of individual E11.5 XY samples.
Microarray profiles of individual E11.5 XY gonad pairs exhibit high within-strain
reproducibility. Total transcript abundance was profiled for individual pairs of E11.5 XY
gonads (n=5) from each of the following strains: the parental strains C57BL/6J (B6) and
129S1/SvImJ (129S1), and the (B6x129S1)F1 and (129S1xB6)F1 progeny from reciprocal
crosses. Individual samples were clustered based on the set of genes differentially
expressed at 2-fold or higher in at least 20% of the samples. Individual gonads from the
same parental strain were highly correlated, and little or no litter bias was detected
(letter following strain designation denotes litter; e.g., samples A1 and A2 are from the
same litter). Individual (B6x129S1)F1 and (129S1xB6)F1 samples failed to cluster as
distinct groups, suggesting that expression differences due to parental origin effects are
negligible. Expression profiles of F1 hybrid gonads more closely resemble those from the
129S1 parental strain, in agreement with phenotypic studies showing that B6129S1F1
hybrid mice are resistant to YPOS-associated sex reversal.
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We then averaged the transcript abundance profiles of individual gonad pairs
within each strain to quantify the total number of genes that were differentially
expressed. Because individual expression profiles of the reciprocal F1 hybrids did not
cluster into distinct groups, we treated all F1 samples as one group (n = 10 samples) for
subsequent analyses. Of the 39,605 genes that passed the filtering criteria, 30,891 showed
similar expression levels in all three groups. The differences in gene expression between
B6 and 129S1 in E11.5 XY gonads were significant. Over 10% of all probes tested,
representing 4,196 genes, varied between the parental strains at a threshold of 1.5-fold or
higher (Fig. 8; annotations and fold change values for all differentially expressed genes
are listed in supplemental table 1 of Munger et al.) (Munger et al. 2009). At the same
threshold, a total of 2,616 genes differed between the combined F1 group and the B6
parental strain, and 2,375 genes differed between the combined group and the 129S1
parental strain. At the more conservative 2-fold threshold the expression levels of 1,213
genes differ between B6 and 129S1, 883 genes differ between B6 and the F1 group, and
739 genes differ between 129S1 and the F1 group.
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Figure 8: Venn diagram depicting the number of genes differentially
expressed >1.5-fold between strains.
Total transcript abundance profiles of individual gonad pairs within a strain were
averaged (n=5 XY samples for each strain) to quantify the total number of genes
differentially expressed between strain groups. Because they failed to cluster into
distinct groups, all reciprocal hybrid F1 XY samples (n=10) were averaged together for
purposes of this analysis. A total of 4,196 genes are differentially expressed between B6
and 129S1 XY gonads at the 1.5-fold threshold level or higher (35,409 genes are similar).
The combined F1 XY group differs from the B6 parental strain for 2,616 genes at the 1.5fold threshold (36,989 genes are similar), and from the 129S1 parental strain for 2,375
genes at the 1.5-fold threshold (37,230 genes are similar). A set of 1,884 genes are
differentially expressed in B6 relative to both the 129S1 strain and F1 hybrid group,
while 1,883 genes are differentially expressed in 129S1 relative to both the B6 strain and
F1 hybrids, and 1,031 genes are differentially expressed in the F1 hybrid group relative
to both parental strains.
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3.3.2 Expression bias of sexually dimorphic genes between strains
predicts differences in sensitivity to XY sex reversal.
Somatic supporting cells are known to direct the sexual fate decision in the
gonad (Palmer and Burgoyne 1991a). Consequently, we predicted that many of the
genes differentially expressed between B6 and 129S1 XY gonads that confer the sex
reversal phenotype would likely be sexually dimorphic at the critical time point (E11.5)
and expressed specifically in the somatic supporting cell lineage. To focus on genes most
likely to play a role in sex determination, we cross-referenced our XY strain-dependent
dataset to previously published microarray studies that quantified XX and XY
differences in SF1-EGFP positive gonadal somatic cells at E11.5 (a population that
includes the Sry-expressing pre-Sertoli lineage at E11.5)(Nef et al. 2005; Beverdam and
Koopman 2006), and Sry-EGFP positive Sertoli cell progenitors at E13.0 (Bouma et al.
2007a). Based on the significance criteria established in each previous study, we derived
a list of 656 genes expressed higher in XX somatic cells relative to their XY counterparts
(hereafter referred to as ‘female genes’), as well as a list of 770 genes expressed higher in
XY somatic cells relative to their XX counterparts (hereafter referred to as ‘male genes’).
A striking pattern was observed for female genes differentially expressed in our
XY strain-dependent dataset: 106 female genes were differentially expressed in B6 and
129S1 E11.5 XY gonads at 1.5-fold or higher, and the vast majority of these genes were
upregulated in B6 relative to 129S1 (83 up in B6 v. 23 up in 129S1; Chi-square test of
goodness-of-fit p = 1.99E-09) (table 2; female genes differentially expressed in B6 and
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129S1 XY gonads are listed in table 5 in Appendix A1)(Munger et al. 2009). This list
includes Fst (follistatin; 3.14-fold up in B6) and Wnt4 (wingless-related MMTV
integration site; 1.53-fold up in B6 XY gonads), which are known early markers of the
female pathway (Vainio et al. 1999; Yao et al. 2004). In addition, 81 female genes were
differentially expressed between B6 and F1 hybrid gonads, with a similar majority being
upregulated in B6 (65 up in B6, 16 up in F1 hybrid group; p = 3.58E-09). This suggests
that B6 alleles responsible for the upregulation of the female pathway are recessive,
consistent with previous results (Eicher and Washburn 1986). In contrast to B6, no
significant bias in female gene expression is observed between 129S1 and the F1 hybrid
group (13 up in 129S1, 18 up in F1 hybrid group; p = 0.31). Importantly, the female shift
in the B6 XY gonad transcriptome suggests a molecular mechanism responsible for B6
sensitivity to XY sex reversal.
A similar number of male genes were differentially expressed in the XY strain
dataset: A total of 89 male genes were differentially expressed at 1.5-fold or higher in B6
and 129S1 E11.5 XY gonads (36 up in B6, 53 up in 129S1; p = 0.10) (table 2; male genes
differentially expressed in B6 and 129S1 XY gonads are listed in table 6 in Appendix A1)
(Munger et al. 2009). Although Sry was not differentially expressed between B6 and
129S1, expression of Sox9 was upregulated 1.94-fold in the seemingly female-leaning B6
background relative to 129S1. Consequently, some of the male genes upregulated in B6
relative to 129S1 at E11.5 may be a direct result of the upregulation in Sox9 expression,
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and may offset the female shift in the B6 XY transcriptome. In contrast to the lack of bias
observed between B6 and 129S1, many male genes were significantly upregulated in the
F1 hybrid group relative to both parental strains (67 up in F1 hybrids relative to B6, p =
3.62E-10; 50 up in F1 hybrids relative to 129S1, p = 1.13E-07) (table 2). The robust
expression of the male pathway in the F1 hybrid group indicates that multiple
transgressive alleles of male pathway genes have segregated in the parental strains.
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Table 2: Many sexually dimorphic genes are differentially expressed at >1.5fold between strains in E11.5 XY gonads.
The pairwise lists of total genes differentially expressed >1.5-fold among B6, 129S1,
and the reciprocal F1 hybrids were cross-referenced for genes previously identified as
being enriched in XX gonad somatic cells relative to their XY counterparts (referred to
here as ‘female genes’) or in XY gonad somatic cells relative to their XX counterparts at
E11.5 (referred to here as ‘male genes’). The B6 strain exhibits a strong bias for the
overexpression of female genes relative to 129S1 and the reciprocal hybrid group. A total
of 106 female genes (out of a total of 656 female genes identified from previous analyses)
are differentially expressed between B6 and 129S1 XY gonads, and 83/106 are up
regulated in B6 at the 1.5-fold threshold (p=1.99E-9, Chi-squared test of goodness-of-fit).
In the comparison of B6 and F1 hybrid XY gonads, 66/81 female genes are up regulated
in B6 relative to the F1 hybrids (p=3.58E-9). In contrast, female genes are not significantly
biased in 129S1 relative to the F1 hybrids (13/31 up regulated in 129S1; p=0.32). A total
of 89 male genes (out of a total of 770 male genes identified from previous analyses) are
differentially expressed between B6 and 129S1 XY gonads, but do not appear to be
expressed in a significantly biased manner (53/89 are up regulated in 129S1 at the 1.5fold threshold; p=0.10, Chi-squared test of goodness-of-fit). In contrast, male genes are
significantly overexpressed in the F1 hybrid XY group relative to either parent strain
(67/77 upregulated in F1 group relative to B6, p=3.62E-10; 50/60 upregulated in F1
relative to B6, p=1.13E-7).
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Up in
Strain A

Up in
Strain B

p-value

83

23

1.99E-09

66

15

3.58E-09

13

18

0.32

36

53

0.10

F1 Hybrids

10

67

3.62E-10

F1 Hybrids

10

50

1.13E-07

Strain A

Strain B

Gene Set

C57BL/6J

129S1/SvImJ

Female genes

C57BL/6J

F1 Hybrids

129S1/SvImJ

F1 Hybrids

C57BL/6J

129S1/SvImJ

C57BL/6J
129S1/SvImJ

Male genes
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3.4 Discussion

3.4.1 The gonad transcription network in C57BL/6J is shifted toward
the female fate.
A strain comparison of the global XY gonad transcriptome at the critical
timepoint of sex determination (E11.5) revealed significant differences between B6 and
129S1. Cross-referencing this strain dataset to previously published XX/XY microarray
comparisons showed that a large number of female-enriched genes are upregulated in
B6 relative to 129S1, providing a likely explanation for the sensitivity of the B6 strain to
sex reversal. These data predict that the B6 alleles conferring sensitivity to XY sex
reversal act by elevating or prematurely upregulating the female pathway and thereby
raising the threshold required to establish the male pathway. These findings provide
evidence in support of the “timing mismatch” hypothesis proposed by Eicher (Eicher
and Washburn 1986) and Burgoyne (Burgoyne 1988; Palmer and Burgoyne 1991b).

3.4.2 Upregulation of Sox9 expression in B6 XY gonads may
counteract the female-leaning transcriptome.
If the female pathway is upregulated and/or activated early in the B6 XY gonad
transcriptome, why don’t we observe sex reversal at some frequency in ‘wildtype’ B6 XY
mice? The answer to this question likely involves the regulation of Sox9. We were
surprised to find that Sox9 expression is upregulated nearly 2-fold in the B6 strain, and
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may act as a compensatory mechanism to counteract this variant network state and
ensure testis determination as required to establish the strain (Fig. 9).
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Figure 9: The B6 XY gonad transcriptome is biased toward the female fate, but
may be counteracted by upregulation of Sox9.
In comparison with 129S1 XY gonads at E11.5 (blue panel), B6 XY gonads exhibit
higher expression of female-enriched genes and lower expression of male-enriched
genes (pink panel). This pattern suggests that the B6 gonad transcriptome is shifted
toward the female fate. Surprisingly, Sox9, a master regulator of the male pathway, is
upregulated nearly 2-fold in B6, and may act as a compensatory mechanism to
counteract the biased background and initiate the male pathway.
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As a consequence of this imbalanced network state, the transcriptional
equilibrium in B6 is particularly vulnerable to the introduction of allelic variants that
delay or reduce the expression level of Sry or Sox9 (Albrecht et al. 2003; Bouma et al.
2005; Bullejos and Koopman 2005), or by heterozygous mutations in genes that
positively regulate Sry or Sox9 (e.g., SF1, Wt1, Fgf9) (Colvin et al. 2001; E. Eicher,
personal communication). An analogous situation may exist in human cases of sex
reversed XY females that carry the same SRY mutation as their fully masculinized
and fertile fathers (Dipple and McCabe 2000; Jordan and Vilain 2002). For example,
adverse effects from the SRY mutation may be masked in the father by downstream
positive modifiers of SOX9 expression, but exposed in his XY offspring by the
introduction of allelic variants from the mother that compromise this compensatory
mechanism or upregulate the opposing female pathway. As Sox9 is found in a region
of Chr 11 that is of shared ancestry between B6 and 129S1, a trans-acting factor is most
likely responsible for the difference in Sox9 expression observed between B6 and 129S1
(Fig. 10). The most obvious candidate for a trans-acting factor regulating Sox9 expression
is SRY, however we did not see any differences in the level of Sry expression between B6
and 129S1; moreover, the B6 and 129S1 SRY proteins are identical (Albrecht and Eicher
1997).
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Figure 10: Sox9 is located on Chromosome 11 in a region of shared ancestry
between B6 and 129S1.
The Mouse Phenome Database SNP viewer (http://phenome.jax.org/SNP/) was
used to visually depict the genetic variation surrounding Sox9 on Chr 11 for 16 common
inbred and wild-derived strains. The B6 and 129S1 strains are highlighted in yellow.
Gray bars represent the number of SNP locations where allele data is present for both
strains. Red bars represent the number of SNP locations where the two strains are
polymorphic. Therefore, regions with tall red bars are highly polymorphic between
strains and are not likely to be of shared ancestry. Because few SNPs differ between B6
and 129S1 in the region surrounding Sox9 (dashed box), strain differences in Sox9
expression likely stem from variation in trans-acting regulators.
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4. Analysis of gene expression in mixed F2 XY E11.5
gonads derived from B6 and 129S1 intercrosses.

4.1 Summary
Gene expression is highly variable in mixed F2 E11.5 XY gonads derived from B6
and 129S1 intercrosses. On average, expression variability (quantified by the coefficient
of variation) is 2.5-fold higher in the F2 population than in a control cohort of B6 gonads,
and all but one of the 51 genes analyzed exhibited higher expression variation in the F2
population. Expression variability in the F2 population is not linked to Y-chromosome
origin. Small differences in developmental stage account for some of the expression
variation in approximately one-third of the genes (18/51).
Despite the high degree of expression variation observed across the F2
population, correlations among groups of genes emerged. A collaborator on this project,
Paul Magwene from the Department of Biology, used a First-Order Conditional
Independence (FOCI) algorithm he developed to estimate a coexpression network from
the F2 XY expression data. We found that 39 of the 40 genes included in this analysis
were coexpressed with at least one other gene at a partial correlation threshold > 0.25. A
total of 68 coexpression relationships (edges) are shared among the 39 genes (nodes) in
the FOCI network, and individual genes are coexpressed on average with 3.5 other
genes (median = 4). Furthermore, two highly connected subgraphs consisting of
predominantly male or female pathway genes are observed within the FOCI network.
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4.2 Introduction
The large number of genes that were differentially expressed between B6 and
129S1 suggest that the transcriptional network controlling gonad organogenesis and
male sex determination is highly plastic. To investigate the degree of plasticity in gene
expression that can be tolerated in the gonad network, we established a cross between
B6 and 129S1 mice, and then intercrossed the resulting F1 progeny to generate a
segregating F2 panel of E11.5 embryos. We collected F2 and B6 control XY gonads for
this analysis over a narrow window of development, and determined the exact
developmental stage of each F2 embryo by counting tail somites posterior to the
hindlimb bud (Hacker et al. 1995). Only embryos that fell in the 17-20ts developmental
window (~8-hour window surrounding E11.5) were included in the expression analysis.
We chose 54 genes expected to play a major role in strain-related sex reversal for
analysis. This list included 44 sexually dimorphic genes that were significantly
differentially expressed between B6 and 129S1 (26 male and 18 female genes), 10 genes
that did not differ between the parent strains but were known to be important players in
sex determination, and four housekeeping genes for normalization controls (gene
symbol, name, accession number, and primer sequences listed in table 1). Transcript
abundance was quantified by nanoliter scale real-time qPCR on the BioTrove
OpenArray™ in the laboratory of Fernando Pardo-Manuel de Villena at UNC. Paul
Magwene conducted the FOCI analysis and contributed additional statistical support.
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4.3 Results
4.3.1 Gene expression is highly variable in mixed F2 XY gonads.
Gene expression was found to be highly variable in F2 XY E11.5 gonads for the
subset of genes analyzed in this pilot study (Fig. 11). To quantify the extent of expression
variation, we calculated the coefficient of variation (CV = standard deviation/ mean) for
each gene. For all but one of the genes analyzed that passed a quality filter (excluding
three genes in which >50% of the samples were missing data), the CV was higher in the
F2 XY panel relative to B6 controls (Fig. 12). On average, the expression variability
observed in F2 samples was 2.5-fold higher than in B6 controls (mean CVF2 = 1.3, mean
CVB6 = 0.52; relative CV = CVF2/CVB6 = 2.5), with the highest relative CV observed for
Tpd52l1 (22.3-fold higher in F2 panel), and the lowest relative CV observed for Defb7
(1.26-fold lower in F2 panel). Any technical variability introduced in the dissection
process or expression analysis should be consistent between the F2 panel and B6 control
groups. The extreme variability in levels of gene expression observed for this subset of
genes likely to play a major role in sex determination suggests that there is a high degree
of plasticity in the gonad transcription network underlying sex determination, yet all F2
XY gonads are expected to develop as testes.
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Figure 11: Gene expression is highly variable in mixed F2 E11.5 XY gonads.
For the 89 F2 XY gonads included in this study, normalized gene expression values
for the 54 genes are plotted. B2m was used as the normalizer gene in this analysis
because it exhibits the most stable expression in the F2 population. The x-axis denotes
the genes assayed by qRT-PCR, and the y-axis displays the normalized expression
values.
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Figure 12: Quantifying the degree of variability in gene expression in F2 XY
gonads relative to B6 controls.
The expression of 50 genes was quantified by nanoliter-scale qPCR (BioTrove
OpenArray) in a panel of F2 XY gonads (n=82) and a set of B6 XY controls (n=5). The
coefficient of variation (CV) was then calculated and compared in the F2 XY panel
relative to B6 controls. For each gene tested, CV is calculated as the standard deviation
divided by the mean. CV is plotted on the Y-axis, and the individual genes tested are
denoted on the X-axis. Red bars represent the CV in the F2 XY panel, and blue bars
represent the CV in B6 XY controls. The F2 CV bar for Rtn4rl1 (starred) was cropped to
better observe the CV values of other genes (Rtn4rl1 F2 CV = 6.43). Genes are ordered
based on the magnitude of the variation observed in the F2 population relative to the B6
controls (relative CV = CVF2/CVB6). Genes on the left of the graph exhibit the most
variation in the F2 population relative to the B6 controls. Tpd52l1 exhibits the highest
relative expression variation (Tpd52l1 CVF2/CVB6 = 22.3), while Defb7 exhibits the lowest
relative expression variation (Defb7 CVF2/CVB6 = 0.79). Gene expression variability is
consistently higher in the F2 XY panel relative to the B6 XY controls (mean CVF2/ mean
CVB6 = 2.54) with the exception of Defb7.
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4.3.2 Many genes are coexpressed across the F2 population.
Despite the high levels of variation in gene expression observed across the F2 XY
population, a preliminary analysis revealed that many genes were coexpressed across F2
gonads (Pearson correlation data not shown). To characterize the extent of coexpression
relationships in more detail, we employed a first-order conditional independence (FOCI)
model (Magwene and Kim 2004) to estimate a gene coexpression network based on the
F2 XY panel expression data. FOCI modeling is a graphical modeling approach that is
useful for exploring the correlation structure of multivariate datasets, and is particularly
appropriate for genomic studies where there are many genes to consider but only a
modest number of samples are available (Magwene and Kim 2004; Wille et al. 2004;
Wille and Buhlmann 2006). Applied to gene expression data, the FOCI model highlights
pairs of genes whose association (correlation) cannot be “explained away” by their joint
association with a third gene.
We estimated the FOCI network for 40 genes based on 68 samples from the F2
XY panel dataset (we omitted samples and genes from this analysis that had substantial
numbers of missing values). We used a modified FDR approach (Benjamini and
Yekutieli 2001; Drton and Perlman 2007) to control the edgewise false discovery rate for
the FOCI graph (FDR = 0.05). Figure 13 shows the FOCI graph estimated from the F2 XY
expression data, with ‘male genes’ and ‘female genes’ (differentially expressed between
parental strains) colored in blue and pink, respectively, and other genes (i.e., genes
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important for sex determination but not differentially expressed between parental
strains) colored in yellow. We found that 39 of the 40 genes included in this analysis
were coexpressed with at least one other gene at a partial correlation threshold > 0.25. A
total of 68 coexpression relationships (edges) are shared among the 39 genes (nodes) in
the FOCI network, and individual genes are coexpressed on average with 3.5 other
genes (median = 4). The most highly connected gene in the FOCI network is Dock4
(dedicator of cytokinesis 4; n = 8 edges), a gene enriched in XX somatic support cells
relative to XY at E11.5 but with no known role in sex determination. The robust
coexpression of Dock4 with multiple female pathway genes of known importance,
including Wnt4, Axin2, Ctnnb1, and Dax1 (Nr0b1), strongly suggests an important role
for this gene in the female pathway. Other sexually-dimorphic genes with unknown
roles in sex determination are found to be highly connected in the FOCI network,
including Smpdl3b (sphingomyelin phosphodiesterase, acid-like 3B; n = 6 edges), Pcsk6
(proprotein convertase subtilisin/kexin type 6; n = 6 edges), and Serpine2 (serine
peptidase inhibitor, clade E, member 2; n = 6 edges). The coexpression of these genes
with multiple other genes of known importance strongly predicts important roles for
these genes in sex determination as well.
Two highly connected subnetworks are observed within the FOCI network
estimated from the F2 XY panel dataset (Fig. 13). The largest connected subnetwork
includes 36 edges shared among 22 genes. Interestingly, most of the genes (19 out of 22)
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in this subgraph are ‘male’ genes (enriched in XY v XX somatic support cells at E11.5).
The second largest connected subnetwork in the network includes 26 edges shared
among 17 nodes, 12 of which are ‘female’ genes (enriched in XY v XX somatic support
cells at E11.5).
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Figure 13: Gene coexpression network estimated from the F2 XY panel
expression data.
A first-order conditional independence (FOCI) network was estimated for a
subset of 40 genes based on 68 samples from the F2 XY panel data set (samples and
genes that had substantial numbers of missing values were omitted from this analysis).
‘Male’ genes that are enriched in XY gonads at E11.5 are highlighted in blue, whereas
‘female’-enriched genes are highlighted in pink, and genes with known roles in sex
determination that are not expressed in a sexually-dimorphic pattern at E11.5 are
highlighted in yellow. Thick black edges represent coexpression relationships having a
partial correlation coefficient
≥ 0.33, while thinner edges represent coexpression
relationships having a partial correlation coefficient ≥ 0.25.
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4.3.3 The source of the Y-Chromosome is not significantly correlated
with gene expression in XY F2 gonads.
To account for any potential effects of the Y-Chromosome on gene expression in
our F2 population, we established a breeding scheme that included both B6 and 129S1
grandfathers. We then grouped the F2 XY progeny based on the strain origin of their YChromosome, and investigated correlations between the source of the Y-Chromosome
and gene expression for the 51 genes quantified in the F2 panel (Fig. 14). We found that
the expression levels of only two genes, Gata4 and Sox9, were correlated with the strain
origin of the Y (Mann Whitney U test; Gata4 p= 0.04, Sox9 p= 0.02), and no significant
correlations to Y origin are found after adjusting the significance threshold for multiple
comparisons by Bonferroni correction. This finding suggests that most of the expression
variability observed in the F2 panel is regulated not by the Y, but rather by autosomal
differences. Even for Sox9 and Gata4, most of the expression variability observed among
F2 individuals is independent of the Y origin (bottom panels of Fig. 14). We expected
that the effect of the Y-Chromosome on Sox9 expression would most likely stem from
differential expression of its direct upstream regulator Sry, but we do not find a
significant correlation between Y origin and Sry expression in this analysis (p= 0.30).
This is consistent with the observation that Sry expression is equivalent in the reciprocal
F1 hybrid gonads.
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Figure 14: The source of the Y-Chromosome is correlated with very little of the
overall gene expression variability observed in XY F2 gonads.
The expression of 50 genes was quantified by nanoliter-scale qPCR (BioTrove
OpenArray) in a panel of F2 XY gonads (n=82), and individual samples were then
grouped based on the origin of their Y-Chromosome (B6 Y-Chromosome n = 61; 129S1 YChromosome n = 21) to examine effects of the Y on gene expression. Only two genes,
Sox9 and Gata4, are found to be affected by the origin of the Y-Chromosome at a
statistically significant level (p ≤ 0.05) by the Mann-Whitney U test (Sox9 p = 0.018; Gata4
p = 0.036); however, no significant correlations to Y origin are found after adjusting the
significance threshold for multiple comparisons by Bonferroni correction. Above, mean
normalized gene expression values are plotted based on Y origin for a subset of 25 genes
found to have the highest correlation between expression and Y-Chromosome origin.
Genes are ordered by p-value from left to right, with the most significant genes being
found on the left. Blue diamonds indicate mean expression values for samples having
the B6 Y-Chromosome, and red squares indicate samples with the 129S1 YChromosome. Mean normalized expression is plotted on the Y-axis (note logarithmic
scale), and gene names are denoted on the X-axis. Error bars indicate +/- one standard
error. Below, individual F2 expression values are plotted based on Y-Chromosome
origin for Sox9 (blue circles), Gata4 (green circles), and Rtn4rl1 (maroon circles). Group
mean expression values are denoted by black bars. A high level of expression variability
is observed among individuals having the same Y, indicating that most of the expression
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differences in F2 individuals likely stem from autosomal differences. Mean expression
of Rtn4rl1 in the F2 samples with the B6 Y is skewed by one outlier sample, however
expression of Rtn4rl1 is not significantly correlated with the origin of the YChromosome (p = 0.268).
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4.3.4 Expression variation in a subset of genes is associated with
developmental stage differences among the F2 XY panel.
To account for potential artifacts introduced by small differences in the
developmental stage of individual embryos, F2 gonads were grouped based on their
exact stage of development, and stage-specific expression values were compared (Fig.
15). We found that approximately one-third (18 of 51) of the genes we examined showed
a correlation between expression and developmental stage (corrected for multiple
comparisons using a false discovery rate (FDR) of 0.05) (Benjamini and Hochberg 1995).
Some of these genes are downregulated from 17-20 ts (highlighted in red in Fig. 15),
while others are upregulated from 17-20 ts (highlighted in green in Fig. 15). However,
there remains a large portion of the variability in these 18 genes that is independent of
developmental stage. For example, Pld1 expression trends downward from 17-20 ts, yet
the variability observed among individuals within one group (19 ts) matches the
variability observed across stage groups (bottom panel in Fig. 15). Moreover, for nearly
two-thirds of the genes tested, expression does not appear to be significantly correlated
with small differences in developmental stage. We conclude that most of the expression
variability observed in the F2 individuals results from genetic rather than stage
differences.
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Figure 15: A small amount of the gene expression variability observed in XY F2
gonads is significantly correlated with differences in developmental stage for
approximately one-third of the genes tested.
F2 XY gonad samples were grouped by developmental stage (17-20ts) to analyze
the effects of small differences in staging on gene expression. For a total of 18/51 genes in
this survey, small but significant effects of developmental stage on gene expression were
detected (FDR q-value ≤ 0.05). Stage -matched mean normalized expression values for
the 18 significant genes are plotted on the Y-axis (note logarithmic scale). Gene names
are indicated on the X-axis. The red box highlights genes that are down regulated from
17-20ts, while the green box highlights genes that are up regulated from 17-20ts. Genes
in the middle section exhibit a statistically significant but non-linear trend in gene
expression from 17-20ts. Marker legend: blue diamonds denote 17ts group (n= 13), red
squares denote 18ts group (n= 24), green triangles denote 19ts group (n= 25), and purple
circles denote 20ts group (n= 10). Below, individual F2 relative expression values are
plotted grouped by developmental stage for Pld1 (red dashes), and Col9a3 (green
dashes). Pld1 expression is down regulated between 17-21ts, and Col9a3 expression is up
regulated from 17-20ts. Note the high level of expression variability within a stage. For
example, the range for both Pld1 and Col9a3 expression observed within the 19ts group
encompasses the entire range observed across all stages.
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4.4 Discussion
We found a surprising level of variability in gene expression in the F2 population
relative to a subset of B6 controls. Despite this high variability in gene expression levels,
all XY gonads in this experiment would be expected to become testes. These data likely
reveal a complex system of checks and balances buffered by opposing forces. Reciprocal
changes and complimentary adjustments in expression levels occur between strains and
among individuals in the F2 population, and this combinatorial control of gene
expression levels may buffer the system against mutation and provide a stable
equilibrium resistant to perturbation. This system likely has strong evolutionary
advantages as variation can be easily accommodated, and a new equilibrium can be
reached by a series of compensatory changes that establish a new balanced state.
Although expression is highly variable across the F2 population, many genes are
significantly coexpressed within individual samples. We estimated this coexpression
network using a first-order conditional independence (FOCI) model developed by
Magwene and Kim (Magwene and Kim 2004). Because the FOCI model was estimated
based on a modest number of samples, this analysis is best considered exploratory.
However, the model does suggest important roles for a number of genes with unknown
functions in sex determination (including Dock4, Smpdl3b, Pcsk6, and Serpine2) based on
their high degree of connectivity within the FOCI network and coexpression with genes
of known importance. Furthermore, two highly connected subnetworks consisting of
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primarily male or female genes are apparent in the FOCI network. The distinct structure
of these subnetworks illustrates the ability of the unbiased FOCI model to reveal male or
female modules within the network that are likely to have biological relevance.
Significantly, edges linking these two subnetworks (e.g., between Prokr2 and Pglyrp1 in
Fig. 13) may connect genes important for the bifurcation of a bipotential network
structure (i.e., common to both XX and XY gonads) toward a male or female state.
It is unknown whether the high degree of coexpression in this subset of genes is
representative of the global gonad transcription network or of other developing systems.
As an organ, the gonad is unusual, in that each cell within the gonad is thought to be
initially bipotential, and sex determination proceeds as the sum of individual cell fate
decisions. Because of this unique plasticity, the transcription architecture underlying cell
fate decisions within the gonad may be similar to other multipotent stem cell
populations, as these cells make a fate decision to self-renew or differentiate under the
influence of multiple converging signals. It will be interesting to obtain a more dynamic
view of how the gonad transcriptome approaches this decision point and diverges
toward the ovary or testis pathway. Follow-up studies will extend this expression
analysis to the level of the whole genome over an extended timecourse.
We identified no statistically significant correlation between Y-Chromosome
origin and gene expression in the F2 XY panel, a finding that is consistent with the data
from the reciprocal F1 hybrid groups (Fig. 7). However, we cannot rule out any role for
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the Y-Chromosome in contributing to the phenotypic differences between these strains,
as any Y-Chromosome differences would likely affect Sry and Sox9 expression before
E11.5 and may be masked by opposing effects from autosomal loci at E11.5. We did find
a significant correlation between developmental stage and gene expression for about
one-third of the genes tested, although the effect of developmental stage on variability of
gene expression across this narrow developmental range was minor relative to the
genetic contribution.
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5. Integrating genetics and genomics to map
autosomal loci that regulate gene expression in the
gonad.

5.1 Summary
We genotyped each F2 individual at 128 SNPs spaced evenly across the genome
and employed linkage analysis to identify regions correlated with differences in gene
expression. In total, we identified 19 eQTLs across the genome, and one or more eQTLs
for 44 out of the 51 genes tested. We identified eight prominent trans-band eQTLs on
Chrs 1, 3, 5, 12, 14, 15, 17, and 19 that controlled the expression of cohorts of genes.
These groups of coregulated transcripts were associated with early gonadogenesis, or
predominantly with the male or female pathways. The Chr 1 trans-band eQTL controlled
the expression of five genes known to have critical roles in the male pathway, including
the master regulators Sry and Sox9. Sox9 expression is regulated in a complex manner,
and is controlled by at least four eQTLs on Chrs 1, 5, 6 and 11 that have antagonistic
allelic effects. The most significant eQTL identified in our analysis is the Chr 6 regulator
of Sox9 expression. F2 embryos that are homozygous B6 in this region of Chr 6 express
Sox9 nearly 3-fold higher than individuals that are homozygous 129S1 in this region,
suggesting that the gene underlying this eQTL is responsible for counteracting the
female-leaning transcriptome in B6 to initiate the male pathway.
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We attempted to fine-map three of the trans-band eQTLs on Chrs 1, 3, and 12 by
genotyping each F2 embryo at 16 additional SNPs in these regions using a standard
TaqMan approach. We were able to halve the size of the Chr 12 interval (from 35cM
previously to 16cM), and narrow the Chr 1 interval (from 22cM previously to 16c). We
were unable to further resolve the Chr 3 eQTL.
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5.2 Introduction
The large cohorts of coexpressed genes identified in our F2 expression dataset
predicts the existence of upstream “master regulators” in the gonad that differ in
structure or expression between B6 and 129S1. To begin to identify the genetic
determinants of differential gene expression in B6 and 129S1 XY gonads at E11.5, we
supplemented our F2 expression study with a genetic linkage analysis. To do this, we
genotyped each F2 embryo at 128 SNPs spaced evenly across the genome and searched
for correlations between marker genotype and transcript abundance. SNPs were evenly
spaced throughout the genome, and were genotyped utilizing a TaqMan®-based
chemistry on the same platform used for the real-time qPCR analysis (BioTrove
OpenArray™). Transcript abundance was then correlated with marker genotype by
maximum likelihood interval mapping in J/qtl, a Java-based GUI for R/qtl (Broman et al.
2003). Although we previously found that the Y-Chromosome and stage effects were
minor relative to other genetic differences, we included these variables as additive
covariates in our eQTL analysis to account for possible confounding effects. SNP
genotyping on the OpenArray™ was conducted with the help of Tim Bell in the
laboratory of Fernando Pardo-Manuel de Villena at UNC. David Aylor made critical
contributions to the linkage analysis.
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5.3 Results
5.3.1 Autosomal expression quantitative trait loci (eQTLs) regulate
gene expression in XY gonads at E11.5.
We found that the expression levels of 44 out of 51 total genes analyzed in this
study were linked to at least one area of the genome (eQTL) at a suggestive level or
greater (alpha α< 0.63, 1000 permutation tests for each gene). Nineteen distinct eQTL
intervals were mapped across the genome, and a total of 70 eQTL-target transcript
relationships were identified. Eight eQTLs are associated with the expression of multiple
genes; these regions will hereafter be referred to as trans-band eQTLs (these regions are
also referred to as putative master regulators of gene expression, or eQTL “hotspots”).
Trans-band eQTLs were identified on Chrs 1, 3, 5, 12, 14, 15, 17, and 19 (table 3).
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Table 3: List of all eQTLs and linked transcripts
List includes chromosome number, peak location (cM), Bayesian 95% confidence
interval (cM), gene symbol(s) of transcript(s) controlled by the eQTL, peak LOD score,
significance (p-value), high expressing allele (B6, 129S1, or heterozygous), and the
nearest SNP marker.
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Table 3
Bayesian
95% CI
(cM)

LOD
Score

Significance
(p-value)

High
allele

Nearest
marker

Fgf9

2.5

0.50

129S1

rs6239834

26-44

Cbln1

2.6

0.50

129S1

rs6239834

33.8

28-50

Sry

4.3

0.09

B6

rs13475907

36.2

26-58

Ptgds

3.1

0.17

129S1

rs13475907

38.2

18-47

Sox9

2.6

0.45

129S1

rs13475954

63.3

44-94

Sox8

3.1

0.13

129S1

rs31075254

2

91.6

83-92

Ereg

4.2

0.08

B6

rs27619046

3

64.4

54-70

Cbln1

3.7

0.14

129S1

rs30173379

66.5

52-74

Asns

2.5

0.46

129S1

rs30173379

66.5

57-72

Fgf9

3.0

0.27

129S1

rs30173379

68.4

62-74

SF1 (Nr5a1)

4.1

0.05

129S1

rs13477487

68.5

66-68

Rec8

4.8

0.25

129S1

rs13477487

68.5

64-72

Rspo1

13.4

0.28

129S1

rs13477487

68.5

66-70

Smpdl3b

3.4

0.34

129S1

rs13477487

70.5

64-76

Socs2

3.0

0.35

129S1

rs13477487

72.5

66-76

Fog2 (Zfpm2)

4.2

0.03

129S1

rs13477487

72.5

64-74

Gata4

3.4

0.34

129S1

rs13477487

74.5

68-76

Dapk1

4.1

0.07

129S1

rs13477487

76.2

30-76

Col9a3

2.9

0.32

129S1

rs13477487

76.2

68-76

Ctnnb1

5.5

0.03

129S1

rs13477487

76.2

68-76

Dock4

3.6

0.11

129S1

rs13477487

76.2

68-76

Pld1

3.9

0.04

129S1

rs13477487

76.2

60

Wt1

2.5

0.45

129S1

rs13477487

10.1

8-14

Sox9

4.1

0.04

Het

rs33751966

32.0

28-36

Sphk1

6.5

0.11

B6

rs33534645

34.0

28-50

Trim47

2.8

0.35

B6

rs33534645

42.0

26-56

Serpine2

2.4

0.57

B6

rs33534645

42.0

26-50

Dhh

2.9

0.46

B6

rs33534645

42.0

28-46

Mmd2

3.7

0.27

B6

rs33534645

46.0

28-54

Tpd52l1

2.5

0.49

B6

rs29505670

22.8

15-29

Sox9

6.4

0.00

B6

LMT06_56M

27.4

13-33

Prokr2

2.7

0.29

B6

LMT06_56M

7

1.8

2-8

Pglyrp1

5.3

0.00

B6

rs31367406

8

23.0

11-48

Trim47

2.5

0.47

Het

rs33390553

10

11.7

8-60

Trim47

3.3

0.21

129S1

rs29372395

Chromosome

Peak (cM)

1

30.2

16-66

32.3

5

6

Controlled
Transcript
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Table 3 (continued)
Bayesian
95% CI
(cM)

Controlled
Transcript

6.1

6-34

14.1

LOD
Score

Significance
(p-value)

High
allele

Nearest
marker

Ptgds

2.2

0.62

Het

LMT11_10M

6-24

Sox9

2.3

0.63

Het

LMT11_10M

70.1

42-78

Mmd2

3.0

0.54

B6

rs27071794

28.6

7-51

Pld1

2.3

0.47

129S1

rs6344105

35.5

29-43

Axin2

3.2

0.17

129S1

rs29160170

35.5

29-55

Ctnnb1

2.8

0.49

129S1

rs29160170

35.5

29-55

Fog2 (Zfpm2)

3.6

0.10

129S1

rs29160170

40.2

33-59

Pdgfd

2.5

0.48

129S1

rs13481572

41.0

35-61

Rpgrip1

5.4

0.01

129S1

rs13481572

43.0

31-49

Dock4

3.7

0.09

129S1

rs13481587

45.0

21-59

Dax1

2.3

0.61

129S1

rs13481587

47.0

33-55

Wt1

3.8

0.04

129S1

rs13481587

34.8

7-51

Gng13

2.9

0.33

129S1

rs30296463

34.8

31-39

Serpine2

3.1

0.29

B6

rs30939427

34.9

31-39

Cbln1

4.2

0.07

B6

rs30939427

21.9

14-32

Rtn4rl1

7.7

0.07

B6

LMT15_69M

43.9

36-54

Tpd52l1

2.4

0.59

129S1

LMT15_88C

45.9

38-54

Mmd2

3.2

0.44

129S1

LMT15_88C

49.9

42-56

Acap1

2.7

0.55

129S1

rs31789600

49.9

36-54

SF1 (Nr5a1)

3.6

0.11

129S1

rs31789600

51.9

46-58

Dtna

3.1

0.35

129S1

rs31789600

51.9

36-57

Defb19

2.3

0.62

129S1

rs31789600

51.9

42-56

Cst9

3.2

0.14

129S1

rs31789600

53.9

46-56

Pglyrp1

2.7

0.24

129S1

rs31789600

53.9

48-54

Rec8

4.4

0.32

129S1

rs31789600

16

24.8

13-29

Dapk1

2.5

0.54

B6

rs4165537

17

23.1

19-25

Taf7l

9.6

0.04

129S1

LMT17_54C

23.1

17-53

Pglyrp1

2.1

0.59

129S1

LMT17_54C

23.1

21-35

Ren1

16.9

0.08

129S1

LMT17_54C

25.1

19-39

Smoc2

2.3

0.56

129S1

LMT17_54C

28.0

19-45

Slco3a1

3.0

0.35

129S1

rs33242696

35.1

31-39

Defb19

5.4

0.05

129S1

LMT17_54C

36.0

36-38

Slco3a1

10.2

0.11

129S1

LMT19_48M

38.0

36-38

Smpdl3b

2.6

0.60

129S1

LMT19_48M

38.0

36-41

Fst

13.5

0.01

129S1

LMT19_48M

Chromosome

Peak (cM)

11

12

14

15

19
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The most prominent trans-band eQTL affecting the expression of the most genes
is found at the distal end of Chr 3 (65-76 cM); this region was linked to the expression of
over 30% of all genes tested (16 linked transcripts = Gata4, peak LOD 3.4 at cM 72.5, α =
0.34; Fog2/Zfpm2 ,peak LOD 4.2 at cM 72.5, α = 0.03; Wt1, peak LOD 2.5 at cM 76.2, α =
0.45; SF1/Nr5a1, peak LOD 4.1 at cM 68.5, α = 0.05; Ctnnb1, peak LOD 5.3 at cM 76.2, α =
0.03; Fgf9, peak LOD 3.0 at cM 66.5, α = 0.27; Cbln1, peak LOD 3.7 at cM 64.4, α = 0.14;
Col9a3, peak LOD 2.9 at cM 76.2, α = 0.32; Asns, peak LOD 2.5 at cM 66.5, α = 0.46; Rspo1,
peak LOD 13.4 at cM 68.5, α = 0.28; Dock4, peak LOD 3.6 at cM 76.2, α = 0.11; Pld1, peak
LOD 3.9 at cM 76.2, α = 0.04; Dapk1, peak LOD 4.1 at cM 74.5, α = 0.07; Socs2, peak LOD
3.0 at cM 70.5, α = 0.35; Smpdl3b, peak LOD 3.4 at cM 68.5, α = 0.34; and Rec8L1/Rec8,
peak LOD 4.8 at cM 68.5, α = 0.25 ). Many of these genes are known to be important
during the early stages of gonadogenesis, and all genes exhibit higher expression when
homozygous 129S1 in this region (see Fig. 16B). These genes as a whole are not
expressed at different levels in the parent strains, suggesting the presence of one or more
additional transgressive alleles that repress the expression of these genes in the 129S1
parental strain.
We identified a prominent trans-band eQTL on Chr 12 (33-49 cM) that affects the
expression of nine genes, including seven genes that are known to play a role in the
female pathway or are upregulated in XX relative to XY somatic support cells (Pdgfd,
peak LOD 2.5 at cM 40.2, α = 0.48; Axin2, peak LOD 3.2 at cM 35.5, α = 0.17; Dock4, peak
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LOD 3.7 at cM 43.0, α = 0.09; Rpgrip1, peak LOD 5.4 at cM 41.0, α = 0.01; Ctnnb1, peak
LOD 2.8 at cM 35.5, α = 0.49; Pld1, peak LOD 2.3 at cM 28.6, α = 0.47; and Dax1/Nr0b1,
peak LOD 2.3 at cM 45.0, α = 0.61), and two genes important during the early stages of
gonadogenesis (Wt1, peak LOD 3.8 at cM 47.0, α = 0.04; and Fog2/Zfpm2, peak LOD 3.6 at
cM 37.0, α = 0.10). These genes exhibit higher expression when homozygous 129S1 in
this region (see Fig. 16B).
Interestingly, the expression levels of five genes active early during
gonadogenesis and/or associated with the female pathway (Fog2/Zfpm2, Ctnnb1, Dock4,
Pld1, and Wt1) are controlled by both the Chr 3 and 12 trans-band eQTLs (Fig. 16). This
observation suggests that the genes underlying these two eQTLs are active in the same
pathway. Furthermore, apart from being upregulated in XX somatic support cells
starting at E11.5 little is known about the functions of Pld1 and Dock4 during sex
determination. The observation that the expression of Pld1 and Dock4 is coregulated
with the expression of three well-characterized genes predicts that all five may act in the
same pathway or as part of the same transcription module.
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Figure 16: The expression levels of five genes are controlled by both the Chr 3
and Chr 12 trans-band eQTLs.
A. The expression levels of Fog2/Zfpm2, Ctnnb1, Wt1, Dock4, and Pld1 are controlled
by two prominent trans-band eQTLs on Chrs 3 and 12 at a suggestive or higher level of
significance. In each panel, genetic markers are denoted as ticks on the X-axis relative to
their position on Chromosomes 1-19 and the X Chromosome. LOD scores at each marker
are plotted on the Y-axis. The eQTL scan was performed in j/qtl, and individual
expression values were permuted 1000 times to obtain empirical significance thresholds.
Three significance thresholds are plotted as horizontal dotted lines, and correspond to
alpha values of 0.05 (top line), 0.10 (middle line), and 0.63 (bottom line). The eQTLs on
Chrs 3 and 12 are highlighted by red and green arrows, respectively.
B. The allelic effects from the Chrs 3 and 12 eQTLs on the expression of these five
genes are graphed. The three possible genotypes at these loci are denoted on the X-axis,
and mean normalized expression (MNE) is plotted on the Y-axis. Gene expression is
highest when both regions are homozygous for the 129S1 allele. Note: the y-axis was log
scaled to show high and low-expressing genes on the same graph.
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In addition, we identified two trans-band eQTLs that influence the expression of
multiple male pathway genes. A region of Chr 5 (26-46 cM) controls the expression of six
genes that have known roles in the male pathway, or are upregulated in XY relative to
XX somatic support cells at E11.5. These genes include Dhh (peak LOD 2.9 at cM 42.0, α
= 0.46), Serpine2 (peak LOD 2.4 at cM 42.0, α = 0.57), Sphk1 (peak LOD 6.5 at cM 32.0, α =
0.11), Mmd2 (peak LOD 3.7 at cM 42.0, α = 0.27), Trim47 (peak LOD 2.8 at cM 34.0, α =
0.35), and Tpd52l1 (peak LOD 2.5 at cM 46.0, α = 0.49). All of these genes exhibit higher
expression when homozygous B6 in this region (data not shown). These genes are not
overexpressed in the B6 parental strain relative to 129S1, suggesting the presence of one
or more additional transgressive alleles that repress the expression of these genes in the
B6 parental strain.
A trans-band eQTL on Chr 1 (33-49 cM) controls the expression of five genes,
four of which have important roles in the male pathway. Two of these genes, Sry (peak
LOD 4.3 at cM 33.8, α = 0.09) and Sox9 (peak LOD 2.6 at cM 38.2, α = 0.45), are master
regulators of male sex determination, while two others, Fgf9 (peak LOD 2.5 at cM 30.2, α
= 0.50) and Ptgds (peak LOD 3.1 at cM 36.2, α = 0.17), are known to reinforce Sox9
expression downstream of Sry. In addition, one gene of unknown function, Cbln1 (peak
LOD 2.6 at cM 32.3, α = 0.50), is regulated by this eQTL and exhibits early male-specific
expression patterns. Four of the five genes (Sox9, Fgf9, Ptdgs, and Cbln1) exhibit higher
expression in F2 XY gonads that are homozygous 129S1 in this region, yet Sry appears to
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be expressed at lower levels when this region is homozygous 129S1 (Fig. 17). As SOX9
may downregulate Sry in a negative feedback loop following its upregulation, the same
129S1 region on Chr 1 correlated with an increase in Sox9 expression could also be
correlated with a consequent decrease in Sry expression.
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Figure 17: Sry expression is regulated by an autosomal eQTL on Chr 1.
Linkage analysis was performed to find correlations between Sry expression in the
F2 XY population and the genotype at 128 genome-wide SNP markers. Sry expression is
significantly correlated with a region of Chr 1 (28-50 cM, closest to marker rs13475907;
see arrow). Genetic markers are denoted as ticks on the X-axis relative to their position
on Chromosomes 1-19 and the X Chromosome. LOD scores at each marker are plotted
on the Y-axis. The eQTL scan was performed in j/qtl, and individual expression values
were permuted 1000 times to obtain empirical significance thresholds. Three significance
thresholds are plotted as horizontal dotted lines, and correspond to alpha values of 0.05
(top line), 0.10 (middle line), and 0.63 (bottom line). Below, mean normalized expression
(MNE) of Sry is graphed for F2 samples grouped by genotype at marker rs13475907. The
three possible genotypes at rs13475907 are denoted on the X-axis, and Sry MNE is
plotted on the Y-axis. Black diamonds denote the mean expression value for each group,
and error bars represent +/- SEM. Sry expression is highest when marker rs13475907 is
homozygous for the B6 allele, and lowest for those samples that are heterozygous or
homozygous for the 129S1 allele.
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5.3.2 Sox9 expression is controlled by multiple autosomal regions in
a complex manner.
Sox9 expression is regulated in a complex fashion by at least four autosomal
trans-acting eQTLs (Fig. 18). The strain-specific effects of the three most significant
eQTLs on Sox9 expression are detailed in the bottom panels of Figure 18. Sox9
expression is downregulated in F2 XY embryos homozygous B6 in the Chr 1 interval, as
described above (bottom left panel in Fig. 18). In addition, the eQTLs on Chr 5 (peak
LOD 4.1 at cM 10.1, α = 0.04) and Chr 11 (peak LOD 2.3 at cM 14.1, α = 0.63) upregulate
Sox9 expression only when they are heterozygous (Effects of Chr 5 eQTL displayed in
middle panel in Fig. 18; Chr 11 effects not shown). The eQTL having the most significant
effect on Sox9 expression is found on Chr 6 (peak LOD 6.4 at cM 22.8, α = 0.00). F2
embryos that are homozygous B6 in this region exhibit higher Sox9 expression levels
relative to those that are homozygous 129S1 (bottom right panel in Fig. 18). Multiple
transgressive autosomal alleles control the expression of Sox9, however the Chr 6 region
appears most influential in causing the observed 1.94-fold increase in Sox9 expression in
the B6 parental strain, and is likely responsible for counteracting the underlying femaleleaning imbalance in the B6 gonad transcription network. Although Sry is a mammalian
invention, upregulation of Sox9 expression is a conserved feature of the testis pathway
across vertebrates (Morrish and Sinclair 2002). The important position of Sox9 in the
testis pathway suggests that multiple independent pathways and feedback loops
converge on Sox9 expression. One or more of the Sox9 regulatory genes residing in these
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four eQTL intervals could act as the genetic trigger for male sex determination in nonmammalian species.
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Figure 18: Sox9 expression is regulated by four eQTLs with antagonistic
effects.
The expression of Sox9 was quantified by nanoliter-scale qPCR (BioTrove
OpenArray) in a panel of F2 XY gonads (n=79), and individual samples were genotyped
at 128 SNP markers located evenly throughout the genome. Linkage analysis was
performed to identify markers that were correlated with Sox9 expression. Four
autosomal eQTLs, located on Chromosomes 1, 5, 6, and 11 (denoted by arrows), are
found to regulate Sox9 expression above a suggestive significance threshold. Genetic
markers are denoted as ticks on the X-axis relative to their position on Chrs 1-19 and the
X Chromosome, and LOD scores are plotted on the Y-axis. The eQTL scan was
performed in j/qtl, and individual expression values were permuted 1000 times to obtain
empirical significance thresholds. Three significance thresholds are plotted as horizontal
dotted lines, and correspond to alpha values of 0.05 (top line; significant), 0.10 (middle
line), and 0.63 (bottom line; suggestive). Below, mean normalized expression (MNE) of
Sox9 is graphed for F2 samples grouped by genotype at markers located closest to the
three most significant eQTLs; rs13475954 (Chr 1 – 42.6cM; black diamonds), rs33751966
(Chr 5 – 10.1cM; red circles), and LMT06_56M (Chr 6 – 27.4cM; blue squares). The three
possible genotypes at each marker are denoted on the X-axis, and Sox9 MNE is plotted
on the Y-axis. Error bars represent +/- SEM. The eQTLs in these regions have
antagonistic effects on Sox9 expression. F2 individuals that are homozygous 129S1 at
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marker rs13475954 exhibit higher Sox9 expression than those individuals that are
homozygous B6 at this marker. The opposite trend is observed at marker LMT06_56M,
where the highest Sox9 expression is observed for F2 individuals that are homozygous
B6 at this marker. F2 individuals that are heterozygous B6/129S1 at marker rs33751966
exhibit higher Sox9 expression than individuals that are homozygous B6/B6 or
129S1/129S1.
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5.3.3 Fine-mapping prioritized eQTL intervals
We submitted a manuscript describing the gonad eQTL analysis to Genes &
Development, and were pleased to receive positive reviews. However, two reviewers
commented on the large size of some of the eQTL intervals. To assuage their concerns
and test our ability to fine map eQTL intervals, we tried to further narrow three eQTLs
on Chrs 1, 3, and 12 using a standard TaqMan SNP genotyping approach. We added an
additional 16 SNPs to our analysis, including six each in the Chr 1 and 12 trans-band
eQTLs, and four SNPs in the Chr 3 trans-band eQTL. We then genotyped each F2
embryo at all 16 additional SNPs, added the resulting new genotype data to the existing
F2 dataset, and reran the linkage analysis in J/qtl. Using this approach we were able to
narrow the Chr 1 eQTL slightly (from 22cM previously to 16cM), but more importantly,
we halved the size of the Chr 12 interval (from 35cM previously to 16cM). Upon
addition of the new markers, one gene in the Chr 1 interval (Cst9) fell below a suggestive
threshold, while three additional genes (Dax1, Ctnnb1, and Pld1) were found to be
controlled by the Chr 12 eQTL at a suggestive threshold. This analysis confirmed the
feasibility of a standard TaqMan SNP genotyping approach for increasing the resolution
within an eQTL interval.
In re-analyzing our data with the additional SNPs, we found a formatting error
in one of the SNP markers on Chr 19 (LMT19_48M). In the previous version of the data,
seven F2 samples were mistakenly listed as homozygous B6 at LMT19_48M, when they
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were actually homozygous 129S1. We corrected this error, and re-analyzed the
expression and genotyping data before resubmitting the manuscript. With these
genotypes corrected, an originally reported eQTL on Chr 19 controlling Wnt4 and Rspo1
expression fell below a suggestive threshold. All eQTL intervals reported in this
dissertation have been updated to reflect the new genotyping data.
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5.4 Discussion
5.4.1 Multiple autosomal regions regulate gene expression in the
gonad.
In concert with our F2 expression analysis, we genotyped each F2 individual and
employed linkage analysis to identify regions correlated with differences in gene
expression. In total, we identified one or more eQTLs for nearly all of the genes tested
(44/51); moreover, we identified eight trans-band eQTLs that controlled the expression of
cohorts of genes associated with early gonadogenesis or predominantly with the male or
female pathways. The genes underlying these eQTLs are likely to be important nodes in
the gonad transcription network that exert their effects by directly upregulating multiple
targets, or by initiating a cascade. Future work will be aimed at fine-mapping these
trans-bands, however multiple lines of evidence already implicate Dock4 as a strong
candidate underlying the Chr 12 eQTL: 1) Dock4 resides immediately adjacent to the
95% confidence interval for this trans-band eQTL, 2) regulation of its expression is linked
to this region, predicting a cis-acting polymorphism, and 3) many SNPs differ between
B6 and 129S1 in and around Dock4. Furthermore, although nothing is known about its
function during mammalian sex determination, Dock4 has recently been shown in
zebrafish to associate with the beta-catenin degradation complex and to be essential for
Wnt/beta-catenin signaling (Upadhyay et al. 2008). Wnt/beta-catenin signaling is critical
for the establishment of the female pathway in mammalian sex determination (Vainio et
al. 1999; Kim et al. 2006; Maatouk et al. 2008).
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Importantly, we identified a trans-band eQTL on Chr 1 (33-49 cM) that controls
the expression of five male pathway genes, including Sry and Sox9. This is the first
autosomal region identified to date that regulates Sry expression. The reciprocal effects
of this eQTL on Sry and Sox9 expression levels may result from SOX9 downregulating
Sry expression in a negative feedback loop. Thus, increasing the relative expression of
Sox9 in animals that are homozygous 129S1 at this locus may decrease levels of Sry. In
contrast, the other four genes regulated by the Chr 1 eQTL are positively correlated with
Sox9 expression, suggesting that this eQTL (or SOX9 itself) affects them in the same
direction. Interestingly, this eQTL colocalizes to a region of Chr 1 identified recently by
Eicher’s group that modifies the Dax1-/Y sex reversal phenotype in B6 (Bouma et al.
2005). XY sex reversal in B6 Dax1-/Y gonads results from a failure to upregulate Sox9
expression, importantly, despite normal timing and levels of Sry expression. The mode
of action of the B6 alleles at these Chr 1 loci is consistent, downregulating Sox9
expression in a manner independent of Sry expression. Fine-mapping studies will
determine whether the same gene(s) that modifies the Dax1-/Y sex reversal phenotype in
B6 underlies this trans-band eQTL.

5.4.2 Many loci are likely involved in conferring sensitivity to sex
reversal in B6.
Eicher and colleagues identified three regions on Chrs 2, 4, and 5 (designated as
tda2, tda1, and tda3, respectively) that were likely to confer some of the sensitivity to
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YPOS-associated sex reversal in B6 (Eicher et al. 1996). More recently, Nikolova and
colleagues mapped a region of Chr 11 from the 129S1 strain that could partially protect
against YPOS-associated sex reversal when present in an otherwise B6 background
(Whitney et al. 2000; Nikolova et al. 2008). These results implicate the combined effects
of many loci (rather than a single gene) as conferring the sensitivity to sex reversal in B6.
If the causative genes underlying these large regions conferred their effects on sex
reversal by controlling the expression of one or more of the genes analyzed in the
current study, we might expect to replicate these regions in our eQTL analysis.
We identified three eQTLs that colocalize with these previously mapped regions.
In addition to the Chr 1 trans-band eQTL described above that colocalized with a region
associated with Dax1-/Y sex reversal, we identified a prominent trans-band eQTL on Chr
5 that controlled the expression of six predominantly male pathway genes and
colocalized with the tda3 locus identified by Eicher’s group. In addition, we identified an
eQTL on Chr 11 that controlled the expression of Sox9 and colocalized with the 129S1
protective region identified by Nikolova and colleagues (see gray arrow in Fig. 18). Sox9
is found on Chr 11 but does not reside in this region, implicating a trans-acting factor
(rather than a polymorphism in the cis-regulatory region of Sox9) as being responsible
for conferring the effects on Sox9 expression. Finally, we identified one eQTL on Chr 4
that controlled Smpdl3b expression at a level approaching the suggestive threshold (peak
LOD 2.3 at cM 71.6, α = 0.70) and colocalized with the tda1 locus identified in Eicher’s
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study. As Smpdl3b is located in this interval on Chr 4, the polymorphism underlying this
eQTL could lie in the cis-regulatory regions of Smpdl3b. Smpdl3b has no known role in
sex determination, however, it is highly coexpressed with six other genes in the FOCI
network, including Wnt4 and Rspo1, both of which have key roles in the female
pathway. Both Wnt4 and Rspo1 also reside in this region of Chr 4, and are also candidate
genes underlying tda1. The conserved linkage of these three genes in humans and mice
could be important for their role in the female pathway. Overall, the considerable
overlap between this eQTL analysis and previous phenotype-based mapping studies
implies that this novel approach has revealed key transcriptional relationships in the sex
determination network that are likely to have important implications for sex reversal.
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6. Computational prediction and in vitro screening of
candidate genes within prioritized eQTLs.

6.1 Summary
In collaboration with Loren Looger (HHMI) and Anirudh Natarajan (Duke), we
took an informatics approach to predict genes in the Chrs 1 and 6 eQTL intervals that
were most likely to be causative for the observed downstream effects on target gene
expression. We identified four good candidates in the Chr 1 eQTL (three transcription
factors and one serine protease inhibitor), and three candidates in the Chr 6 eQTL (all
transcription factors). We are in the process of screening these candidates in cell culture
overexpression assays. In this chapter, I present recent transfection data for a positive
control gene (Sox9) and three candidate genes (Mkrn1, Klf7, and Stat1), and discuss
limitations of the system that may be confounding.
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6.2 Introduction
Moving from broad quantitative trait loci to validated quantitative trait genes
(QTGs) is a daunting task, yet this step is critical to establish the identity of prominent
hubs in the gonad transcription network. It is not feasible to test every strain
polymorphism within an eQTL interval for causality. Therefore, a strong fine-mapping
approach followed by a thorough candidate gene selection strategy are crucial steps in
the validation pipeline. We have shown that genotyping additional SNPs within an
eQTL can narrow the interval by resolving breakpoints in finer detail. In future finemapping experiments, we will genotype and selectively phenotype up to 100 additional
F2 XY gonads to increase the number of recombination events and further resolve
intervals. In addition, we have proposed a fine-mapping approach in our recent R01
grant submission that combines the mapping data from two crosses (involving B6 with
129S1 and DBA/2J) to overcome any cross-specific recombination hotspots. We expect
that these fine-mapping experiments will significantly decrease the size of the eQTL and
consequently the number of possible genes that underlie the interval.
In the meantime, we have chosen to move forward and 1) interrogate strain
sequence and expression data to predict candidate genes within the current intervals,
and 2) establish an in vitro cell culture system to screen candidates for an effect on the
predicted target gene expression. We focused this analysis on the eQTL intervals in Chr
1 (controlling Sry, Sox9, Ptgds, Fgf9, and Cbln1 expression) and Chr 6 (controlling Sox9
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expression). Both eQTLs control the expression of genes having critical roles in the male
pathway, and neither region harbors an obvious candidate gene with a known role in
sex determination. Therefore, we are likely to uncover one or more novel autosomal
regulators of male sex determination in this analysis. Because of the relatively large size
of these intervals (300-500 protein coding genes), we limited our search to transcription
factors (TFs). In collaboration with Loren Looger at HHMI and with additional
computational support from Anirudh Natarajan, a first-year Duke CBB student who
rotated in the Capel lab, we analyzed and scored TFs in both regions based on multiple
criteria. The highest scoring candidates were then screened for a putative effect on target
gene expression in a cell culture assay.
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6.3 Results
6.3.1 Computational prediction of candidate genes underlying eQTL
intervals
We took an informatics approach to predict candidate genes within the Chrs 1
and 6 eQTL intervals that 1) were most likely to affect the expression of the target gene
set, and 2) harbored strain-specific polymorphisms between B6 and 129S1 that were
likely to affect gene expression or protein function. For each eQTL interval, we first
identified all protein coding genes within the 95% Bayesian confidence interval.
Although we are aware that virtually any gene could underlie the eQTL, we limited our
search space to genes that encode transcription factors (TFs), with the assumption that
TFs are the best candidates for having an effect on gene expression. We established
multiple criteria for analyzing each TF in the interval (Fig. 19). We first looked for
expression differences in the gene, either between male and female gonad somatic cells
at E11.5 (Nef et al. 2005), and/or preferably between B6 and 129S1 strains in E11.5 XY
gonads (Munger et al. 2009). Next, we cataloged all SNPs within 10kb of the TF that
differed between B6 and 129S1, and identified SNPs that were located in regions of
particularly high conservation across mammalian species. Loren Looger manually
inspected all non-synonymous coding SNPs, and made predictions about the functional
consequences of these SNPs based on the significance of the amino acid change and the
location of that residue in the protein. Anirudh Natarajan analyzed non-coding SNPS
located within 10kb of the gene, and predicted that these SNPs may have a functional
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role if they were located in regions of high conservation across mammalian and
vertebrate species. Finally, a candidate’s location in the interval relative to the eQTL
peak was considered, and genes located close to the peak were scored higher than genes
located at the edges of the interval.
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Figure 19: Interrogating multiple sequence and gonad expression data sources
to computationally predict candidate genes within eQTL intervals.
Transcription factors (TFs) located within eQTL intervals were scored for multiple
criteria, including gonad expression metrics and strain sequence polymorphisms. We
prioritized TFs that were differentially expressed between B6 and 129S1 in XY gonads,
as this would be likely to affect the expression of downstream target genes. We also
prioritized TFs with non-synonymous coding SNPs that were predicted to affect protein
function, or with non-coding SNPs found in regions that are highly conserved across
mammalian species.
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We identified six transcription factors (three in each interval) that met one or
more of the criteria described above (Table 4). In the Chr 1 eQTL, we selected out Dytn
(Dystrotelin), Klf7 (Kruppel-like factor 7), and Stat1 (Signal transducer and activator of
transcription 1). In addition, we identified one gene, Serpine2 (Serine or cysteine
peptidase inhibitor, clade E, member 2), that encodes a serine peptidase inhibitor.
Although not a transcription factor, we predicted this gene is a good candidate QTG
underlying the Chr 1 eQTL because it is 1) upregulated in XY somatic cells at E11.5, 2)
highly connected to other male pathway genes in the FOCI network (see Fig. 13), and 3)
contains many intronic and other non-coding SNPs that differ between B6 and 129S1
and are found in highly-conserved regions. In the Chr 6 eQTL, we identified three
transcription factors as good candidates, including Mkrn1 (makorin, ring finger protein,
1), Hoxa5 (homeobox a5), and Hoxa10 (homeobox a10). These seven candidates were
chosen to be screened in cell culture assays.
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Table 4: Compiled list of candidate genes from Chrs 1 and 6 eQTLs.
We chose to focus our validation efforts on the Chrs 1 and 6 eQTLs. The Chr 1
eQTL controls the expression of five male pathway genes, including Sry and Sox9. The
Chr 6 eQTL controls Sox9 expression and was the most significant eQTL mapped in this
study. Based on the criteria described earlier, we identified six TFs as good candidates.
Serpine2 is not a TF but rather a serine protease inhibitor, and is included as a candidate
based on its high level of connectivity with male pathway genes in the FOCI network.
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6.3.2 Overexpression screen in gonadal cell lines
Candidate QTGs predicted to underlie the Chr 1 and 6 eQTL intervals were
screened for an effect on target gene expression in in vitro cell culture assays (Fig. 20).
First, the open reading frame (ORF) of each candidate gene was amplified from highquality gonad cDNA using primers designed with 15bp extensions at their 5’ ends that
overlapped the SacI and SacII restriction sites in the expression vector. For candidates
with coding SNPs that are predicted to affect function, strain-specific full-length ORFs
were amplified separately from B6 and 129S1 gonad cDNA pools.

Purified PCR

products were then cloned into the pIRES2-DsRed2 expression vector using In-Fusion
cloning technology from Clontech. Next, we tested various methods for transfecting the
expression vectors into the TM4 and 12XG gonadal cell lines. The lipid-based reagent
Lipofectamine 2000 (Invitrogen) was well-tolerated by the cells, but transfected at a very
low efficiency (<2%) in both cell lines. Calcium phosphate transfected at high efficiency
in some cell lines (particularly Hek293), however it did not transfect at all into the
gonadal cell lines. With the help of Nicole Pristera, an undergraduate student working
in our lab, we found that the Fugene HD transfection reagent (Roche) gave reasonably
high transfection efficiencies (>10% in all cases) with minimal toxicity in the TM4 and
12XG cell lines. We used the Fugene HD reagent for all transfections described in this
section. For low efficiency transfections, positive cells can be isolated by FACS, however
all gene expression data presented here came from transfected cell populations that were
130

not further purified by FACS. Following the transfection, we extracted total RNA from
the cells, reverse transcribed it into cDNA, and then quantified the expression of the
transfected gene and one or more of its putative target genes relative to a control sample
by standard qRT-PCR.
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Figure 20: Pipeline for testing candidate genes in gonadal cell lines.
Candidate genes predicted to underlie an eQTL interval are screened for an effect
on target gene expression in vitro. First, the open reading frame (ORF) of the candidate
gene is amplified from high-quality gonad cDNA using primers designed with 15bp of
overlap to the expression vector. For candidates with coding SNPs that are predicted to
affect function, the strain-specific ORFs are amplified separately from B6 and 129S1
gonad cDNA pools. Purified PCR products are then cloned into the pIRES2-DsRed2
expression vector using In-Fusion cloning (Clontech). Next, expression vectors are
transfected using Fugene HD reagent (Roche) into gonadal cell lines. An optional step is
to isolate positive cells by FACS. Total RNA is extracted from the transfected cells,
reverse transcribed, and the expression of the transfected candidate gene and its
putative target genes is quantified by standard qRT-PCR.
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6.3.2.1 Establishing Sox9 as a positive control for the in vitro cell culture assay
One major concern with the in vitro cell culture screen was that the immortalized
cell line(s) chosen for the screen may not faithfully mimic the transcription architecture
of the testis at E11.5. To test the ability of the TM4 and 12XG cell lines to produce a
transcriptional response similar to that observed in the E11.5 testis, we transfected the
master regulator Sox9 into both cell lines as a positive control for the assay. SOX9 is
known to directly upregulate Amh (De Santa Barbara et al. 1998) and Ptgds (Wilhelm et
al. 2005), as well as directly or indirectly upregulate Fgf9 (Kim et al. 2006). Following its
SRY-dependent upregulation, SOX9 may downregulate Sry expression (Albrecht and
Eicher 2001; Chaboissier et al. 2004; Barrionuevo et al. 2006; Wilhelm et al. 2009).
Using the Fugene HD reagent, we were able to transfect Sox9 at reasonably high
efficiency in the TM4 Sertoli and 12XG gonadal cell lines (~10-20%; Fig. 21). Given this
level of transfection, we chose not to FACS isolate the positive cells for this experiment.
However, in separate experiments we have tested FACS isolated Sox9 positive cells with
similar effects on target gene expression (data not shown). We quantified the degree of
Sox9 overexpression in both cell types, and found that Sox9 was upregulated 825-fold
and 727-fold in the TM4 and 12XG cell lines, respectively, relative to cells transfected
with the empty pIRES2-DsRed2 vector (Fig. 21). Despite these high levels of Sox9
expression in both cell lines, we observe minimal effects on the expression of SOX9
targets. The most significant effect is on Sry expression, which appears to be upregulated
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(contrary to our expectation) 200-fold in the transfected TM4 cells (Fig. 21A). Amh
expression may be slightly upregulated (2.5-fold) in the TM4 cells, however this effect
was not replicated in a separate experiment with FACS isolated cells, and therefore may
not be real. Sox9 overexpression in the 12XG cell line does not elicit a transcriptional
response from any target gene (Fig. 21B).
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Figure 21: Overexpressing Sox9 as a positive control for the cell culture screen.
As a positive control for the cell culture assay, we transfected Sox9 in the TM4
and 12XG gonadal cell lines and quantified the effect of overexpression of Sox9 on the
expression of known downstream target genes by standard qRT-PCR.
A. Sox9 transfection in TM4 cells. Transfected cells express the fluorescent
DsRed2 reporter and appear white in the image. Reporter expression is variable, but
transfection efficiency is quite high (above 20%). We chose not to FACS isolate positive
cells for the qRT-PCR analysis. Sox9 is overexpressed 825-fold in the Sox9 tranfected cells
(blue bar) relative to control cells transfected with the empty vector (green bar). Despite
this high level of Sox9 overexpression, the expression levels of downstream targets of
Sox9 are minimally affected, if at all. Interestingly, Sry expression appears to be
upregulated 200-fold in the Sox9 transfected TM4 Sertoli cells. For each gene, raw
expression values were normalized to Gapdh.
B. Sox9 transfection in 12XG cells. Reporter expression is again variable, but
transfection efficiency is fairly high (above 10%). We chose not to FACS isolate positive
cells for the qRT-PCR analysis. Sox9 is overexpressed 727-fold in the Sox9 tranfected cells
(blue bar) relative to control cells transfected with the empty vector (green bar). Despite
this high level of Sox9 overexpression, the expression levels of downstream targets of
Sox9 are not affected. Sry expression cannot be measured, as the 12XG cell line is an XX
cell line and consequently lacks a Y Chromosome.
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6.3.2.2 Screening Mkrn1 as a candidate QTG underlying the Chr 6 eQTL controlling
Sox9 expression.
We identified an A/T transversion (rs30899669) in Mkrn1 (makorin, ring finger
protein, 1) that causes a Tyrosine→Asparagine change in the RING finger domain of the
protein in B6. Our collaborator Loren Looger predicted that this change would severely
disrupt the function of this protein in the B6 strain. The genotype of 129S1 at this locus
was initially unknown; however the tyrosine side-chain is universally conserved across
the animal kingdom, and is a site of strong selective pressure (Fig 22C). Thus it seemed
unlikely that 129S1 would also contain the “broken” allele of Mkrn1. We designed a
TaqMan assay to genotype rs30899669 and confirmed that 129S1 contained the
functional polymorphism (A) at this position (Fig. 22A). Subsequent to this analysis, the
full genome sequences for 129S1 and 16 other strains were released. These data
confirmed the accuracy of our genotyping result, and showed that the T polymorphism
in B6 (highlighted in red in Fig. 22B) is unique among all strains sequenced to date.
Relatively little is known regarding the function of MKRN1, however there is in
vitro evidence that it acts as a E3 ubiquitin ligase (Kim et al. 2005) and as both a positive
and negative regulator of RNA Pol II-mediated transcription (Omwancha et al. 2006). A
recent report implicates Mkrn1 as a negative regulator of the androgen receptor
(Omwancha et al. 2006). Although there is no prior evidence for MKRN1 regulating Sox9
expression, Mkrn1 is expressed in the testis at E11.5, and therefore is an excellent
candidate QTG underlying this Chr 6 interval.
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Figure 22: The non-synonymous SNP rs30899669 is located in a highly
conserved region of Mkrn1, and the T polymorphism is unique to the B6 strain.
The single nucleotide polymorphism rs30899669 is a non-synonymous A/T
transversion that causes a Tyrosine → Arginine change in the RING finger domain of
MKRN1. The Arginine at this position is predicted to severely diminish the function of
MKRN1 in B6.
A. The genotype for the 129S1 strain at rs30899669 was previously unknown,
however four other strains were genotyped at this SNP and all contained the functional
A polymorphism (Tyrosine). Our collaborator Loren Looger predicted that 129S1 would
also have the A polymorphism. By standard TaqMan genotyping we confirmed our
expectation that 129S1 is indeed homozygous A/A for this SNP.
B. The T polymorphism at rs30899669 is found only in the B6 strain. 16 other
strains were recently sequenced, and all have the A polymorphism at this position.
C. rs30899669 is found in a RING finger domain that is highly conserved across
vertebrates. The height of the blue and green bars corresponds to the degree of sequence
conservation, with tall bars indicating regions of high conservation. The position of
rs30899669 is indicated by a red arrow.
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F2 gonads that were homozygous B6 in the Chr 6 eQTL region exhibited 3-fold
higher expression of Sox9 than those that were homozygous 129S1. We predicted that
the Tyrosine→ Arginine change in MKRN1B6 would severely disrupt its function.
Therefore, we hypothesized that MKRN1 is a negative regulator of Sox9 expression, and
the ability of MKRN1B6 is compromised, causing higher expression of Sox9. In our cell
culture assay, we would expect that overexpressing a functional allele of MKRN1 causes
a downregulation in Sox9 expression. In addition, we expect that the predicted
functional MKRN1129S1 protein variant downregulates Sox9 more significantly than the
“broken” MKRN1B6 variant.
We amplified full-length Mkrn1129S1 and Mkrn1B6 from purified pools of strainspecific gonad cDNA and sequenced the amplicons to confirm that they contained the
expected polymorphism at rs30899669. We then cloned each variant ORF into pIRES2DsRed2, transfected each separately into TM4 and 12XG cell lines, and quantified the
expression of Sox9 in the transfected cells relative to a control sample. The results of
these experiments are displayed in Figures 23 and 24. The transfection efficiency is
reasonably high in both TM4 (Fig. 23A and B) and 12XG cells (Fig. 24A and B), and
Mkrn1 expression is highly upregulated in both cell types (Fig. 23C and 24C).
However, the effect of Mkrn1 transfection on Sox9 expression is inconsistent and
variable between cell lines (Fig. 23C and 24C). In TM4 cells, Sox9 expression is higher in
Mkrn1 transfected cells (both B6 and 129S1 variants) compared to the transfection
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control cells, which is contrary to our expectation that MKRN1 represses Sox9
expression. In 12XG cells, Sox9 expression is lower in Mkrn1 transfected cells (both strain
variants) compared to the transfection control cells, however this reduction is
insignificant. Similarly, we expected that Sox9 expression would be higher in Mkrn1B6
transfected cells relative to Mkrn1129S1 transfected cells. This trend is observed in the TM4
cell line (Fig. 23C), however no change is observed in the 12XG cell line (Fig. 24C). These
early results do not support Mkrn1 as the QTG underlying the Chr 6 eQTL. However we
hesitate to rule it out completely as our cell culture system does not duplicate the E11.5
gonadal environment and may lack protein partners or other epigenetic aspects of gene
regulation.
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Figure 23: Screening Mkrn1 as a candidate QTG underlying the Chr 6 eQTL
controlling Sox9 expression. Overexpressing strain variants of Mkrn1 in the TM4
Sertoli cell line and assaying for an effect on Sox9 expression.
A. The transfection efficiency of Mkrn1129S1 is quite high (~20%) in the TM4 Sertoli
cell line. Transfected cells express the fluorescent DsRed2 reporter and appear white in
the image.
B. The transfection efficiency of Mkrn1B6 is similarly high (~20%) in TM4 cells.
C. The expression of the Chr 6 eQTL target gene Sox9 is variable in Mkrn1
transfected cells. Mkrn1 expression is upregulated 130-fold and 89-fold in Mkrn1129S1
(blue bars) and Mkrn1B6 (red bars) transfected TM4 cells, respectively. Although Mkrn1 is
predicted to repress Sox9, Sox9 expression is variably upregulated in Mkrn1 transfected
TM4 cells relative to control cells transfected with the empty vector (green bars). For
each gene, raw expression values were normalized to Gapdh.
.
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Figure 24: Screening Mkrn1 as a candidate QTG underlying the Chr 6 eQTL
controlling Sox9 expression. Overexpressing strain variants of Mkrn1 in the 12XG cell
line (XX) and assaying for an effect on Sox9 expression.
A. The transfection efficiency of Mkrn1129S1 is reasonably high (>10%) in the 12XG
gonadal cell line. Transfected cells express the fluorescent DsRed2 reporter and appear
white in the image.
B. The transfection efficiency of Mkrn1B6 is similar (>10%) in 12XG cells.
C. The expression of the Chr 6 eQTL target gene Sox9 is variable in Mkrn1
transfected 12XG cells. Mkrn1 expression is upregulated 617-fold and 1,516-fold in
Mkrn1129S1 (blue bars) and Mkrn1B6 (red bars) transfected 12XG cells, respectively.
Although Mkrn1 is predicted to repress Sox9, Sox9 expression is unchanged in Mkrn1
transfected 12XG cells relative to control cells transfected with the empty vector (green
bars). For each gene, raw expression values were normalized to Gapdh.
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6.3.2.3 Screening Klf7 as a candidate QTG underlying the Chr 1 eQTL controlling Sry,
Sox9, Fgf9, Ptgds, and Cbln1 expression.
Klf7 (Kruppel-like factor 7) was identified as a candidate QTG underlying the
prominent trans-band eQTL on Chr 1. Klf7 is one of 16 Kruppel-like transcription factors
encoded in the mouse genome that regulate cell differentiation during organogenesis
(Bieker 2001; Suske et al. 2005). At least one member of a related family of Kruppelassociated box (KRAB) proteins has been shown to interact with SRY, and may support
a predicted function of SRY as a chromatin modulator (Oh and Lau 2006); however,
KRAB knockdown mice develop normal testes (Polanco et al. 2009). No role for Klf7 in
sex determination has been reported, however we predict that it is a good candidate
QTG underlying the Chr 1 eQTL that controls the expression of Sry, Sox9, Fgf9, Ptgds,
and Cbln1. Klf7 is located within 8Mb of the eQTL peak on Chr 1. Furthermore, it is
expressed in both XY and XX gonads as early as E10.5, and is upregulated in XX gonads
as early as E11.5. Klf7 is not differentially expressed between B6 and 129S1 in XY gonads,
nor does it contain non-synonymous coding SNPs. However, Klf7 does harbor a large
number of intronic and intergenic SNPs that differ between B6 and 129S1 and are
located in highly conserved regions.
The QTG underlying the Chr 1 eQTL is particularly interesting to us, as this
eQTL exhibits antagonistic allelic effects on the expression of target genes. In F2 gonads
that were homozygous B6 in this region, Sry expression was upregulated, however Sox9,
Fgf9, Ptgds, and Cbln1 expression were all downregulated relative to F2 gonads that
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were homozygous 129S1 in the same region. As Klf7 is upregulated in XX gonads
starting at E11.5, we might expect that it reinforces the ovarian pathway in XX gonads
by repressing one or more genes in the male pathway. I hypothesized that KLF7 directly
represses Sox9 expression. Fgf9 and Ptgds are downstream of Sox9 in the male pathway,
and form positive feedforward loops with Sox9 to reinforce Sox9 expression and recruit
cells to the Sertoli fate. Therefore, we would expect that overexpression of Klf7 in XY
gonadal cells would repress and downregulate Sox9 expression, and cause a similar
response in the expression of Fgf9, Ptgds, and likely Cbln1. If SOX9 functions to
extinguish Sry expression in a negative feedback loop following its initial SRYdependent upregulation, lower levels of Sox9 expression in Klf7-transfected cells may
cause Sry expression to persist and appear to be upregulated relative to untransfected
cells. This mechanism where KLF7 directly regulates Sox9 expression independent of
SRY could explain the unexpected opposing effects of the Chr 1 eQTL on Sox9 and Sry
expression.
To test Klf7 as a candidate QTG, we first amplified the full-length ORF from a
pool of purified 129S1 gonad cDNA. We then cloned it into pIRES2-DsRed2 as outlined
for Mkrn1 above and transfected it into the TM4 and 12XG cell lines. The transfection
efficiency was reasonable (~10%) in both cell lines (Fig. 25), and therefore we did not
FACS isolate positive cells before moving forward with the target gene analysis. Klf7 is
overexpressed 128-fold and 774-fold in the TM4 (Fig. 25A) and 12XG (Fig. 25B) cell lines,
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respectively. In the TM4 Sertoli cell line, overexpression of Klf7 has no effect on the
expression of Sox9, Fgf9, or Ptgds, however it does appear to cause a 9.6-fold
upregulation in Sry expression (although this effect is variable). Overexpression of Klf7
in the 12XG cell line appears to cause a decrease in the expression of Sox9, Fgf9, and
Ptgds, however this effect is subtle and needs to be replicated. Future experiments with
FACS isolated cells may show a more significant effect. Regardless, Klf7 remains a good
candidate gene for underlying the Chr 1 trans-band eQTL.
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Figure 25: Screening Klf7 as a candidate QTG underlying the Chr 1 eQTL that
controls Sry, Sox9, Ptgds, Fgf9, and Cbln1 expression. Overexpressing Klf7 in TM4 and
12XG gonadal cell lines.
A. Klf7 transfection in TM4 cells. Transfected cells express the fluorescent
DsRed2 reporter and appear white in the image. Transfection efficiency is reasonable
(~10%). Cells were not sorted by FACS prior to the qRT-PCR analysis. Klf7 is
overexpressed 128-fold in the Klf7 tranfected cells (blue bar) relative to control cells
transfected with the empty vector (green bar). The effect of Klf7 overexpression on
putative downstream targets of the Chr 1 eQTL is variable. Sry expression appears to be
affected; it is upregulated nearly 10-fold in the Klf7 transfected TM4 Sertoli cells.
However, the expression levels of other putative downstream targets, including Sox9,
Fgf9, and Ptgds, are unchanged in Klf7 transfected cells. For each gene, raw expression
values were normalized to Gapdh.
B. Klf7 transfection in 12XG cells. Transfection efficiency is reasonable (~10%).
Cells were not sorted by FACS prior to the qRT-PCR analysis. Klf7 is overexpressed 774fold in the Klf7 tranfected cells (blue bar) relative to control cells transfected with the
empty vector (green bar). The expression of putative downstream targets Sox9, Fgf9, and
Ptgds may be downregulated in Klf7 transfected cells, however this effect is subtle and
needs to be confirmed in additional transfections.
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6.3.2.4 Screening Stat1 as a candidate QTG underlying the Chr 1 eQTL controlling
Sry, Sox9, Fgf9, Ptgds, and Cbln1 expression.
Stat1 (signal transducer and activator of transcription 1) was also identified as a
candidate QTG underlying the prominent trans-band eQTL on Chr 1. Stat1 is one of five
family members in the mouse genome that encode transcription factors active in the
JAK-STAT signaling pathway. Although a role for Stat1 in mammalian sex
determination has not been published, both the JAK and STAT proteins are required for
the initial choice of sexual identity (sex-lethal expression) in Drosophila melanogaster (Jinks
et al. 2000; Zeidler and Perrimon 2000). Furthermore, the human SRY promoter contains
a predicted STAT1 binding site (Bajic et al. 2004). Stat1 is expressed as early as E10.5 in
both XY and XX gonads (Nef et al. 2005). It is not expressed in a sexually dimorphic
pattern between E10.5-13.5, it is upregulated 2.9-fold in B6 E11.5 XY gonads relative to
129S1. Stat1 does not contain non-synonymous coding SNPs, however a large number of
intronic and intergenic SNPs are located in highly conserved regions within and around
the gene and differ between B6 and 129S1.
To test Stat1 as a candidate QTG, we first amplified the full-length ORF from a
pool of purified 129S1 gonad cDNA. We then cloned it into pIRES2-DsRed2 and
transfected it into the TM4 and 12XG cell lines. The transfection efficiency was
reasonable in the TM4 cell line (~10%; Fig. 26A) but much lower in the 12XG cell line
(<10%; Fig. 26B). Although transfection efficiency was low in the 12XG line, I chose not
FACS isolate positive cells before moving forward with the initial target gene analysis.
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Stat1 is overexpressed 15-fold and 13.8-fold in the TM4 (Fig. 26A) and 12XG (Fig. 26B)
cell lines, respectively. In the TM4 Sertoli cell line, overexpression of Stat1 has no effect
on the expression of Sox9, Fgf9, or Ptgds, however, like the Klf7 transfected TM4 cells, it
does appear to cause an upregulation in Sry expression (Fig. 26A). Overexpression of
Stat1 in the 12XG cell line may downregulate the expression of Sox9, however the
expression levels of Fgf9 and Ptgds are unchanged relative to transfection control cells
(Fig. 26B). Both Stat1 and Klf7 remain good candidate genes for underlying the Chr 1
trans-band eQTL, however these transfection results need to be replicated in additional
assays before we can conclude that either gene (or both) warrants further attention (i.e.,
in vivo validation).
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Figure 26: Screening Stat1 as a candidate QTG underlying the Chr 1 eQTL that
controls Sry, Sox9, Ptgds, Fgf9, and Cbln1 expression. Overexpressing Stat1 in TM4
and 12XG gonadal cell lines.
A. Stat1 transfection in TM4 cells. Transfected cells express the fluorescent
DsRed2 reporter and appear white in the image. Transfection efficiency is reasonable
(~10%). Cells were not sorted by FACS prior to the qRT-PCR analysis. Stat1 is
overexpressed only 15-fold in the Stat1 tranfected cells (blue bar) relative to control cells
transfected with the empty vector (green bar). The effect of Stat1 overexpression on
putative downstream targets of the Chr 1 eQTL is variable. Sry expression appears to be
affected, being upregulated 9-fold in the Stat1 transfected TM4 Sertoli cells. However,
the expression levels of other putative downstream targets, including Sox9, Fgf9, and
Ptgds, are unchanged in Stat1 transfected cells. For each gene, raw expression values
were normalized to Gapdh.
B. Stat1 transfection in 12XG cells. Transfection efficiency is quite low (< 10%),
but Stat1 is overexpressed 14-fold in the Stat1 transfected cells (blue bar) relative to
control cells transfected with the empty vector (green bar). The expression of putative
downstream targets Fgf9, and Ptgds is unaffected by Stat1 overexpression. Sox9 may be
downregulated 2-fold in Stat1 transfected cells, however this effect needs to be
confirmed in additional transfections.
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6.4 Discussion
6.4.1 Adding new colors to the candidate gene selection palette
Candidate gene selection has historically been more of an art than a science. Until
fairly recently, genome-wide gene expression and sequence data were nonexistent, and
geneticists were forced to bias their search to genes in the region with known functions
or those that had been mapped as QTLs of other traits. Although far from perfect, the
candidate selection strategy we employed in this gonad eQTL study is informed by
multiple sources of gonad gene expression and strain sequence data, and consequently
makes relatively unbiased predictions and can potentially uncover novel regulators of
gene expression. That said, we limited our search space to transcription factors for
multiple reasons. First, transcription factors are known to regulate transcription. In a
study that maps modifiers of gene expression, genes encoding transcription factors are
likely to be causative in many eQTL regions. For prominent trans-band eQTLs, it is
theoretically possible to interrogate the regulatory regions of coregulated transcripts to
identify transcription factors that are predicted to bind some or all genes in the cohort.
From a practical perspective, transcription factors are attractive candidates because they
can be screened in an in vitro cell culture assay. Secreted molecules, extracellular
proteases, and matrix components may indeed affect transcript abundance in the gonad,
however we felt it would be more difficult to tease out their effects in a cell culture
assay.
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The narrow scope of the original mapping study placed limitations on our
candidate selection strategy. This pilot study was intended to show the feasibility of an
eQTL mapping approach in a developing vertebrate organ, in the hopes of procuring
funding for a global analysis. Therefore, we mapped eQTLs for a limited subset of
transcripts in a limited number of F2 animals with a limited panel of SNP markers. A
larger genome-wide eQTL study will aid candidate selection in more than one way.
First, more animals will be included in the analysis, which translates to more
recombination events within an interval. Second, more SNPs will be genotyped across
the genome, which will enhance our ability to resolve breakpoints. These two factors
should result in smaller intervals. Finally, a genome-wide eQTL mapping study will
provide an additional type of data that will inform our candidate search. In previous
eQTL studies, coregulated gene cohorts have been identified where one of the
coregulated genes will map to the same region as the eQTL (Doss et al. 2005). This gene
is an attractive candidate for being causative, as this observation predicts that 1) it is a
trans regulator of the other coregulated genes, and 2) variation in the cis regulatory
region of the gene is responsible for the observed effect on its expression.

6.4.2 Speed bumps and potholes on the road to a meaningful cell
culture screen
We have made a lot of progress in developing an in vitro cell culture assay for
use as an initial screen of candidate genes. We have optimized every step in the cloning
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and analysis pipeline, including primer design, PCR amplification reagents and
protocols to yield full-length ORFs, In-Fusion cloning steps, and transfection reagents. In
most cases, we can now go from predicting a candidate gene to analyzing the effect of
overexpression in less than two weeks. The major hurdle we now face is that we have
not been able to show that either the TM4 or 12XG cell lines can faithfully reproduce a
known effect observed in gonads in vivo. We have successfully transfected both cell lines
at reasonably high efficiency and overexpressed Sox9 up to 800-fold, yet we do not see
significant effects on the expression of known downstream genes. This suggests that
other genes (e.g., SF1) may be required in addition to Sox9 to affect the expression of
downstream genes, and these genes may not be expressed at high enough levels in the
TM4 or 12XG cells. If this is the case, and the transcription network states of these cell
lines are not competent to effect target transcription even at the level of Sox9, we may
not be able to use these lines.
We are considering multiple approaches to address this concern. First, we are in
the process of creating TM4 and 12XG lines that stably express Sry. Polanco and
colleagues took this approach recently, creating a stable Sry-expressing TM3 gonad cell
line that could reproduce the observed in vivo effect of upregulating Sox9 expression
(Polanco et al. 2009). Because Sry expression triggers the male pathway, we expect that
TM4 or 12XG that stably express Sry will more faithfully mimic the network state in the
testis at E11.5. I am currently working with Jason Garness, a first-year Development
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student rotating in the Capel lab, to clone Sry into an expression vector and then select
colonies that have integrated the vector and are stably expressing Sry at high levels.
If we are unable to create a stable line or find that Sry-expressing TM4 or 12XG
lines are still incapable of reproducing known in vivo effects, we will screen candidates
in primary cells obtained from dissociated E11.5 gonads. Another student in the Capel
lab, Samantha Jameson, has had some success transfecting gonad primary cells. This
approach has advantages and drawbacks. Compared to immortalized gonadal cell lines,
primary cells obtained from E11.5 XY gonads are more likely to have the transcription
architecture elucidated in the eQTL analysis. Consequently, primary cells are likely to be
a more biologically relevant system for screening candidate QTGs. In addition, the
ability to obtain primary cells from both B6 and 129S1 XY gonads provides us with a
means for assaying effects from protein variants in different strain backgrounds. One
drawback of primary cells is that many gonads will have to be dissected to meet the cell
number requirements for each transfection experiment. Furthermore, primary cells are
usually more difficult to transfect than immortalized cell lines. Viral methods may be
used to transduce the candidate gene in primary gonad cells, however viral infection
rates are still lower in primary cells relative to immortalized lines (Halbert et al. 1995).
And because the gonad at E11.5 is a heterogeneous mixture of somatic and germ cells,
we may be unable to overexpress the candidate gene in the correct cell type, or we may
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mask real effects in one cell type by also overexpressing the candidate in other cell types
that normally do not express the gene.
In conclusion, there is no perfect system or method to quickly screen candidates
within an eQTL interval. Each system and delivery method has its advantages and
drawbacks. For practical reasons, we will continue to work towards developing an in
vitro screen in immortalized gonadal cell lines, as these lines can be easily maintained,
passaged indefinitely, and transfected with reasonable efficiency. If we can make an
immortal cell line faithfully mimic the transcription network in the E11.5 XY gonad, we
can easily test large numbers of candidates at low cost. However, our inconsistent and
variable results to date suggest that we will need to artificially manipulate the network
(e.g., by stably expressing Sry) in the 12XG and TM4 cell lines to make them more
competent to reproduce eQTL effects. Alternatively, we will explore the option of
screening candidates in primary cells obtained from B6 and 129S1 E11.5 gonads. We
remain confident that we will soon have an inexpensive, fast, biologically relevant in
vitro assay to screen candidate QTGs underlying eQTL intervals.
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7. Conclusions
This study began as a simple hypothesis: At least some of the background
differences in sensitivity to sex reversal between the B6 and 129S1 inbred strains had
their basis in heritable gene expression differences. If this prediction were true, we could
exploit their genetic differences to identify novel regulators of sex determination. My
dissertation project began by comparing the transcriptomes of B6 and 129S1 XY gonads
at the critical timepoint of sex determination, E11.5. Nearly 10% of the genome was
differentially expressed between strains at this timepoint, and I cross-referenced
previously published microarray datasets to uncover a striking strain bias in the
expression of male and female-enriched genes, implicating that B6 is sensitized to sex
reversal not by a few discrete genes but rather by a female-leaning transcriptome.
Although male-enriched genes were as a group downregulated in B6, the master
regulator Sox9 was upregulated 2-fold in B6 relative to 129S1, providing a compensatory
mechanism that could account for the observation that wildtype B6 XY mice develop as
normal males. Given the high reproducibility of gonad gene expression within a strain,
and the high levels of expression variation between these strains, we were confident in
going forward with an eQTL pilot mapping study. We analyzed the expression of 54
sex-associated genes in a panel of intercrossed F2 gonads. We were initially surprised by
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the high degree of expression variability observed in most genes across the F2
population, yet this might have been expected for a bipotential organ primordium that is
establishing a sexual fate. Despite this variability, the expression of many genes was
correlated, and we worked with a collaborator to estimate a network structure based on
the most robust expression relationships. This analysis revealed discrete male and
female subnetworks in the XY gonad transcriptome and predicted functions for novel
genes based on their connectivity in the network. We then genotyped each F2 embryo at
128 SNPs throughout the genome, and employed linkage analysis to map modifiers of
gene expression for 44 of the 54 genes included in our study. We identified eight
prominent trans-band eQTLs, including one region of Chr 1 that controlled the
expression of Sry and Sox9. In addition, we mapped a region of Chr 6 that controls the
expression of Sox9; the QTG in this region is likely responsible for upregulating Sox9
expression and counteracting the female-leaning transcriptome in B6. All told, the 70
gene-eQTL edges mapped in this study represent a 3-fold increase over the total number
of genetic interactions identified in the gonad in the previous 20 years.
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8. Future Directions
If the success of one’s research is measured by the number of questions it
generates rather than the number of answers, then this dissertation project has been
wildly successful. We have mapped regions of the genome that correlate with gonad
transcript abundance for a subset of genes, but we have yet to identify and validate a
causative eQTG underlying any of these intervals. Future fine-mapping experiments and
candidate screening assays (described in chapters 5 and 6) will aim to accomplish this
daunting task. In addition, we will extend the eQTL analysis to the global gonad
transcriptome, and identify modifiers of gene expression for (potentially) all transcripts
expressed in the gonad at E11.5. It will be interesting to see if the high levels of
expression variability observed for the 54 sex-associated genes in the current study are
observed only in other sex-associated genes, or alternatively that this plasticity is evident
in most genes in the gonad at this critical timepoint.
Our near term goal is to elucidate the temporal nature of gene expression in the
gonad. We conclude from this and other studies (Nef et al. 2005; Munger et al. 2009) that
the gonad transcriptome is highly dynamic during the critical 24-hour window of sex
determination (E11.0-12.0), and predict that many of the differences in transcript
abundance observed between B6 and 129S1 result from relative differences in timing
rather than expression amplitude. Unfortunately, timecourse microarray analyses in the
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gonad to date have lacked the resolution to monitor changes in gene expression in fine
detail. We obtained an ARRA supplement to fund this analysis, and we will soon have
global expression profiles for B6 and 129S1 XX and XY gonads at six 4-hour intervals
from E11.0-12.0 (Fig. 27). This strain component of this temporal comparison will
identify core female and male network modules that differ between B6 and 129S1 and
likely mediate the timing or balance of opposing signals in the gonad, while the XY/XX
component will resolve how a bipotential network approaches the sexual fate decision at
E11.5 and then shifts to a sex-specific state. In addition, this timecourse expression data
will likely add multiple levels of insight to our eQTL mapping data. For example, we
predict that some eQTLs regulate the expression of genes that are active in establishing a
bipotential network state. The prominent trans-bands on Chrs 3 and 12 may be examples
of such eQTLs. This class of eQTLs would exert its effects in both XX and XY gonads. If
we find that coregulated groups of genes identified in F2 XY gonads are differentially
expressed between strains or exhibit temporal coexpression in XX gonads, this provides
evidence for these eQTLs being sex-independent or common to both XX and XY gonads.
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Figure 27: Overview of timecourse expression analysis in 129S1 and B6 XY and
XX gonads between E11.0-12.0.
We have analyzed the expression profiles of B6 and 129S1 XY gonads at E11.5
(blue box), and have identified considerable strain differences in the XY transcriptome at
this timepoint. We will expand this analysis to profile gene expression at six 4-hour
intervals between E11.0-12.0 (13-23ts) in B6 and 129S1 XY and XX gonads.

165

166

Furthermore, temporal expression data may enable us to predict additional
genes that are likely to be regulated by a particular eQTL. We expect that many genes
that share a common regulator will have similar temporal expression signatures during
the 24-hour window between E11.0-12.0. If we can accurately define the expression
signature for a group of coregulated transcripts, we can identify other genes across the
genome having the same signature. These genes are likely to share the same regulator
(i.e., eQTL). In preparation for this analysis, I have worked with Anirudh Natarajan to
analyze existing temporal clustering metrics in a previously published microarray
dataset (Fig. 28) (Nef et al. 2005; Androulakis et al. 2007). Each metric has strengths and
weaknesses. For example, clustering genes based on Euclidian distance can identify
genes with similar expression patterns to Sox9; however it is biased towards probes with
similar raw expression values (top left panel in Fig. 28). Other clustering metrics, like
Mahalanobis distance or ratio Euclidian, are scale-invariant (i.e., not dependent on the
scale of measurements) and can therefore identify temporally coexpressed genes
without regard to the amplitude of their expression (Androulakis et al. 2007). In
addition, we can consider the XX and XY patterns as discrete signatures, or compile the
XX and XY expression values for a gene into one composite expression signature. We
can even create a composite signature where the expression values for one sex are
weighted higher than the other sex. Similarly, we can weight specific timepoints higher
than others. For example, if we want to find downstream targets of Sox9, which is
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upregulated in males at E11.5, we may weight timepoints between E11.5-12.0 higher
than timepoints between E11.0-11.5. Although this analysis was preliminary and
focused on only three timepoints in a previously published dataset, we will likely use
similar metrics to analyze our finer timecourse experiment.
In conclusion, I am convinced that the mouse gonad during the critical window
of primary sex determination is the ideal vertebrate model for elucidating transcription
networks and signaling pathways that mediate cell and tissue fate decisions during
organogenesis. I am proud of the progress we have made in this area over the last three
years, and I look forward to the future of systems-level research in the gonad.
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Figure 28: Assessing common clustering metrics for identifying temporally
coexpressed genes.
To assess the performance of common temporal clustering metrics, we applied
them to a previously published expression timecourse in the gonad. We focused on the
four timepoints in the window of E10.5-12.5, with the goal of identifying genes that had
similar XY and XX expression patterns to a reference gene. As the reference gene in this
analysis, we picked one Sox9 probe from the array. For each gene, XY expression is
plotted as an unbroken line, and XX expression is plotted as a dotted line of the same
color. Raw expression is plotted on the y-axis, and embryonic stage is shown on the xaxis. In each panel, the reference Sox9 probe is displayed as a black line, and the top
three coexpressed genes identified by each metric are plotted in red, blue, and green. A
second Sox9 probeset on the Affy array served as a positive control. This control
probeset was identified in the top 20 of Sox9 coexpressed genes by all six metrics.
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Appendix

A1. Sexually dimorphic genes are differentially expressed
between B6 and 129S1 in E11.5 XY gonads.
We predicted that at least some of the differences in susceptibility to sex reversal
observed between the B6 and 129S1 strains could be explained by differences in the
gonad transcriptome. In collaboration with David Threadgill’s lab at UNC, we profiled
global transcript abundance by microarray in five individual pairs of E11.5 XY gonads
from each of the B6 and 129S1 strains. Strain expression differences were significant, as
over 10% of all probes were differentially expressed at the level of 1.5-fold. To identify
the genes in this group that are most likely to confer the phenotypic effects on sex
reversal, we cross-referenced our XY strain dataset to previously published XX v XY
microarray studies (Nef et al. 2005; Beverdam and Koopman 2006; Bouma et al. 2007b).
Hundreds of sexually dimorphic genes were identified in our XY strain dataset, and
these genes exhibit an interesting bias. Female genes as a group are significantly
upregulated in B6 XY gonads relative to 129S1 (83 up in B6, 23 up in 129S1). Female
genes differentially expressed between B6 and 129S1 are listed in table 5. Male genes as a
group are downregulated in B6 XY gonads relative to 129S1 (36 up in B6, 23 up in
129S1), however this bias is not statistically significant. Sox9 is upregulated in B6, and
likely upregulates the expression of other genes downstream in the male pathway. Male
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genes differentially expressed between B6 and 129S1 are listed in table 6. In conclusion,
B6 XY gonads have a female-leaning transcriptome compared to 129S1, and this
observation can explain the susceptibility of B6 to male-to-female sex reversal.
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Table 5: List of female-enriched genes differentially expressed >1.5-fold
between B6 and 129S1 in E11.5 XY gonads.
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Table 5: Female genes differentially expressed > 1.5-fold between B6 and 129S1 in E11.5 XY gonads.

Female genes differentially expressed between B6 and 129S1.
Note: Positive fold values reflect female genes that are up regulated in B6 relative to 129S1.
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Fold
Change

Gene
Symbol

GenBank
Accession

Description

10.57

Gng13

NM_022422

Mus musculus guanine nucleotide binding protein 13, gamma (Gng13), mRNA [NM_022422]

7.52

Ereg

NM_007950

Mus musculus epiregulin (Ereg), mRNA [NM_007950]

7.00

Rec8L1

NM_020002

Mus musculus REC8-like 1 (yeast) (Rec8L1), mRNA [NM_020002]

6.74

Pdgfd

BC030896

Mus musculus platelet-derived growth factor, D polypeptide, mRNA (cDNA clone MGC:31518 IMAGE:4489485), complete cds. [BC030896]

5.15

6330411D24Rik

AK018156

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330411D24 product:unclassifiable, full insert sequence [AK018156]

4.41

Rpgrip1

NM_023879

Mus musculus retinitis pigmentosa GTPase regulator interacting protein 1 (Rpgrip1), mRNA [NM_023879]

3.88

AW551984

NM_178737

Mus musculus expressed sequence AW551984 (AW551984), mRNA [NM_178737]

3.69

Pglyrp1

NM_009402

Mus musculus peptidoglycan recognition protein 1 (Pglyrp1), mRNA [NM_009402]

3.40

Hmgcs1

AK078743

Mus musculus 15 days embryo male testis cDNA, RIKEN full-length enriched library, clone:8030402P03 product:similar to hydroxymethylglutaryl-CoA synthase (EC 4.1.3.5)
(fragment) [Gallus gallus], full insert sequence. [AK078743]

3.35

A930006K02Rik

AK038602

Mus musculus adult male hypothalamus cDNA, RIKEN full-length enriched library, clone:A230049K01 product:unclassifiable, full insert sequence [AK038602]

3.14

Fst

NM_008046

Mus musculus follistatin (Fst), mRNA [NM_008046]

3.14

Pank1

AK019493

Mus musculus 0 day neonate skin cDNA, RIKEN full-length enriched library, clone:4632412I06 product:hypothetical protein, full insert sequence. [AK019493]

2.99

AW124722

NM_001033337

Mus musculus expressed sequence AW124722 (AW124722), mRNA [NM_001033337]

2.88

Asns

NM_012055

Mus musculus asparagine synthetase (Asns), mRNA [NM_012055]

2.76

2300002D11Rik

BC049168

Mus musculus RIKEN cDNA 2300002D11 gene, mRNA (cDNA clone MGC:57108 IMAGE:6491759), complete cds. [BC049168]

2.73

Gm905

NM_001025606

Mus musculus gene model 905, (NCBI) (Gm905), mRNA [NM_001025606]

2.66

C530028I08Rik

NM_001033314

Mus musculus RIKEN cDNA C530028I08 gene (C530028I08Rik), mRNA [NM_001033314]

2.49

Smpdl3b

NM_133888

Mus musculus sphingomyelin phosphodiesterase, acid-like 3B (Smpdl3b), mRNA [NM_133888]

2.49

Sprr2a

NM_011468

Mus musculus small proline-rich protein 2A (Sprr2a), mRNA [NM_011468]

2.46

Sp5

NM_022435

Mus musculus trans-acting transcription factor 5 (Sp5), mRNA [NM_022435]

2.44

Nrn1

NM_153529

Mus musculus neuritin 1 (Nrn1), mRNA [NM_153529]

2.44

Taf7l

NM_028958

Mus musculus TAF7-like RNA polymerase II, TATA box binding protein (TBP)-associated factor (Taf7l), mRNA [NM_028958]

2.38

2700046G09Rik

AK035700

Mus musculus adult male urinary bladder cDNA, RIKEN full-length enriched library, clone:9530092G05 product:hypothetical protein, full insert sequence [AK035700]
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GenBank
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2.37

Cfh

NM_009888

Mus musculus complement component factor h (Cfh), mRNA [NM_009888]

2.31

D14Ertd449e

NM_025311

Mus musculus DNA segment, Chr 14, ERATO Doi 449, expressed (D14Ertd449e), mRNA [NM_025311]

2.28

D630039A03Rik

NM_178727

Mus musculus RIKEN cDNA D630039A03 gene (D630039A03Rik), mRNA [NM_178727]

2.27

Tph2

NM_173391

Mus musculus tryptophan hydroxylase 2 (Tph2), mRNA [NM_173391]

2.26

Esr1

NM_007956

Mus musculus estrogen receptor 1 (alpha) (Esr1), mRNA [NM_007956]

2.25

Slitrk1

AK173296

Mus musculus mRNA for mKIAA1910 protein. [AK173296]

2.23

Rnaset2

NM_029204

Mus musculus ribonuclease T2 (Rnaset2), transcript variant 2, mRNA [NM_029204]

2.09

Pld1

NM_008875

Mus musculus phospholipase D1 (Pld1), mRNA [NM_008875]

2.07

0610009B10Rik

NM_026685

Mus musculus RIKEN cDNA 0610009B10 gene (0610009B10Rik), mRNA [NM_026685]

2.07

Phlda2

NM_009434

Mus musculus pleckstrin homology-like domain, family A, member 2 (Phlda2), mRNA [NM_009434]

2.06

Wdr40b

NM_178739

Mus musculus WD repeat domain 40B (Wdr40b), mRNA [NM_178739]

2.04

Cgn

BC064474

Mus musculus cingulin, mRNA (cDNA clone IMAGE:4953919), partial cds. [BC064474]

2.03

Mbd1

AK007371

Mus musculus 10 day old male pancreas cDNA, RIKEN full-length enriched library, clone:1810008C20 product:methyl-CpG binding domain protein 1, full insert sequence.
[AK007371]

1.99

Dapk1

AK009701

Mus musculus adult male tongue cDNA, RIKEN full-length enriched library, clone:2310039H24 product:death associated protein kinase 1, full insert sequence. [AK009701]

1.98

Cacna1d

BC058783

Mus musculus calcium channel, voltage-dependent, L type, alpha 1D subunit, mRNA (cDNA clone IMAGE:6310199), complete cds. [BC058783]

1.96

Podxl

NM_013723

Mus musculus podocalyxin-like (Podxl), mRNA [NM_013723]

1.96

Ifit3

NM_010501

Mus musculus interferon-induced protein with tetratricopeptide repeats 3 (Ifit3), mRNA [NM_010501]

1.95

Sfxn3

NM_053197

Mus musculus sideroflexin 3 (Sfxn3), mRNA [NM_053197]

1.94

Tkt

NM_009388

Mus musculus transketolase (Tkt), mRNA [NM_009388]

1.90

Bmp5

AK079078

Mus musculus adult male diencephalon cDNA, RIKEN full-length enriched library, clone:9330158F20 product:unclassifiable, full insert sequence. [AK079078]

1.88

E330013P04Rik

AK036852

Mus musculus adult female vagina cDNA, RIKEN full-length enriched library, clone:9930018I18 product:hypothetical protein, full insert sequence. [AK036852]

1.87

Actr6

NM_025914

Mus musculus ARP6 actin-related protein 6 homolog (yeast) (Actr6), mRNA [NM_025914]

1.87

Clic6

NM_172469

Mus musculus chloride intracellular channel 6 (Clic6), mRNA [NM_172469]

1.82

Lmo7

DV040849

CG02_13_B03.x1 FH CG02 Mus musculus cDNA clone CG02_13_B03 similar to LIM domain only 7, mRNA sequence [DV040849]

1.81

Tnfrsf19

NM_013869

Mus musculus tumor necrosis factor receptor superfamily, member 19 (Tnfrsf19), mRNA [NM_013869]
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1.81

Klhl5

NM_175174

Mus musculus kelch-like 5 (Drosophila) (Klhl5), mRNA [NM_175174]

1.80

Cybrd1

XM_910566

PREDICTED: Mus musculus cytochrome b reductase 1 (Cybrd1), mRNA [XM_910566]

1.80

Plxdc1

NM_028199

Mus musculus plexin domain containing 1 (Plxdc1), mRNA [NM_028199]

1.79

Ryr2

BC043140

Mus musculus ryanodine receptor 2, cardiac, mRNA (cDNA clone IMAGE:6822493), complete cds. [BC043140]

1.79

Mt1

NM_013602

Mus musculus metallothionein 1 (Mt1), mRNA [NM_013602]

1.77

Cox6b2

NM_183405

Mus musculus cytochrome c oxidase subunit VIb polypeptide 2 (Cox6b2), mRNA [NM_183405]

1.75

Hbb-y

NM_008221

Mus musculus hemoglobin Y, beta-like embryonic chain (Hbb-y), mRNA [NM_008221]

1.75

A930017N06Rik

NM_175522

Mus musculus RIKEN cDNA A930017N06 gene (A930017N06Rik), mRNA [NM_175522]

1.74

Msx1

NM_010835

Mus musculus homeo box, msh-like 1 (Msx1), mRNA [NM_010835]

1.73

4930523C07Rik

NM_001024470

Mus musculus RIKEN cDNA 4930523C07 gene (4930523C07Rik), mRNA [NM_001024470]

1.73

Colec12

NM_130449

Mus musculus collectin sub-family member 12 (Colec12), mRNA [NM_130449]

1.73

Prkcm

NM_008858

Mus musculus protein kinase C, mu (Prkcm), mRNA [NM_008858]

1.72

BC049816

NM_198612

Mus musculus cDNA sequence BC049816 (BC049816), mRNA [NM_198612]

1.72

Anpep

NM_008486

Mus musculus alanyl (membrane) aminopeptidase (Anpep), mRNA [NM_008486]

1.71

Nrtn

NM_008738

Mus musculus neurturin (Nrtn), mRNA [NM_008738]

1.70

Pld1

NM_008875

Mus musculus phospholipase D1 (Pld1), mRNA [NM_008875]

1.69

Wnt9a

NM_139298

Mus musculus wingless-type MMTV integration site 9A (Wnt9a), mRNA [NM_139298]

1.69

AI836758

AK134716

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330535A08 product:unclassifiable, full insert sequence [AK134716]

1.69

Cdkn1b

AK169586

Mus musculus 2 days neonate thymus thymic cells cDNA, RIKEN full-length enriched library, clone:C920025D19 product:hypothetical protein, full insert sequence.
[AK169586]

1.68

Dcamkl1

NM_019978

Mus musculus double cortin and calcium/calmodulin-dependent protein kinase-like 1 (Dcamkl1), mRNA [NM_019978]

1.67

9430012M22Rik

AK020412

Mus musculus 12 days embryo embryonic body between diaphragm region and neck cDNA, RIKEN full-length enriched library, clone:9430012M22 product:unclassifiable,
full insert sequence. [AK020412]

1.67

Vgll2

NM_153786

Mus musculus vestigial like 2 homolog (Drosophila) (Vgll2), mRNA [NM_153786]

1.66

Gpr155

XM_130346

PREDICTED: Mus musculus G protein-coupled receptor 155, transcript variant 1 (Gpr155), mRNA [XM_130346]

1.65

Rilp

NM_001029938

Mus musculus Rab interacting lysosomal protein (Rilp), mRNA [NM_001029938]

1.65

Enpp2

NM_015744

Mus musculus ectonucleotide pyrophosphatase/phosphodiesterase 2 (Enpp2), mRNA [NM_015744]
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1.62

Laptm4b

NM_033521

Mus musculus lysosomal-associated protein transmembrane 4B (Laptm4b), mRNA [NM_033521]

1.60

Maob

NM_172778

Mus musculus monoamine oxidase B (Maob), mRNA [NM_172778]

1.59

1190002H23Rik

NM_025427

Mus musculus RIKEN cDNA 1190002H23 gene (1190002H23Rik), mRNA [NM_025427]

1.58

Ifitm3

NM_025378

Mus musculus interferon induced transmembrane protein 3 (Ifitm3), mRNA [NM_025378]

1.56

D12Ertd647e

NM_026790

Mus musculus DNA segment, Chr 12, ERATO Doi 647, expressed (D12Ertd647e), transcript variant 1, mRNA [NM_026790]

1.54

Mbnl3

NM_134163

Mus musculus muscleblind-like 3 (Drosophila) (Mbnl3), mRNA [NM_134163]

1.53

Fbxo46

NM_175530

Mus musculus F-box protein 46 (Fbxo46), mRNA [NM_175530]

1.52

Tnnt1

NM_011618

Mus musculus troponin T1, skeletal, slow (Tnnt1), mRNA [NM_011618]

1.52

Wnt4

NM_009523

Mus musculus wingless-related MMTV integration site 4 (Wnt4), mRNA [NM_009523]

1.51

Pde1a

NM_016744

Mus musculus phosphodiesterase 1A, calmodulin-dependent (Pde1a), mRNA [NM_016744]

1.50

4930422I07Rik

XM_150216

PREDICTED: Mus musculus RIKEN cDNA 4930422I07 gene (4930422I07Rik), mRNA [XM_150216]

-1.50

Slc18a2

NM_172523

Mus musculus solute carrier family 18 (vesicular monoamine), member 2 (Slc18a2), mRNA [NM_172523]

-1.50

Tnfrsf19

BC030062

Mus musculus tumor necrosis factor receptor superfamily, member 19, mRNA (cDNA clone MGC:40996 IMAGE:5256883), complete cds. [BC030062]

-1.58

1100001H23Rik

NM_025806

Mus musculus RIKEN cDNA 1100001H23 gene (1100001H23Rik), mRNA [NM_025806]

-1.61

Peg3

NM_008817

Mus musculus paternally expressed 3 (Peg3), mRNA [NM_008817]

-1.61

Cdkn1a

NM_007669

Mus musculus cyclin-dependent kinase inhibitor 1A (P21) (Cdkn1a), mRNA [NM_007669]

-1.61

A230062I15Rik

AK038782

Mus musculus adult male hypothalamus cDNA, RIKEN full-length enriched library, clone:A230062I15 product:unclassifiable, full insert sequence [AK038782]

-1.62

Zfp445

NM_173364

Mus musculus zinc finger protein 445 (Zfp445), mRNA [NM_173364]

-1.63

Bcl2

AK077913

Mus musculus 13 days embryo male testis cDNA, RIKEN full-length enriched library, clone:6030439K11 product:B-cell leukemia/lymphoma 2, full insert sequence.
[AK077913]

-1.65

2210407C18Rik

NM_144544

Mus musculus RIKEN cDNA 2210407C18 gene (2210407C18Rik), mRNA [NM_144544]

-1.72

Bcat1

NM_001024468

Mus musculus branched chain aminotransferase 1, cytosolic (Bcat1), transcript variant 1, mRNA [NM_001024468]

-1.76

Cald1

NM_145575

Mus musculus caldesmon 1 (Cald1), mRNA [NM_145575]

-1.81

2610207I05Rik

NM_001031814

Mus musculus RIKEN cDNA 2610207I05 gene (2610207I05Rik), mRNA [NM_001031814]

-1.84

Atad2

NM_027435

Mus musculus ATPase family, AAA domain containing 2 (Atad2), mRNA [NM_027435]

-1.87

Ube4a

AK172893

Mus musculus mRNA for mKIAA0126 protein [AK172893]
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-1.89

A930041G11Rik

NM_177033

Mus musculus RIKEN cDNA A930041G11 gene (A930041G11Rik), mRNA [NM_177033]

-2.00

Rtn4

NM_194054

Mus musculus reticulon 4 (Rtn4), transcript variant 1, mRNA [NM_194054]

-2.22

5330421F07Rik

AK045179

Mus musculus 9.5 days embryo parthenogenote cDNA, RIKEN full-length enriched library, clone:B130044A11 product:unclassifiable, full insert sequence. [AK045179]

-2.29

Cacna1d

NM_028981

Mus musculus calcium channel, voltage-dependent, L type, alpha 1D subunit (Cacna1d), mRNA [NM_028981]

-2.39

Defb7

NM_139220

Mus musculus defensin beta 7 (Defb7), mRNA [NM_139220]

-2.62

Pftk1

AK016370

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:4930588P12 product:PFTAIRE protein kinase 1, full insert sequence. [AK016370]

-3.90

Bmp5

NM_007555

Mus musculus bone morphogenetic protein 5 (Bmp5), mRNA [NM_007555]

-3.95

Cntn4

AK087738

Mus musculus 2 days pregnant adult female ovary cDNA, RIKEN full-length enriched library, clone:E330014A13 product:axonal-associated cell adhesion molecule, full insert
sequence. [AK087738]

-4.50

1700008P20Rik

NM_027028

Mus musculus RIKEN cDNA 1700008P20 gene (1700008P20Rik), mRNA [NM_027028]
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Table 6: Male genes differentially expressed > 1.5-fold between B6 and 129S1 in E11.5 XY gonads.

Male genes differentially expressed between B6 and 129S1.
Note: Positive fold values reflect male genes that are up regulated in B6 relative to 129S1.
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10.77

Gcnt1

NM_173442

Mus musculus glucosaminyl (N-acetyl) transferase 1, core 2 (Gcnt1), mRNA [NM_173442]

5.50

Afp

NM_007423

Mus musculus alpha fetoprotein (Afp), mRNA [NM_007423]

4.95

Hnf4a

NM_008261

Mus musculus hepatic nuclear factor 4, alpha (Hnf4a), mRNA [NM_008261]

4.71

Ppp1r14c

AK082372

Mus musculus 0 day neonate cerebellum cDNA, RIKEN full-length enriched library, clone:C230042N14 product:hypothetical protein, full insert sequence. [AK082372]

4.41

Gorasp2

AK020521

Mus musculus 12 days embryo embryonic body between diaphragm region and neck cDNA, RIKEN full-length enriched library, clone:9430094F20 product:inferred: golgi
reassembly stacking protein 2, full insert sequence. [AK020521]

3.69

Tmc7

NM_172476

Mus musculus transmembrane channel-like gene family 7 (Tmc7), mRNA [NM_172476]

2.97

Mt2

NM_008630

Mus musculus metallothionein 2 (Mt2), mRNA [NM_008630]

2.62

Gstm6

NM_008184

Mus musculus glutathione S-transferase, mu 6 (Gstm6), mRNA [NM_008184]

2.43

Adhfe1

NM_175236

Mus musculus alcohol dehydrogenase, iron containing, 1 (Adhfe1), mRNA [NM_175236]

2.38

Txndc2

NM_153519

Mus musculus thioredoxin domain containing 2 (spermatozoa) (Txndc2), mRNA [NM_153519]

2.30

C030038J10Rik

AK173336

Mus musculus mRNA for mKIAA2027 protein [AK173336]

2.28

Hist1h2bc

NM_023422

Mus musculus histone 1, H2bc (Hist1h2bc), mRNA [NM_023422]

1.96

Inhbb

NM_008381

Mus musculus inhibin beta-B (Inhbb), mRNA [NM_008381]

1.94

Sox9

NM_011448

Mus musculus SRY-box containing gene 9 (Sox9), mRNA [NM_011448]

1.94

Gata4

NM_008092

Mus musculus GATA binding protein 4 (Gata4), mRNA [NM_008092]

1.90

Rgn

NM_009060

Mus musculus regucalcin (Rgn), mRNA [NM_009060]

1.85

4930538D17Rik

NM_029186

Mus musculus RIKEN cDNA 4930538D17 gene (4930538D17Rik), mRNA [NM_029186]

1.82

Eps8

NM_007945

Mus musculus epidermal growth factor receptor pathway substrate 8 (Eps8), mRNA [NM_007945]

1.78

Pcsk5

AK032736

Mus musculus 12 days embryo male wolffian duct includes surrounding region cDNA, RIKEN full-length enriched library, clone:6720422L05 product:proprotein convertase
subtilisin/kexin type 5, full insert sequence. [AK032736]

1.78

Rnase1

NM_011271

Mus musculus ribonuclease, RNase A family, 1 (pancreatic) (Rnase1), mRNA [NM_011271]

1.77

Tnfaip6

NM_009398

Mus musculus tumor necrosis factor alpha induced protein 6 (Tnfaip6), mRNA [NM_009398]

1.74

Ppt1

AK148314

Mus musculus B16 F10Y cells cDNA, RIKEN full-length enriched library, clone:G370087F11 product:palmitoyl-protein thioesterase 1, full insert sequence. [AK148314]

1.71

1700025G04Rik

NM_197990

Mus musculus RIKEN cDNA 1700025G04 gene (1700025G04Rik), mRNA [NM_197990]

1.66

Hsd17b3

NM_008291

Mus musculus hydroxysteroid (17-beta) dehydrogenase 3 (Hsd17b3), mRNA [NM_008291]
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1.65

Gpr37

NM_010338

Mus musculus G protein-coupled receptor 37 (Gpr37), mRNA [NM_010338]

1.61

Gpr56

NM_018882

Mus musculus G protein-coupled receptor 56 (Gpr56), mRNA [NM_018882]

1.58

Ppgb

NM_008906

Mus musculus protective protein for beta-galactosidase (Ppgb), transcript variant 1, mRNA [NM_008906]

1.58

5730508B09Rik

NM_027482

Mus musculus RIKEN cDNA 5730508B09 gene (5730508B09Rik), mRNA [NM_027482]

1.57

4930427A07Rik

NM_134041

Mus musculus RIKEN cDNA 4930427A07 gene (4930427A07Rik), mRNA [NM_134041]

1.54

Mbp

NM_001025245

Mus musculus myelin basic protein (Mbp), transcript variant 8, mRNA [NM_001025245]

1.52

Etv5

NM_023794

Mus musculus ets variant gene 5 (Etv5), mRNA [NM_023794]

1.52

Rab20

NM_011227

Mus musculus RAB20, member RAS oncogene family (Rab20), mRNA [NM_011227]

1.52

Oplah

AK005822

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:1700010G02 product:inferred: 5-OXOPROLINASE (EC 3.5.2.9) (5-OXO-L-PROLINASE)
(PYROGLUTAMASE) (5-OPASE). [Rat], full insert sequence [AK005822]

1.51

Gsta2

NM_008182

Mus musculus glutathione S-transferase, alpha 2 (Yc2) (Gsta2), mRNA [NM_008182]

1.51

Ccar1

BC051052

Mus musculus cell division cycle and apoptosis regulator 1, mRNA (cDNA clone IMAGE:5040482), complete cds. [BC051052]

1.50

Slc9a2

NM_001033289

Mus musculus solute carrier family 9 (sodium/hydrogen exchanger), member 2 (Slc9a2), mRNA [NM_001033289]

-1.51

Centb1

NM_153788

Mus musculus centaurin, beta 1 (Centb1), mRNA [NM_153788]

-1.51

Nav1

NM_173437

Mus musculus neuron navigator 1 (Nav1), mRNA [NM_173437]

-1.52

Fzd9

AK021164

Mus musculus 16 days embryo head cDNA, RIKEN full-length enriched library, clone:C130077B15 product:frizzled homolog 9 (Drosophila), full insert sequence. [AK021164]

-1.52

Col14a1

NM_181277

Mus musculus procollagen, type XIV, alpha 1 (Col14a1), mRNA [NM_181277]

-1.52

Socs2

NM_007706

Mus musculus suppressor of cytokine signaling 2 (Socs2), mRNA [NM_007706]

-1.53

5730433N10Rik

AK017612

Mus musculus 8 days embryo whole body cDNA, RIKEN full-length enriched library, clone:5730433N10 product:unclassifiable, full insert sequence. [AK017612]

-1.53

Sox10

BC023356

Mus musculus SRY-box containing gene 10, mRNA (cDNA clone MGC:32314 IMAGE:5027211), complete cds. [BC023356]

-1.53

Slc6a14

NM_020049

Mus musculus solute carrier family 6 (neurotransmitter transporter), member 14 (Slc6a14), mRNA [NM_020049]

-1.54

1110060D06Rik

XM_001003634

PREDICTED: Mus musculus RIKEN cDNA 1110060D06 gene, transcript variant 2 (1110060D06Rik), mRNA [XM_001003634]

-1.54

Wwp2

AK053749

Mus musculus 0 day neonate eyeball cDNA, RIKEN full-length enriched library, clone:E130306L11 product:similar to NEDD-4-LIKE UBIQUITIN-PROTEIN LIGASE [Homo
sapiens], full insert sequence. [AK053749]

-1.55

Cbln1

NM_019626

Mus musculus cerebellin 1 precursor protein (Cbln1), mRNA [NM_019626]

-1.56

Rrbp1

AF273693

Mus musculus ribosome receptor isoform mRRp0/ES130 mRNA, complete cds, alternatively spliced. [AF273693]

-1.56

Kcnk2

NM_010607

Mus musculus potassium channel, subfamily K, member 2 (Kcnk2), mRNA [NM_010607]
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-1.57

4930550L24Rik

BC087920

Mus musculus RIKEN cDNA 4930550L24 gene, mRNA (cDNA clone MGC:107266 IMAGE:30281980), complete cds. [BC087920]

-1.58

Col27a1

NM_025685

Mus musculus procollagen, type XXVII, alpha 1 (Col27a1), mRNA [NM_025685]

-1.58

Ephb6

NM_007680

Mus musculus Eph receptor B6 (Ephb6), mRNA [NM_007680]

-1.58

Atp1a1

NM_144900

Mus musculus ATPase, Na+/K+ transporting, alpha 1 polypeptide (Atp1a1), mRNA [NM_144900]

-1.58

Slc26a7

AK054327

Mus musculus 2 days pregnant adult female ovary cDNA, RIKEN full-length enriched library, clone:E330015I04 product:PUTATIVE ANION TRANSPORTER homolog [Homo
sapiens], full insert sequence [AK054327]

-1.58

Baz2a

NM_054078

Mus musculus bromodomain adjacent to zinc finger domain, 2A (Baz2a), mRNA [NM_054078]

-1.59

Col9a2

NM_007741

Mus musculus procollagen, type IX, alpha 2 (Col9a2), mRNA [NM_007741]

-1.60

Col9a1

NM_007740

Mus musculus procollagen, type IX, alpha 1 (Col9a1), mRNA [NM_007740]

-1.61

Serpina5

NM_172953

Mus musculus serine (or cysteine) peptidase inhibitor, clade A, member 5 (Serpina5), mRNA [NM_172953]

-1.63

Defb19

NM_145157

Mus musculus defensin beta 19 (Defb19), mRNA [NM_145157]

-1.64

Mef2c

NM_025282

Mus musculus myocyte enhancer factor 2C (Mef2c), mRNA [NM_025282]

-1.64

Ell2

BC006925

Mus musculus elongation factor RNA polymerase II 2, mRNA (cDNA clone IMAGE:3601737), complete cds. [BC006925]

-1.68

Top2a

NM_011623

Mus musculus topoisomerase (DNA) II alpha (Top2a), mRNA [NM_011623]

-1.71

4930431B09Rik

BC046309

Mus musculus RIKEN cDNA 4930431B09 gene, mRNA (cDNA clone IMAGE:6306854), partial cds. [BC046309]

-1.72

Tpd52l1

NM_009413

Mus musculus tumor protein D52-like 1 (Tpd52l1), mRNA [NM_009413]

-1.75

2610020H08Rik

AK084640

Mus musculus 13 days embryo heart cDNA, RIKEN full-length enriched library, clone:D330024K21 product:unclassifiable, full insert sequence. [AK084640]

-1.76

Cadps

NM_012061

Mus musculus Ca<2+>dependent activator protein for secretion (Cadps), mRNA [NM_012061]

-1.77

Ppp1r16b

AK042123

Mus musculus 3 days neonate thymus cDNA, RIKEN full-length enriched library, clone:A630060G10 product:protein phosphatase 1 regulatory subunit 16B (Ppp1r16b)
mRNA, full insert sequence [AK042123]

-1.78

Mro

NM_027741

Mus musculus Maestro (Mro), mRNA [NM_027741]

-1.78

Itga4

NM_010576

Mus musculus integrin alpha 4 (Itga4), mRNA [NM_010576]

-1.81

Etv4

NM_008815

Mus musculus ets variant gene 4 (E1A enhancer binding protein, E1AF) (Etv4), mRNA [NM_008815]

-1.82

Pak3

NM_008778

Mus musculus p21 (CDKN1A)-activated kinase 3 (Pak3), mRNA [NM_008778]

-1.88

Olfml3

NM_133859

Mus musculus olfactomedin-like 3 (Olfml3), mRNA [NM_133859]

-1.91

Rtn4rl1

NM_177708

Mus musculus reticulon 4 receptor-like 1 (Rtn4rl1), mRNA [NM_177708]

-1.92

Gabra1

NM_010250

Mus musculus gamma-aminobutyric acid (GABA-A) receptor, subunit alpha 1 (Gabra1), mRNA [NM_010250]
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-1.95

Ipo7

BC053524

Mus musculus importin 7, mRNA (cDNA clone IMAGE:5342173), partial cds [BC053524]

-1.96

Smoc2

NM_022315

Mus musculus SPARC related modular calcium binding 2 (Smoc2), mRNA [NM_022315]

-2.01

Ptk2b

NM_172498

Mus musculus PTK2 protein tyrosine kinase 2 beta (Ptk2b), mRNA [NM_172498]

-2.02

Fbln1

NM_010180

Mus musculus fibulin 1 (Fbln1), mRNA [NM_010180]

-2.07

Enpp1

NM_008813

Mus musculus ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1), mRNA [NM_008813]

-2.27

Camk2d

AK086018

Mus musculus 16 days neonate heart cDNA, RIKEN full-length enriched library, clone:D830045E03 product:calcium/calmodulin-dependent protein kinase II, delta, full insert
sequence. [AK086018]

-2.34

Dtna

NM_207650

Mus musculus dystrobrevin alpha (Dtna), transcript variant 1, mRNA [NM_207650]

-2.39

Adam12

NM_007400

Mus musculus a disintegrin and metallopeptidase domain 12 (meltrin alpha) (Adam12), mRNA [NM_007400]

-2.42

Slco3a1

NM_023908

Mus musculus solute carrier organic anion transporter family, member 3a1 (Slco3a1), transcript variant 1, mRNA [NM_023908]

-2.61

Fbln2

NM_007992

Mus musculus fibulin 2 (Fbln2), mRNA [NM_007992]

-2.79

AI450540

NM_145505

Mus musculus expressed sequence AI450540 (AI450540), mRNA [NM_145505]

-2.94

Enc1

NM_007930

Mus musculus ectodermal-neural cortex 1 (Enc1), mRNA [NM_007930]

-2.95

D930036F22Rik

AK080280

Mus musculus 3 days neonate thymus cDNA, RIKEN full-length enriched library, clone:A630022N19 product:unclassifiable, full insert sequence. [AK080280]

-3.16

6230416J20Rik

NM_173400

Mus musculus RIKEN cDNA 6230416J20 gene (6230416J20Rik), mRNA [NM_173400]

-4.27

Lpin2

AK033959

Mus musculus adult male diencephalon cDNA, RIKEN full-length enriched library, clone:9330128J06 product:lipin 2, full insert sequence [AK033959]

A2. Sexually dimorphic genes are differentially expressed
between B6 and 129S1 in E11.5 XX gonads.
Multiple genes with known roles in the ovarian pathway are upregulated at
E11.5 in B6 XY gonads relative to stage-matched 129S1 counterparts. Interestingly, we
noticed a similar pattern in a preliminary analysis of B6 and 129S1 XX gonads. Femaleenriched genes were much more likely to be upregulated in B6 XX gonads relative to
129S1 XX gonads (161 female genes upregulated >1.5-fold in B6 XX v 78 upregulated in
129S1; Table 7). This XX strain bias is not observed for male-enriched genes (91 male
genes upregulated >1.5-fold in B6 XX v 109 upregulated in 129S1; Table 8). Although this
data needs to be replicated with additional samples (only 2 B6 and 2 129S1 XX pairs of
gonads were included in the study), it strongly suggests that the underlying ovarian
pathway of gonadogenesis is upregulated in B6 relative to 129S1 at E11.5. These findings
could explain the tendency of B6 mice to undergo male to female sex reversal in
response to minor impairments of the male pathway that do not affect testis formation
in other strains. Similarly, this upregulation or early activation of the ovarian pathway in
B6 XX gonads may also explain why the Ods/+ sex reversal phenotype is suppressed in
this background (Poirier et al. 2007).
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Table 7: List of female-enriched genes differentially expressed >1.5-fold
between B6 and 129S1 in E11.5 XX gonads.
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Table 7: Female genes differentially expressed > 1.5-fold among strains in E11.5 XX gonads.

Female genes differentially expressed between B6 and 129S1 XX gonads.
Note: Positive fold values reflect female genes that are up regulated in C57BL/6J (B6) relative to 129S1/SvImJ (129).
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25.89

Ereg

NM_007950

Mus musculus epiregulin (Ereg), mRNA [NM_007950]

16.33

Gng13

NM_022422

Mus musculus guanine nucleotide binding protein 13, gamma (Gng13), mRNA [NM_022422]

10.57

6330411D24Rik

AK018156

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330411D24 product:unclassifiable, full insert sequence [AK018156]

9.74

Pdgfd

BC030896

Mus musculus platelet-derived growth factor, D polypeptide, mRNA (cDNA clone MGC:31518 IMAGE:4489485), complete cds. [BC030896]

7.36

Rec8L1

NM_020002

Mus musculus REC8-like 1 (yeast) (Rec8L1), mRNA [NM_020002]

6.94

Ereg

AK019057

Mus musculus adult male stomach cDNA, RIKEN full-length enriched library, clone:2210040K03 product:epiregulin, full insert sequence. [AK019057]

6.79

Ifit3

AK077243

Mus musculus 11 days pregnant adult female ovary and uterus cDNA, RIKEN full-length enriched library, clone:5031412D17 product:INTERFERON-INDUCED PROTEIN
WITH TETRATRICOPEPTIDE REPEATS 3 (IFIT-3) (GLUCOCORTICOID-ATTENUATED RESPONSE GENE 49 PROTEIN)...

6.44

Dapk1

AK009701

Mus musculus adult male tongue cDNA, RIKEN full-length enriched library, clone:2310039H24 product:death associated protein kinase 1, full insert sequence. [AK009701]

6.41

Pglyrp1

NM_009402

Mus musculus peptidoglycan recognition protein 1 (Pglyrp1), mRNA [NM_009402]

5.20

AW551984

NM_178737

Mus musculus expressed sequence AW551984 (AW551984), mRNA [NM_178737]

4.84

Hmgcs2

NM_008256

Mus musculus 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (Hmgcs2), mRNA [NM_008256]

4.84

Tph2

NM_173391

Mus musculus tryptophan hydroxylase 2 (Tph2), mRNA [NM_173391]

4.70

Cdkn1b

AK169586

Mus musculus 2 days neonate thymus thymic cells cDNA, RIKEN full-length enriched library, clone:C920025D19 product:hypothetical protein, full insert sequence.
[AK169586]

4.69

A930006K02Rik

AK038602

Mus musculus adult male hypothalamus cDNA, RIKEN full-length enriched library, clone:A230049K01 product:unclassifiable, full insert sequence [AK038602]

4.22

C530028I08Rik

NM_001033314

Mus musculus RIKEN cDNA C530028I08 gene (C530028I08Rik), mRNA [NM_001033314]

4.07

Rec8L1

NM_020002

Mus musculus REC8-like 1 (yeast) (Rec8L1), mRNA [NM_020002]

3.94

AW124722

NM_001033337

Mus musculus expressed sequence AW124722 (AW124722), mRNA [NM_001033337]

3.57

AW551984

NM_178737

Mus musculus expressed sequence AW551984 (AW551984), mRNA [NM_178737]

3.48

Rnaset2

NM_029204

Mus musculus ribonuclease T2 (Rnaset2), transcript variant 2, mRNA [NM_029204]

3.42

Pdgfd

NM_027924

Mus musculus platelet-derived growth factor, D polypeptide (Pdgfd), mRNA [NM_027924]

3.27

Ryr2

BC043140

Mus musculus ryanodine receptor 2, cardiac, mRNA (cDNA clone IMAGE:6822493), complete cds. [BC043140]

3.22

Cgn

BC064474

Mus musculus cingulin, mRNA (cDNA clone IMAGE:4953919), partial cds. [BC064474]

Table 7 (continued): Female gene expression in XX B6 and 129S1 gonads.
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3.15

Rnaset2

NM_029204

Mus musculus ribonuclease T2 (Rnaset2), transcript variant 2, mRNA [NM_029204]

3.10

Cfh

M12660

Mouse CFh locus, complement protein H gene, complete cds, clones MH(4,8) [M12660]

3.02

0610009B10Rik

NM_026685

Mus musculus RIKEN cDNA 0610009B10 gene (0610009B10Rik), mRNA [NM_026685]

2.98

Samhd1

AK128954

Mus musculus cDNA fis, clone TRACH3010757, highly similar to Interferon-gamma inducible protein MG11. [AK128954]

2.97

1110035H17Rik

AK004111

Mus musculus 18-day embryo whole body cDNA, RIKEN full-length enriched library, clone:1110035H17 product:hypothetical protein, full insert sequence. [AK004111]

2.86

Lcn2

NM_008491

Mus musculus lipocalin 2 (Lcn2), mRNA [NM_008491]

2.84

Smpdl3b

NM_133888

Mus musculus sphingomyelin phosphodiesterase, acid-like 3B (Smpdl3b), mRNA [NM_133888]

2.75

Cox6b2

NM_183405

Mus musculus cytochrome c oxidase subunit VIb polypeptide 2 (Cox6b2), mRNA [NM_183405]

2.72

Cfh

NM_009888

Mus musculus complement component factor h (Cfh), mRNA [NM_009888]

2.71

Cfh

NM_009888

Mus musculus complement component factor h (Cfh), mRNA [NM_009888]

2.68

Dcamkl1

NM_019978

Mus musculus double cortin and calcium/calmodulin-dependent protein kinase-like 1 (Dcamkl1), mRNA [NM_019978]

2.68

Rpgrip1

NM_023879

Mus musculus retinitis pigmentosa GTPase regulator interacting protein 1 (Rpgrip1), mRNA [NM_023879]

2.66

D14Ertd449e

NM_025311

Mus musculus DNA segment, Chr 14, ERATO Doi 449, expressed (D14Ertd449e), mRNA [NM_025311]

2.63

Pld1

NM_008875

Mus musculus phospholipase D1 (Pld1), mRNA [NM_008875]

2.60

Rpgrip1

NM_023879

Mus musculus retinitis pigmentosa GTPase regulator interacting protein 1 (Rpgrip1), mRNA [NM_023879]

2.53

Pdcd6ip

NM_011052

Mus musculus programmed cell death 6 interacting protein (Pdcd6ip), mRNA [NM_011052]

2.52

Hbb-y

NM_008221

Mus musculus hemoglobin Y, beta-like embryonic chain (Hbb-y), mRNA [NM_008221]

2.48

Vav3

NM_020505

Mus musculus vav 3 oncogene (Vav3), transcript variant 1, mRNA [NM_020505]

2.46

Podxl

NM_013723

Mus musculus podocalyxin-like (Podxl), mRNA [NM_013723]

2.45

Hmgcs1

AK078743

Mus musculus 15 days embryo male testis cDNA, RIKEN full-length enriched library, clone:8030402P03 product:similar to hydroxymethylglutaryl-CoA synthase (EC 4.1.3.5)
(fragment) [Gallus gallus], full insert sequence. [AK078743]

2.45

Klhl5

NM_175174

Mus musculus kelch-like 5 (Drosophila) (Klhl5), mRNA [NM_175174]

2.44

Trim66

NM_181853

Mus musculus tripartite motif-containing 66 (Trim66), mRNA [NM_181853]

2.43

Asns

NM_012055

Mus musculus asparagine synthetase (Asns), mRNA [NM_012055]

2.40

Nrn1

NM_153529

Mus musculus neuritin 1 (Nrn1), mRNA [NM_153529]

2.37

5330421F07Rik

AK129480

Mus musculus mRNA for mKIAA3015 protein [AK129480]

2.35

1700106J16Rik

AK007129

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:1700106J16 product:hypothetical protein, full insert sequence. [AK007129]

Table 7 (continued): Female gene expression in XX B6 and 129S1 gonads.
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2.32

Rpgrip1

BC016092

Mus musculus retinitis pigmentosa GTPase regulator interacting protein 1, mRNA (cDNA clone IMAGE:4504262), complete cds. [BC016092]

2.28

Adcy3

NM_138305

Mus musculus adenylate cyclase 3 (Adcy3), mRNA [NM_138305]

2.26

Itpr2

AK046210

Mus musculus adult male corpora quadrigemina cDNA, RIKEN full-length enriched library, clone:B230352O10 product:unclassifiable, full insert sequence [AK046210]

2.26

Dhrs8

NM_053262

Mus musculus dehydrogenase/reductase (SDR family) member 8 (Dhrs8), mRNA [NM_053262]

2.24

4930523C07Rik

AK028922

Mus musculus 10 days neonate skin cDNA, RIKEN full-length enriched library, clone:4732470M22 product:hypothetical protein, full insert sequence [AK028922]

2.24

Rnaset2

AK029149

Mus musculus 10 days neonate skin cDNA, RIKEN full-length enriched library, clone:4732497K21 product:weakly similar to RIBONUCLEASE 6 PRECURSOR [Homo
sapiens], full insert sequence [AK029149]

2.23

Wfdc1

NM_023395

Mus musculus WAP four-disulfide core domain 1 (Wfdc1), mRNA [NM_023395]

2.21

Il6st

NM_010560

Mus musculus interleukin 6 signal transducer (Il6st), mRNA [NM_010560]

2.18

Sfxn3

NM_053197

Mus musculus sideroflexin 3 (Sfxn3), mRNA [NM_053197]

2.18

Cacna1d

BC058783

Mus musculus calcium channel, voltage-dependent, L type, alpha 1D subunit, mRNA (cDNA clone IMAGE:6310199), complete cds. [BC058783]

2.16

2210023G05Rik

NM_197999

Mus musculus RIKEN cDNA 2210023G05 gene (2210023G05Rik), mRNA [NM_197999]

2.16

Cybrd1

AK029112

Mus musculus 10 days neonate skin cDNA, RIKEN full-length enriched library, clone:4732493J20 product:hypothetical protein, full insert sequence. [AK029112]

2.14

C230081A13Rik

AK173328

Mus musculus mRNA for mKIAA2002 protein [AK173328]

2.13

Snapc3

AK053153

Mus musculus 0 day neonate lung cDNA, RIKEN full-length enriched library, clone:E030018J20 product:unclassifiable, full insert sequence. [AK053153]

2.12

Dock4

NM_172803

Mus musculus dedicator of cytokinesis 4 (Dock4), mRNA [NM_172803]

2.11

Cacna1d

NM_028981

Mus musculus calcium channel, voltage-dependent, L type, alpha 1D subunit (Cacna1d), mRNA [NM_028981]

2.11

4933406E20Rik

NM_028944

Mus musculus RIKEN cDNA 4933406E20 gene (4933406E20Rik), mRNA [NM_028944]

2.10

Adcy3

NM_138305

Mus musculus adenylate cyclase 3 (Adcy3), mRNA [NM_138305]

2.09

Hpse

NM_152803

Mus musculus heparanase (Hpse), mRNA [NM_152803]

2.08

Mbnl3

NM_134163

Mus musculus muscleblind-like 3 (Drosophila) (Mbnl3), mRNA [NM_134163]

2.06

Dhrs8

AK049355

Mus musculus ES cells cDNA, RIKEN full-length enriched library, clone:C330027B16 product:hydroxysteroid 17-beta dehydrogenase 11, full insert sequence [AK049355]

2.04

Mt1

NM_013602

Mus musculus metallothionein 1 (Mt1), mRNA [NM_013602]

2.03

Slitrk1

AK173296

Mus musculus mRNA for mKIAA1910 protein. [AK173296]

2.02

Laptm4b

NM_033521

Mus musculus lysosomal-associated protein transmembrane 4B (Laptm4b), mRNA [NM_033521]

2.00

Tkt

NM_009388

Mus musculus transketolase (Tkt), mRNA [NM_009388]
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2.00

Dapk1

NM_029653

Mus musculus death associated protein kinase 1 (Dapk1), mRNA [NM_029653]

1.95

Cib2

NM_019686

Mus musculus calcium and integrin binding family member 2 (Cib2), mRNA [NM_019686]

1.95

Pank1

AK019493

Mus musculus 0 day neonate skin cDNA, RIKEN full-length enriched library, clone:4632412I06 product:hypothetical protein, full insert sequence. [AK019493]

1.94

Hba-x

NM_010405

Mus musculus hemoglobin X, alpha-like embryonic chain in Hba complex (Hba-x), mRNA [NM_010405]

1.93

Crsp2

NM_012005

Mus musculus cofactor required for Sp1 transcriptional activation, subunit 2 (Crsp2), mRNA [NM_012005]

1.92

Pank1

AK050799

Mus musculus 9 days embryo whole body cDNA, RIKEN full-length enriched library, clone:D030020H07 product:RIKEN cDNA 5430426F23 gene, full insert sequence.
[AK050799]

1.92

Dock4

AK018161

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330411N01 product:RIKEN cDNA 6330411N01 gene, full insert sequence.
[AK018161]

1.92

4930523C07Rik

NM_001024470

Mus musculus RIKEN cDNA 4930523C07 gene (4930523C07Rik), mRNA [NM_001024470]

1.90

Sprr2a

NM_011468

Mus musculus small proline-rich protein 2A (Sprr2a), mRNA [NM_011468]

1.89

Crsp2

AK036758

Mus musculus adult female vagina cDNA, RIKEN full-length enriched library, clone:9930001L01 product:cofactor required for Sp1 transcriptional activation subunit 2 (150
kDa), full insert sequence. [AK036758]

1.87

4930422I07Rik

XM_150216

PREDICTED: Mus musculus RIKEN cDNA 4930422I07 gene (4930422I07Rik), mRNA [XM_150216]

1.85

Mbd1

AK007371

Mus musculus 10 day old male pancreas cDNA, RIKEN full-length enriched library, clone:1810008C20 product:methyl-CpG binding domain protein 1, full insert sequence.
[AK007371]

1.84

Vgll2

NM_153786

Mus musculus vestigial like 2 homolog (Drosophila) (Vgll2), mRNA [NM_153786]

1.83

Fst

NM_008046

Mus musculus follistatin (Fst), mRNA [NM_008046]

1.83

Pank1

NM_023792

Mus musculus pantothenate kinase 1 (Pank1), mRNA [NM_023792]

1.83

Tgm3

NM_009374

Mus musculus transglutaminase 3, E polypeptide (Tgm3), mRNA [NM_009374]

1.82

Wnt9a

NM_139298

Mus musculus wingless-type MMTV integration site 9A (Wnt9a), mRNA [NM_139298]

1.81

Pafah2

NM_133880

Mus musculus platelet-activating factor acetylhydrolase 2 (Pafah2), mRNA [NM_133880]

1.80

1700012L04Rik

NM_029588

Mus musculus RIKEN cDNA 1700012L04 gene (1700012L04Rik), mRNA [NM_029588]

1.79

Ap1s3

NM_183027

Mus musculus adaptor-related protein complex AP-1, sigma 3 (Ap1s3), mRNA [NM_183027]

1.79

Ogt

NM_139144

Mus musculus O-linked N-acetylglucosamine (GlcNAc) transferase (UDP-N-acetylglucosamine:polypeptide-N-acetylglucosaminyl transferase) (Ogt), mRNA [NM_139144]

1.78

4930523C07Rik

AK040601

Mus musculus 0 day neonate thymus cDNA, RIKEN full-length enriched library, clone:A430108H07 product:unclassifiable, full insert sequence. [AK040601]

1.77

Laptm4b

NM_033521

Mus musculus lysosomal-associated protein transmembrane 4B (Laptm4b), mRNA [NM_033521]

1.77

2700046G09Rik

AK035700

Mus musculus adult male urinary bladder cDNA, RIKEN full-length enriched library, clone:9530092G05 product:hypothetical protein, full insert sequence [AK035700]

1.76

9430012M22Rik

AK020412

Mus musculus 12 days embryo embryonic body between diaphragm region and neck cDNA, RIKEN full-length enriched library, clone:9430012M22 product:unclassifiable,
full insert sequence. [AK020412]
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1.76

A930017N06Rik

NM_175522

Mus musculus RIKEN cDNA A930017N06 gene (A930017N06Rik), mRNA [NM_175522]

1.76

Msx1

NM_010835

Mus musculus homeo box, msh-like 1 (Msx1), mRNA [NM_010835]

1.75

Gtf2a1

NM_031391

Mus musculus general transcription factor II A, 1 (Gtf2a1), transcript variant 1, mRNA [NM_031391]

1.75

D16Bwg1494e

AB041601

Mus musculus brain cDNA, clone MNCb-4137. [AB041601]

1.75

A030006P16Rik

CK791701

AGENCOURT_18667722 NIH_MGC_230 Mus musculus cDNA clone IMAGE:30848973 5', mRNA sequence [CK791701]

1.74

C230081A13Rik

AK173328

Mus musculus mRNA for mKIAA2002 protein [AK173328]

1.74

Ide

AK078930

Mus musculus adult male cecum cDNA, RIKEN full-length enriched library, clone:9130202N22 product:unclassifiable, full insert sequence [AK078930]

1.74

Dhrs8

NM_053262

Mus musculus dehydrogenase/reductase (SDR family) member 8 (Dhrs8), mRNA [NM_053262]

1.73

Stx11

AK017897

Mus musculus adult male thymus cDNA, RIKEN full-length enriched library, clone:5830405C08 product:SYNTAXIN 11 homolog [Homo sapiens], full insert sequence.
[AK017897]

1.72

2810046L04Rik

BC025559

Mus musculus RIKEN cDNA 2810046L04 gene, mRNA (cDNA clone IMAGE:5321620), partial cds. [BC025559]

1.72

Sp5

NM_022435

Mus musculus trans-acting transcription factor 5 (Sp5), mRNA [NM_022435]

1.72

Dcamkl1

NM_019978

Mus musculus double cortin and calcium/calmodulin-dependent protein kinase-like 1 (Dcamkl1), mRNA [NM_019978]

1.71

Pim1

NM_008842

Mus musculus proviral integration site 1 (Pim1), mRNA [NM_008842]

1.70

Mcf2l

NM_178076

Mus musculus mcf.2 transforming sequence-like (Mcf2l), mRNA [NM_178076]

1.69

Ifngr2

NM_008338

Mus musculus interferon gamma receptor 2 (Ifngr2), mRNA [NM_008338]

1.69

Pde1a

NM_016744

Mus musculus phosphodiesterase 1A, calmodulin-dependent (Pde1a), mRNA [NM_016744]

1.69

Mbtps1

NM_019709

Mus musculus membrane-bound transcription factor peptidase, site 1 (Mbtps1), mRNA [NM_019709]

1.68

Rilp

NM_001029938

Mus musculus Rab interacting lysosomal protein (Rilp), mRNA [NM_001029938]

1.68

Ifnar2

NM_010509

Mus musculus interferon (alpha and beta) receptor 2 (Ifnar2), mRNA [NM_010509]

1.68

Cgn

BC064474

Mus musculus cingulin, mRNA (cDNA clone IMAGE:4953919), partial cds. [BC064474]

1.67

Actr6

NM_025914

Mus musculus ARP6 actin-related protein 6 homolog (yeast) (Actr6), mRNA [NM_025914]

1.67

2300002D11Rik

BC049168

Mus musculus RIKEN cDNA 2300002D11 gene, mRNA (cDNA clone MGC:57108 IMAGE:6491759), complete cds. [BC049168]

1.67

Apba2bp

NM_021546

Mus musculus amyloid beta (A4) precursor protein-binding, family A, member 1 binding protein (Apba2bp), mRNA [NM_021546]

1.66

Prkg2

NM_008926

Mus musculus protein kinase, cGMP-dependent, type II (Prkg2), mRNA [NM_008926]

1.63

C630043F03Rik

AK043880

Mus musculus 10 days neonate cortex cDNA, RIKEN full-length enriched library, clone:A830045B18 product:unclassifiable, full insert sequence [AK043880]
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1.63

Myl9

BC055439

Mus musculus myosin, light polypeptide 9, regulatory, mRNA (cDNA clone MGC:65314 IMAGE:2644903), complete cds. [BC055439]

1.62

Tkt

NM_009388

Mus musculus transketolase (Tkt), mRNA [NM_009388]

1.60

Hmgcs1

NM_145942

Mus musculus 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (Hmgcs1), mRNA [NM_145942]

1.60

Bag3

AJ250687

Mus musculus partial mRNA for mg638 protein. [AJ250687]

1.59

Ifit3

NM_010501

Mus musculus interferon-induced protein with tetratricopeptide repeats 3 (Ifit3), mRNA [NM_010501]

1.59

Gpc2

NM_172412

Mus musculus glypican 2 (cerebroglycan) (Gpc2), mRNA [NM_172412]

1.59

Plxna4

XM_984204

PREDICTED: Mus musculus plexin A4, transcript variant 2 (Plxna4), mRNA [XM_984204]

1.59

Smad6

NM_008542

Mus musculus MAD homolog 6 (Drosophila) (Smad6), mRNA [NM_008542]

1.59

Tnfrsf19

NM_013869

Mus musculus tumor necrosis factor receptor superfamily, member 19 (Tnfrsf19), mRNA [NM_013869]

1.59

Tnnt1

NM_011618

Mus musculus troponin T1, skeletal, slow (Tnnt1), mRNA [NM_011618]

1.59

Hba-a1

M10466

Mouse alpha-globin mRNA. [M10466]

1.58

Pomc1

NM_008895

Mus musculus pro-opiomelanocortin-alpha (Pomc1), mRNA [NM_008895]

1.58

Bmyc

NM_023326

Mus musculus brain expressed myelocytomatosis oncogene (Bmyc), mRNA [NM_023326]

1.57

Cgn

AK018143

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330408J11 product:similar to CINGULIN [Homo sapiens], full insert sequence.
[AK018143]

1.57

Clic6

NM_172469

Mus musculus chloride intracellular channel 6 (Clic6), mRNA [NM_172469]

1.57

Cryl1

AK020717

Mus musculus adult male hypothalamus cDNA, RIKEN full-length enriched library, clone:A230106J09 product:crystallin, lamda 1, full insert sequence. [AK020717]

1.57

Hba-a1

NM_008218

Mus musculus hemoglobin alpha, adult chain 1 (Hba-a1), mRNA [NM_008218]

1.56

Gabrb1

NM_008069

Mus musculus gamma-aminobutyric acid (GABA-A) receptor, subunit beta 1 (Gabrb1), mRNA [NM_008069]

1.56

Klhl5

BC057606

Mus musculus kelch-like 5 (Drosophila), mRNA (cDNA clone MGC:67318 IMAGE:6402367), complete cds. [BC057606]

1.55

Chpt1

NM_144807

Mus musculus choline phosphotransferase 1 (Chpt1), mRNA [NM_144807]

1.55

Colec12

NM_130449

Mus musculus collectin sub-family member 12 (Colec12), mRNA [NM_130449]

1.55

Prkcm

NM_008858

Mus musculus protein kinase C, mu (Prkcm), mRNA [NM_008858]

1.54

Usp20

NM_028846

Mus musculus ubiquitin specific peptidase 20 (Usp20), mRNA [NM_028846]

1.54

2010204K13Rik

AK002502

Mus musculus adult male kidney cDNA, RIKEN full-length enriched library, clone:0610010M13 product:hypothetical protein, full insert sequence. [AK002502]

1.53

Pld1

NM_008875

Mus musculus phospholipase D1 (Pld1), mRNA [NM_008875]
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1.53

AI836758

AK134716

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330535A08 product:unclassifiable, full insert sequence [AK134716]

1.53

Rasgrp1

NM_011246

Mus musculus RAS guanyl releasing protein 1 (Rasgrp1), mRNA [NM_011246]

1.53

Wdr40b

NM_178739

Mus musculus WD repeat domain 40B (Wdr40b), mRNA [NM_178739]

1.53

Dcamkl1

NM_019978

Mus musculus double cortin and calcium/calmodulin-dependent protein kinase-like 1 (Dcamkl1), mRNA [NM_019978]

1.52

1700012L04Rik

NM_029588

Mus musculus RIKEN cDNA 1700012L04 gene (1700012L04Rik), mRNA [NM_029588]

1.52

Ubl4

BF138649

601781827F1 NCI_CGAP_Lu30 Mus musculus cDNA clone IMAGE:4009735 5'. [BF138649]

1.52

Sned1

NM_172463

Mus musculus sushi, nidogen and EGF-like domains 1 (Sned1), mRNA [NM_172463]

1.52

Fundc2

NM_026126

Mus musculus FUN14 domain containing 2 (Fundc2), mRNA [NM_026126]

1.51

Pde1a

NM_016744

Mus musculus phosphodiesterase 1A, calmodulin-dependent (Pde1a), mRNA [NM_016744]

1.51

Rnaset2

NM_026611

Mus musculus ribonuclease T2 (Rnaset2), transcript variant 1, mRNA [NM_026611]

1.50

Msx1

NM_010835

Mus musculus homeo box, msh-like 1 (Msx1), mRNA [NM_010835]

1.50

BC049816

NM_198612

Mus musculus cDNA sequence BC049816 (BC049816), mRNA [NM_198612]

1.50

Bag3

NM_013863

Mus musculus Bcl2-associated athanogene 3 (Bag3), mRNA [NM_013863]

-1.51

Bcl2

AK077913

Mus musculus 13 days embryo male testis cDNA, RIKEN full-length enriched library, clone:6030439K11 product:B-cell leukemia/lymphoma 2, full insert sequence.
[AK077913]

-1.52

Slc18a2

NM_172523

Mus musculus solute carrier family 18 (vesicular monoamine), member 2 (Slc18a2), mRNA [NM_172523]

-1.52

2810417M05Rik

NM_026516

Mus musculus RIKEN cDNA 2810417M05 gene (2810417M05Rik), mRNA [NM_026516]

-1.53

Peg3

NM_008817

Mus musculus paternally expressed 3 (Peg3), mRNA [NM_008817]

-1.54

Cxcr4

NM_009911

Mus musculus chemokine (C-X-C motif) receptor 4 (Cxcr4), mRNA [NM_009911]

-1.54

Sprr2d

NM_011470

Mus musculus small proline-rich protein 2D (Sprr2d), mRNA [NM_011470]

-1.54

Peg3

AK053523

Mus musculus 0 day neonate eyeball cDNA, RIKEN full-length enriched library, clone:E130105D15 product:unclassifiable, full insert sequence. [AK053523]

-1.54

Cpne8

NM_025815

Mus musculus copine VIII (Cpne8), transcript variant 1, mRNA [NM_025815]

-1.54

Peli1

NM_030015

Mus musculus pellino 1 (Peli1), mRNA [NM_030015]

-1.56

Chd4

NM_145979

Mus musculus chromodomain helicase DNA binding protein 4 (Chd4), mRNA [NM_145979]

-1.56

Lphn3

AK122367

Mus musculus mRNA for mKIAA0768 protein. [AK122367]

-1.56

C330050A14Rik

AK084600

Mus musculus 13 days embryo heart cDNA, RIKEN full-length enriched library, clone:D330020J19 product:unclassifiable, full insert sequence [AK084600]
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-1.56

Mbnl3

NM_134163

Mus musculus muscleblind-like 3 (Drosophila) (Mbnl3), mRNA [NM_134163]

-1.57

Ttc1

NM_133795

Mus musculus tetratricopeptide repeat domain 1 (Ttc1), mRNA [NM_133795]

-1.58

Pik3r3

AK036105

Mus musculus 16 days neonate cerebellum cDNA, RIKEN full-length enriched library, clone:9630036G20 product:phosphatidylinositol 3 kinase, regulatory subunit,
polypeptide 3 (p55), full insert sequence. [AK036105]

-1.59

Rai14

NM_030690

Mus musculus retinoic acid induced 14 (Rai14), mRNA [NM_030690]

-1.59

Zfp445

NM_173364

Mus musculus zinc finger protein 445 (Zfp445), mRNA [NM_173364]

-1.59

Ehd3

NM_020578

Mus musculus EH-domain containing 3 (Ehd3), mRNA [NM_020578]

-1.60

2010204K13Rik

AK008437

Mus musculus adult male small intestine cDNA, RIKEN full-length enriched library, clone:2010204K13 product:unclassifiable, full insert sequence. [AK008437]

-1.60

Peli1

NM_023324

Mus musculus pellino 1 (Peli1), mRNA [NM_023324]

-1.63

Rai14

NM_030690

Mus musculus retinoic acid induced 14 (Rai14), mRNA [NM_030690]

-1.63

Itpr2

AB012393

Mus musculus TIPR mRNA for inositol 1,4,5 trisphosphate receptor type2, complete cds. [AB012393]

-1.64

2210407C18Rik

NM_144544

Mus musculus RIKEN cDNA 2210407C18 gene (2210407C18Rik), mRNA [NM_144544]

-1.64

Nipbl

AK016861

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:4933421G18 product:hypothetical Acyl-CoA N-acyltransferases (Nat) structure containing
protein, full insert sequence. [AK016861]

-1.64

Cbll1

NM_134048

Mus musculus Casitas B-lineage lymphoma-like 1 (Cbll1), mRNA [NM_134048]

-1.66

Tnfrsf19

BC030062

Mus musculus tumor necrosis factor receptor superfamily, member 19, mRNA (cDNA clone MGC:40996 IMAGE:5256883), complete cds. [BC030062]

-1.67

Pdcd6ip

AK129340

Mus musculus mRNA for mKIAA1375 protein [AK129340]

-1.69

Hrasls3

AK052657

Mus musculus 0 day neonate kidney cDNA, RIKEN full-length enriched library, clone:D630015C01 product:H-REV 107 PROTEIN homolog [Rattus norvegicus], full insert
sequence. [AK052657]

-1.72

4732435N03Rik

NM_172753

Mus musculus RIKEN cDNA 4732435N03 gene (4732435N03Rik), mRNA [NM_172753]

-1.72

Rasgrp1

NM_011246

Mus musculus RAS guanyl releasing protein 1 (Rasgrp1), mRNA [NM_011246]

-1.75

Sycp3

NM_011517

Mus musculus synaptonemal complex protein 3 (Sycp3), mRNA [NM_011517]

-1.75

1100001H23Rik

NM_025806

Mus musculus RIKEN cDNA 1100001H23 gene (1100001H23Rik), mRNA [NM_025806]

-1.77

D10Ucla1

AK154559

Mus musculus NOD-derived CD11c +ve dendritic cells cDNA, RIKEN full-length enriched library, clone:F630047G20 product:unclassifiable, full insert sequence. [AK154559]

-1.78

Slc18a2

NM_172523

Mus musculus solute carrier family 18 (vesicular monoamine), member 2 (Slc18a2), mRNA [NM_172523]

-1.79

Plxna2

AK122289

Mus musculus mRNA for mKIAA0463 protein [AK122289]

-1.80

Snapc3

NM_029949

Mus musculus small nuclear RNA activating complex, polypeptide 3 (Snapc3), mRNA [NM_029949]

-1.82

Hs3st1

NM_010474

Mus musculus heparan sulfate (glucosamine) 3-O-sulfotransferase 1 (Hs3st1), mRNA [NM_010474]
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-1.88

Ehd2

BC020014

Mus musculus EH-domain containing 2, mRNA (cDNA clone IMAGE:3501385), partial cds. [BC020014]

-1.89

Ttc14

AK031605

Mus musculus 13 days embryo male testis cDNA, RIKEN full-length enriched library, clone:6030458P06 product:similar to CDNA FLJ31422 FIS, CLONE NT2NE2000384,
WEAKLY SIMILAR TO MICRONUCLEAR LINKER HISTONE POLYPROTEIN [Homo sapiens], full insert...

-1.90

Rai14

AK090343

Mus musculus 15 days embryo brain cDNA, RIKEN full-length enriched library, clone:G630056H24 product:hypothetical Ankyrin repeat profile/Ankyrin-repeat/Ankyrin repeat
region circular profile/Yeast DNA-binding domain containing protein, full insert...

-1.97

Chd4

NM_145979

Mus musculus chromodomain helicase DNA binding protein 4 (Chd4), mRNA [NM_145979]

-2.00

Zfp445

NM_173364

Mus musculus zinc finger protein 445 (Zfp445), mRNA [NM_173364]

-2.00

Lass4

AK036108

Mus musculus 16 days neonate cerebellum cDNA, RIKEN full-length enriched library, clone:9630036I10 product:longevity assurance homolog 4 (S. cerevisiae), full insert
sequence [AK036108]

-2.01

Peg3

NM_008817

Mus musculus paternally expressed 3 (Peg3), mRNA [NM_008817]

-2.07

Pbx3

AK086310

Mus musculus 15 days embryo head cDNA, RIKEN full-length enriched library, clone:D930020E10 product:pre B-cell leukemia transcription factor 3, full insert sequence
[AK086310]

-2.07

Ube4a

NM_145400

Mus musculus ubiquitination factor E4A, UFD2 homolog (S. cerevisiae) (Ube4a), mRNA [NM_145400]

-2.10

Bmp5

NM_007555

Mus musculus bone morphogenetic protein 5 (Bmp5), mRNA [NM_007555]

-2.15

Bcat1

NM_001024468

Mus musculus branched chain aminotransferase 1, cytosolic (Bcat1), transcript variant 1, mRNA [NM_001024468]

-2.17

A930041G11Rik

NM_177033

Mus musculus RIKEN cDNA A930041G11 gene (A930041G11Rik), mRNA [NM_177033]

-2.20

Eif4e3

NM_025829

Mus musculus eukaryotic translation initiation factor 4E member 3 (Eif4e3), mRNA [NM_025829]

-2.23

Pftk1

AK083790

Mus musculus 12 days embryo spinal ganglion cDNA, RIKEN full-length enriched library, clone:D130009P16 product:PFTAIRE protein kinase 1, full insert sequence.
[AK083790]

-2.24

Papola

NM_011112

Mus musculus poly (A) polymerase alpha (Papola), mRNA [NM_011112]

-2.28

Taf7

NM_011901

Mus musculus TAF7 RNA polymerase II, TATA box binding protein (TBP)-associated factor (Taf7), mRNA [NM_011901]

-2.29

Defb7

NM_139220

Mus musculus defensin beta 7 (Defb7), mRNA [NM_139220]

-2.38

Phc2

AK051465

Mus musculus 12 days embryo spinal ganglion cDNA, RIKEN full-length enriched library, clone:D130050K19 product:polyhomeotic-like 2 (Drosophila), full insert sequence.
[AK051465]

-2.40

Pftk1

AK051283

Mus musculus 12 days embryo spinal ganglion cDNA, RIKEN full-length enriched library, clone:D130028L24 product:PFTAIRE protein kinase 1, full insert sequence.
[AK051283]

-2.42

2610312B22Rik

AK050782

Mus musculus 9 days embryo whole body cDNA, RIKEN full-length enriched library, clone:D030019D23 product:unclassifiable, full insert sequence [AK050782]

-2.46

Pbx3

AK052017

Mus musculus 12 days embryo eyeball cDNA, RIKEN full-length enriched library, clone:D230035L23 product:unclassifiable, full insert sequence. [AK052017]

-2.49

C330050A14Rik

AK142083

Mus musculus 12 days embryo eyeball cDNA, RIKEN full-length enriched library, clone:D230026F01 product:unclassifiable, full insert sequence. [AK142083]

-2.56

Lphn3

AK052347

Mus musculus 13 days embryo heart cDNA, RIKEN full-length enriched library, clone:D330035D07 product:latrophilin 3, full insert sequence. [AK052347]

-2.56

Cd244

NM_018729

Mus musculus CD244 natural killer cell receptor 2B4 (Cd244), mRNA [NM_018729]
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-2.69

Kcnd2

NM_019697

Mus musculus potassium voltage-gated channel, Shal-related family, member 2 (Kcnd2), mRNA [NM_019697]

-2.73

Peli1

AK040256

Mus musculus 0 day neonate thymus cDNA, RIKEN full-length enriched library, clone:A430080N01 product:unclassifiable, full insert sequence [AK040256]

-2.89

Uty

AF057367

Mus musculus male-specific histocompatibility antigen H-YDb (Uty) mRNA, complete cds. [AF057367]

-2.90

Akap9

NM_194462

Mus musculus A kinase (PRKA) anchor protein (yotiao) 9 (Akap9), mRNA [NM_194462]

-2.92

4930430E16Rik

NM_028672

Mus musculus RIKEN cDNA 4930430E16 gene (4930430E16Rik), mRNA [NM_028672]

-3.27

Cald1

NM_145575

Mus musculus caldesmon 1 (Cald1), mRNA [NM_145575]

-3.34

A230062I15Rik

AK038782

Mus musculus adult male hypothalamus cDNA, RIKEN full-length enriched library, clone:A230062I15 product:unclassifiable, full insert sequence [AK038782]

-3.43

Rtn4

NM_194054

Mus musculus reticulon 4 (Rtn4), transcript variant 1, mRNA [NM_194054]

-3.58

Atad2

NM_027435

Mus musculus ATPase family, AAA domain containing 2 (Atad2), mRNA [NM_027435]

-3.75

Cald1

NM_145575

Mus musculus caldesmon 1 (Cald1), mRNA [NM_145575]

-3.91

Pftk1

AK016370

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:4930588P12 product:PFTAIRE protein kinase 1, full insert sequence. [AK016370]

-4.30

2610312B22Rik

NM_026934

Mus musculus RIKEN cDNA 2610312B22 gene (2610312B22Rik), mRNA [NM_026934]

-5.04

Cntn4

AK087738

Mus musculus 2 days pregnant adult female ovary cDNA, RIKEN full-length enriched library, clone:E330014A13 product:axonal-associated cell adhesion molecule, full insert
sequence. [AK087738]

-5.51

1700008P20Rik

NM_027028

Mus musculus RIKEN cDNA 1700008P20 gene (1700008P20Rik), mRNA [NM_027028]

-6.34

Kcnip4

NM_030265

Mus musculus Kv channel interacting protein 4 (Kcnip4), mRNA [NM_030265]

-8.49

Kcnip4

NM_030265

Mus musculus Kv channel interacting protein 4 (Kcnip4), mRNA [NM_030265]

-9.31

Bmp5

AK079078

Mus musculus adult male diencephalon cDNA, RIKEN full-length enriched library, clone:9330158F20 product:unclassifiable, full insert sequence. [AK079078]

Table 8: List of male-enriched genes differentially expressed >1.5-fold between
B6 and 129S1 in E11.5 XX gonads.
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26.45

Slc6a14

NM_020049

Mus musculus solute carrier family 6 (neurotransmitter transporter), member 14 (Slc6a14), mRNA [NM_020049]

16.29

Gcnt1

NM_173442

Mus musculus glucosaminyl (N-acetyl) transferase 1, core 2 (Gcnt1), mRNA [NM_173442]

5.58

Gstm6

NM_008184

Mus musculus glutathione S-transferase, mu 6 (Gstm6), mRNA [NM_008184]

4.84

Hmgcs2

NM_008256

Mus musculus 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (Hmgcs2), mRNA [NM_008256]

4.25

Txndc2

NM_153519

Mus musculus thioredoxin domain containing 2 (spermatozoa) (Txndc2), mRNA [NM_153519]

3.82

Adhfe1

NM_175236

Mus musculus alcohol dehydrogenase, iron containing, 1 (Adhfe1), mRNA [NM_175236]

3.71

Hsd17b3

NM_008291

Mus musculus hydroxysteroid (17-beta) dehydrogenase 3 (Hsd17b3), mRNA [NM_008291]

3.18

Txndc2

NM_153519

Mus musculus thioredoxin domain containing 2 (spermatozoa) (Txndc2), mRNA [NM_153519]

2.96

Rgn

NM_009060

Mus musculus regucalcin (Rgn), mRNA [NM_009060]

2.76

Synj2

AK014584

Mus musculus 0 day neonate skin cDNA, RIKEN full-length enriched library, clone:4632417B14 product:synaptojanin 2, full insert sequence. [AK014584]

2.54

Tesc

NM_021344

Mus musculus tescalcin (Tesc), mRNA [NM_021344]

2.54

Sin3b

NM_009188

Mus musculus transcriptional regulator, SIN3B (yeast) (Sin3b), mRNA [NM_009188]

2.45

Pvr

AK014446

Mus musculus 18 days pregnant adult female placenta and extra embryonic tissue cDNA, RIKEN full-length enriched library, clone:3830421F03 product:hypothetical protein,
full insert sequence. [AK014446]

2.43

Pik3ap1

NM_031376

Mus musculus phosphoinositide-3-kinase adaptor protein 1 (Pik3ap1), mRNA [NM_031376]

2.39

Galnt10

AK082774

Mus musculus ES cells cDNA, RIKEN full-length enriched library, clone:C330012K04 product:unclassifiable, full insert sequence. [AK082774]

2.38

Brca1

NM_009764

Mus musculus breast cancer 1 (Brca1), mRNA [NM_009764]

2.35

Etv5

NM_023794

Mus musculus ets variant gene 5 (Etv5), mRNA [NM_023794]

2.30

Ptgds

NM_008963

Mus musculus prostaglandin D2 synthase (brain) (Ptgds), mRNA [NM_008963]

2.27

Eps8

NM_007945

Mus musculus epidermal growth factor receptor pathway substrate 8 (Eps8), mRNA [NM_007945]

2.27

Hist1h2bc

NM_023422

Mus musculus histone 1, H2bc (Hist1h2bc), mRNA [NM_023422]

2.27

Rab3b

NM_023537

Mus musculus RAB3B, member RAS oncogene family (Rab3b), mRNA [NM_023537]

2.25

Speer5-ps1

AK005695

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:1700007C10 product:similar to 4933431D05RIK PROTEIN [Mus musculus], full insert
sequence [AK005695]
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2.20

Kcnh1

NM_010600

Mus musculus potassium voltage-gated channel, subfamily H (eag-related), member 1 (Kcnh1), transcript variant 1, mRNA [NM_010600]

2.19

Ppp1r14c

NM_133485

Mus musculus protein phosphatase 1, regulatory (inhibitor) subunit 14c (Ppp1r14c), mRNA [NM_133485]

2.11

Col27a1

AK076297

Mus musculus 0 day neonate skin cDNA, RIKEN full-length enriched library, clone:4632427K15 product:procollagen, type XXVII, alpha 1, full insert sequence. [AK076297]

2.10

Thrap1

AK083472

Mus musculus 9 days embryo whole body cDNA, RIKEN full-length enriched library, clone:D030023K18 product:unclassifiable, full insert sequence. [AK083472]

2.07

Ppt1

AK148314

Mus musculus B16 F10Y cells cDNA, RIKEN full-length enriched library, clone:G370087F11 product:palmitoyl-protein thioesterase 1, full insert sequence. [AK148314]

2.03

1810057P16Rik

NM_026280

Mus musculus RIKEN cDNA 1810057P16 gene (1810057P16Rik), mRNA [NM_026280]

2.01

Pitpnm2

NM_011256

Mus musculus phosphatidylinositol transfer protein, membrane-associated 2 (Pitpnm2), mRNA [NM_011256]

1.99

Mt2

NM_008630

Mus musculus metallothionein 2 (Mt2), mRNA [NM_008630]

1.97

2810433K01Rik

NM_025581

Mus musculus RIKEN cDNA 2810433K01 gene (2810433K01Rik), mRNA [NM_025581]

1.94

4930427A07Rik

NM_134041

Mus musculus RIKEN cDNA 4930427A07 gene (4930427A07Rik), mRNA [NM_134041]

1.93

Hist1h2bc

BC011440

Mus musculus histone 1, H2bc, mRNA (cDNA clone MGC:19269 IMAGE:3989862), complete cds. [BC011440]

1.92

Zar1

NM_174877

Mus musculus zygote arrest 1 (Zar1), mRNA [NM_174877]

1.91

Tmc7

NM_172476

Mus musculus transmembrane channel-like gene family 7 (Tmc7), mRNA [NM_172476]

1.89

Eva1

NM_007962

Mus musculus epithelial V-like antigen 1 (Eva1), mRNA [NM_007962]

1.86

1700025G04Rik

NM_197990

Mus musculus RIKEN cDNA 1700025G04 gene (1700025G04Rik), mRNA [NM_197990]

1.85

4921507P07Rik

NM_027564

Mus musculus RIKEN cDNA 4921507P07 gene (4921507P07Rik), mRNA [NM_027564]

1.85

Adamts16

NM_172053

Mus musculus a disintegrin-like and metallopetidase (reprolysin type) with thrombospondin type 1 motif, 16 (Adamts16), mRNA [NM_172053]

1.85

Cltb

NM_028870

Mus musculus clathrin, light polypeptide (Lcb) (Cltb), mRNA [NM_028870]

1.80

Prss12

NM_008939

Mus musculus protease, serine, 12 neurotrypsin (motopsin) (Prss12), mRNA [NM_008939]

1.80

Racgap1

NM_012025

Mus musculus Rac GTPase-activating protein 1 (Racgap1), mRNA [NM_012025]

1.78

Spp1

NM_009263

Mus musculus secreted phosphoprotein 1 (Spp1), mRNA [NM_009263]

1.78

Pcsk5

AK032736

Mus musculus 12 days embryo male wolffian duct includes surrounding region cDNA, RIKEN full-length enriched library, clone:6720422L05 product:proprotein convertase
subtilisin/kexin type 5, full insert sequence. [AK032736]

1.77

Gpr37

AK044508

Mus musculus adult retina cDNA, RIKEN full-length enriched library, clone:A930017K23 product:G PROTEIN-COUPLED RECEPTOR 37, full insert sequence. [AK044508]

1.74

Spry4

NM_011898

Mus musculus sprouty homolog 4 (Drosophila) (Spry4), mRNA [NM_011898]

1.74

Kcnk2

NM_010607

Mus musculus potassium channel, subfamily K, member 2 (Kcnk2), mRNA [NM_010607]

Table 8 (continued): Male gene expression in XX B6 and 129S1 gonads.
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1.74

Atp8a1

NM_009727

Mus musculus ATPase, aminophospholipid transporter (APLT), class I, type 8A, member 1 (Atp8a1), transcript variant 2, mRNA [NM_009727]

1.71

Qscn6l1

NM_153559

Mus musculus quiescin Q6-like 1 (Qscn6l1), mRNA [NM_153559]

1.71

Rab20

NM_011227

Mus musculus RAB20, member RAS oncogene family (Rab20), mRNA [NM_011227]

1.69

Gstm1

NM_010358

Mus musculus glutathione S-transferase, mu 1 (Gstm1), mRNA [NM_010358]

1.69

Ttf2

AK078759

Mus musculus 15 days embryo male testis cDNA, RIKEN full-length enriched library, clone:8030447N19 product:weakly similar to LODESTAR PROTEIN [Homo sapiens],
full insert sequence. [AK078759]

1.69

Sgk3

NM_133220

Mus musculus serum/glucocorticoid regulated kinase 3 (Sgk3), transcript variant 1, mRNA [NM_133220]

1.68

Pard3

NM_033620

Mus musculus par-3 (partitioning defective 3) homolog (C. elegans) (Pard3), transcript variant 3, mRNA [NM_033620]

1.67

Dok1

NM_010070

Mus musculus docking protein 1 (Dok1), mRNA [NM_010070]

1.67

Hnrpd

NM_007516

Mus musculus heterogeneous nuclear ribonucleoprotein D (Hnrpd), mRNA [NM_007516]

1.66

Ptk2b

NM_172498

Mus musculus PTK2 protein tyrosine kinase 2 beta (Ptk2b), mRNA [NM_172498]

1.65

Kif23

NM_024245

Mus musculus kinesin family member 23 (Kif23), mRNA [NM_024245]

1.64

5730508B09Rik

NM_027482

Mus musculus RIKEN cDNA 5730508B09 gene (5730508B09Rik), mRNA [NM_027482]

1.64

Ren1

NM_031192

Mus musculus renin 1 structural (Ren1), mRNA [NM_031192]

1.63

Inhbb

NM_008381

Mus musculus inhibin beta-B (Inhbb), mRNA [NM_008381]

1.63

Ucp2

NM_011671

Mus musculus uncoupling protein 2 (mitochondrial, proton carrier) (Ucp2), mRNA [NM_011671]

1.63

6030498E09Rik

NM_183126

Mus musculus RIKEN cDNA 6030498E09 gene (6030498E09Rik), mRNA [NM_183126]

1.61

Ace2

NM_027286

Mus musculus angiotensin I converting enzyme (peptidyl-dipeptidase A) 2 (Ace2), mRNA [NM_027286]

1.61

Kif23

NM_024245

Mus musculus kinesin family member 23 (Kif23), mRNA [NM_024245]

1.61

Gata4

NM_008092

Mus musculus GATA binding protein 4 (Gata4), mRNA [NM_008092]

1.61

Rad21

NM_009009

Mus musculus RAD21 homolog (S. pombe) (Rad21), mRNA [NM_009009]

1.60

Gpr56

NM_018882

Mus musculus G protein-coupled receptor 56 (Gpr56), mRNA [NM_018882]

1.60

Sox6

NM_011445

Mus musculus SRY-box containing gene 6 (Sox6), transcript variant 1, mRNA [NM_011445]

1.59

Scarb1

NM_016741

Mus musculus scavenger receptor class B, member 1 (Scarb1), mRNA [NM_016741]

1.58

Mbp

NM_001025245

Mus musculus myelin basic protein (Mbp), transcript variant 8, mRNA [NM_001025245]

1.58

Tnfaip6

NM_009398

Mus musculus tumor necrosis factor alpha induced protein 6 (Tnfaip6), mRNA [NM_009398]
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1.58

Nrbp2

NM_144847

Mus musculus nuclear receptor binding protein 2 (Nrbp2), mRNA [NM_144847]

1.57

Gpc6

NM_011821

Mus musculus glypican 6 (Gpc6), mRNA [NM_011821]

1.56

9930013L23Rik

AK018112

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330404C01 product:hypothetical protein, full insert sequence. [AK018112]

1.56

Camkk2

AK050846

Mus musculus 9 days embryo whole body cDNA, RIKEN full-length enriched library, clone:D030025I01 product:unclassifiable, full insert sequence [AK050846]

1.56

Ppp1r8

NM_146154

Mus musculus protein phosphatase 1, regulatory (inhibitor) subunit 8 (Ppp1r8), mRNA [NM_146154]

1.55

Dok1

NM_010070

Mus musculus docking protein 1 (Dok1), mRNA [NM_010070]

1.55

Mbp

NM_010777

Mus musculus myelin basic protein (Mbp), transcript variant 7, mRNA [NM_010777]

1.55

Cdc2a

NM_007659

Mus musculus cell division cycle 2 homolog A (S. pombe) (Cdc2a), mRNA [NM_007659]

1.54

Ppgb

NM_008906

Mus musculus protective protein for beta-galactosidase (Ppgb), transcript variant 1, mRNA [NM_008906]

1.54

Rbpms

AF148511

Mus musculus hermes mRNA, complete cds. [AF148511]

1.53

Efhd2

NM_025994

Mus musculus EF hand domain containing 2 (Efhd2), mRNA [NM_025994]

1.53

Mfap3l

NM_027756

Mus musculus microfibrillar-associated protein 3-like (Mfap3l), mRNA [NM_027756]

1.53

Rab3b

NM_023537

Mus musculus RAB3B, member RAS oncogene family (Rab3b), mRNA [NM_023537]

1.52

Cst9

NM_009979

Mus musculus cystatin 9 (Cst9), mRNA [NM_009979]

1.52

Ucp2

NM_011671

Mus musculus uncoupling protein 2 (mitochondrial, proton carrier) (Ucp2), mRNA [NM_011671]

1.50

Ero1l

NM_015774

Mus musculus ERO1-like (S. cerevisiae) (Ero1l), mRNA [NM_015774]

1.50

4930538D17Rik

NM_029186

Mus musculus RIKEN cDNA 4930538D17 gene (4930538D17Rik), mRNA [NM_029186]

1.50

Arf1

NM_007476

Mus musculus ADP-ribosylation factor 1 (Arf1), mRNA [NM_007476]

1.50

3200002M19Rik

AK018169

Mus musculus adult male medulla oblongata cDNA, RIKEN full-length enriched library, clone:6330414C15 product:hypothetical Aspartic acid-rich region containing protein,
full insert sequence. [AK018169]

-1.50

Dsg2

NM_007883

Mus musculus desmoglein 2 (Dsg2), mRNA [NM_007883]

-1.51

Wwp2

AK053749

Mus musculus 0 day neonate eyeball cDNA, RIKEN full-length enriched library, clone:E130306L11 product:similar to NEDD-4-LIKE UBIQUITIN-PROTEIN LIGASE [Homo
sapiens], full insert sequence. [AK053749]

-1.51

Gpc6

NM_011821

Mus musculus glypican 6 (Gpc6), mRNA [NM_011821]

-1.52

AI450540

NM_145505

Mus musculus expressed sequence AI450540 (AI450540), mRNA [NM_145505]

-1.53

Dmn

NM_201639

Mus musculus desmuslin (Dmn), transcript variant 1, mRNA [NM_201639]

-1.53

Fbln1

NM_010180

Mus musculus fibulin 1 (Fbln1), mRNA [NM_010180]
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-1.53

Strn3

NM_052973

Mus musculus striatin, calmodulin binding protein 3 (Strn3), mRNA [NM_052973]

-1.54

Gabra1

NM_010250

Mus musculus gamma-aminobutyric acid (GABA-A) receptor, subunit alpha 1 (Gabra1), mRNA [NM_010250]

-1.55

Baz2a

AK122243

Mus musculus mRNA for mKIAA0314 protein. [AK122243]

-1.56

Cdh4

AK038529

Mus musculus adult male hypothalamus cDNA, RIKEN full-length enriched library, clone:A230026A20 product:unclassifiable, full insert sequence [AK038529]

-1.57

Ptk2b

NM_172498

Mus musculus PTK2 protein tyrosine kinase 2 beta (Ptk2b), mRNA [NM_172498]

-1.58

Cadps

NM_012061

Mus musculus Ca<2+>dependent activator protein for secretion (Cadps), mRNA [NM_012061]

-1.59

Efhd1

NM_028889

Mus musculus EF hand domain containing 1 (Efhd1), mRNA [NM_028889]

-1.60

Cenpe

BC059032

Mus musculus centromere protein E, mRNA (cDNA clone IMAGE:6811557), partial cds. [BC059032]

-1.60

Ddx3y

AK020213

Mus musculus 15 days embryo male testis cDNA, RIKEN full-length enriched library, clone:8030469F12 product:unclassifiable, full insert sequence. [AK020213]

-1.60

Xrcc2

AK085093

Mus musculus 13 days embryo lung cDNA, RIKEN full-length enriched library, clone:D430035K04 product:hypothetical protein, full insert sequence. [AK085093]

-1.61

Baz2a

NM_054078

Mus musculus bromodomain adjacent to zinc finger domain, 2A (Baz2a), mRNA [NM_054078]

-1.66

Fbn2

NM_010181

Mus musculus fibrillin 2 (Fbn2), mRNA [NM_010181]

-1.66

Cdca8

NM_026560

Mus musculus cell division cycle associated 8 (Cdca8), mRNA [NM_026560]

-1.66

Lpl

NM_008509

Mus musculus lipoprotein lipase (Lpl), mRNA [NM_008509]

-1.68

Sox9

NM_011448

Mus musculus SRY-box containing gene 9 (Sox9), mRNA [NM_011448]

-1.69

Pdlim5

NM_019808

Mus musculus PDZ and LIM domain 5 (Pdlim5), transcript variant 1, mRNA [NM_019808]

-1.69

Brd4

NM_020508

Mus musculus bromodomain containing 4 (Brd4), transcript variant 1, mRNA [NM_020508]

-1.70

Serpina5

NM_172953

Mus musculus serine (or cysteine) peptidase inhibitor, clade A, member 5 (Serpina5), mRNA [NM_172953]

-1.72

4930550L24Rik

BC087920

Mus musculus RIKEN cDNA 4930550L24 gene, mRNA (cDNA clone MGC:107266 IMAGE:30281980), complete cds. [BC087920]

-1.72

Sema3d

NM_028882

Mus musculus sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3D (Sema3d), mRNA [NM_028882]

-1.73

Mmd2

NM_175217

Mus musculus monocyte to macrophage differentiation-associated 2 (Mmd2), mRNA [NM_175217]

-1.74

Ipo7

NM_181517

Mus musculus importin 7 (Ipo7), mRNA [NM_181517]

-1.75

Sntb2

NM_009229

Mus musculus syntrophin, basic 2 (Sntb2), mRNA [NM_009229]

-1.75

Cdca8

AK031571

Mus musculus 13 days embryo male testis cDNA, RIKEN full-length enriched library, clone:6030454J20 product:hypothetical protein, full insert sequence [AK031571]

-1.75

Dtna

NM_207650

Mus musculus dystrobrevin alpha (Dtna), transcript variant 1, mRNA [NM_207650]
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-1.76

D3Bwg0562e

NM_177664

Mus musculus DNA segment, Chr 3, Brigham & Women's Genetics 0562 expressed (D3Bwg0562e), mRNA [NM_177664]

-1.76

Enpp1

NM_008813

Mus musculus ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1), mRNA [NM_008813]

-1.76

Dner

NM_152915

Mus musculus delta/notch-like EGF-related receptor (Dner), mRNA [NM_152915]

-1.77

Smoc2

NM_022315

Mus musculus SPARC related modular calcium binding 2 (Smoc2), mRNA [NM_022315]

-1.77

Sox9

NM_011448

Mus musculus SRY-box containing gene 9 (Sox9), mRNA [NM_011448]

-1.78

Dusp4

NM_176933

Mus musculus dual specificity phosphatase 4 (Dusp4), mRNA [NM_176933]

-1.79

Baz2a

NM_054078

Mus musculus bromodomain adjacent to zinc finger domain, 2A (Baz2a), mRNA [NM_054078]

-1.79

Camk2d

AK086018

Mus musculus 16 days neonate heart cDNA, RIKEN full-length enriched library, clone:D830045E03 product:calcium/calmodulin-dependent protein kinase II, delta, full insert
sequence. [AK086018]

-1.80

D930036F22Rik

AK047221

Mus musculus 10 days neonate cerebellum cDNA, RIKEN full-length enriched library, clone:B930037B01 product:hypothetical FKBP-type peptidyl-prolyl cis-trans isomerase
(PPIase)/Binding-protein-dependent transport systems inner membrane component...

-1.82

Pak3

NM_008778

Mus musculus p21 (CDKN1A)-activated kinase 3 (Pak3), mRNA [NM_008778]

-1.83

Fgf13

NM_010200

Mus musculus fibroblast growth factor 13 (Fgf13), mRNA [NM_010200]

-1.83

Itih5

NM_172471

Mus musculus inter-alpha (globulin) inhibitor H5 (Itih5), mRNA [NM_172471]

-1.85

C030038J10Rik

NM_183183

Mus musculus RIKEN cDNA C030038J10 gene (C030038J10Rik), mRNA [NM_183183]

-1.86

Cenpe

NM_173762

Mus musculus centromere protein E (Cenpe), mRNA [NM_173762]

-1.87

Pcsk5

XM_129214

PREDICTED: Mus musculus proprotein convertase subtilisin [XM_129214]

-1.88

Hgf

AK033274

Mus musculus 15 days embryo male testis cDNA, RIKEN full-length enriched library, clone:8030481P22 product:inferred: hepatocyte growth factor [AK033274]

-1.88

Ppargc1a

NM_008904

Mus musculus peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (Ppargc1a), mRNA [NM_008904]

-1.89

6230416J20Rik

NM_173400

Mus musculus RIKEN cDNA 6230416J20 gene (6230416J20Rik), mRNA [NM_173400]

-1.90

Loxl2

NM_033325

Mus musculus lysyl oxidase-like 2 (Loxl2), mRNA [NM_033325]

-1.95

Adam12

NM_007400

Mus musculus a disintegrin and metallopeptidase domain 12 (meltrin alpha) (Adam12), mRNA [NM_007400]

-1.96

Ccar1

NM_026201

Mus musculus cell division cycle and apoptosis regulator 1 (Ccar1), mRNA [NM_026201]

-1.96

Bicc1

AK029601

Mus musculus adult male testis cDNA, RIKEN full-length enriched library, clone:4930412D03 product:unclassifiable, full insert sequence. [AK029601]

-1.96

Erbb2ip

AK045806

Mus musculus adult male corpora quadrigemina cDNA, RIKEN full-length enriched library, clone:B230311M15 product:unclassifiable, full insert sequence. [AK045806]

-1.97

Gatm

NM_025961

Mus musculus glycine amidinotransferase (L-arginine:glycine amidinotransferase) (Gatm), mRNA [NM_025961]

-1.98

2610020H08Rik

AK084640

Mus musculus 13 days embryo heart cDNA, RIKEN full-length enriched library, clone:D330024K21 product:unclassifiable, full insert sequence. [AK084640]
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-1.98

Ell2

BC006925

Mus musculus elongation factor RNA polymerase II 2, mRNA (cDNA clone IMAGE:3601737), complete cds. [BC006925]

-1.99

Pitpnm2

NM_011256

Mus musculus phosphatidylinositol transfer protein, membrane-associated 2 (Pitpnm2), mRNA [NM_011256]

-1.99

Lama4

AK085945

Mus musculus 16 days neonate heart cDNA, RIKEN full-length enriched library, clone:D830032F10 product:laminin, alpha 4, full insert sequence. [AK085945]

-1.99

Afp

NM_007423

Mus musculus alpha fetoprotein (Afp), mRNA [NM_007423]

-2.02

Sntb2

NM_009229

Mus musculus syntrophin, basic 2 (Sntb2), mRNA [NM_009229]

-2.03

Tcf2

NM_009330

Mus musculus transcription factor 2 (Tcf2), mRNA [NM_009330]

-2.03

Pvr

NM_027514

Mus musculus poliovirus receptor (Pvr), mRNA [NM_027514]

-2.04

Cbln1

NM_019626

Mus musculus cerebellin 1 precursor protein (Cbln1), mRNA [NM_019626]

-2.04

Eif2s3y

NM_012011

Mus musculus eukaryotic translation initiation factor 2, subunit 3, structural gene Y-linked (Eif2s3y), mRNA [NM_012011]

-2.06

Erbb2ip

NM_001005868

Mus musculus Erbb2 interacting protein (Erbb2ip), transcript variant 1, mRNA [NM_001005868]

-2.09

Cul5

NM_027807

Mus musculus cullin 5 (Cul5), mRNA [NM_027807]

-2.12

Gabra1

NM_010250

Mus musculus gamma-aminobutyric acid (GABA-A) receptor, subunit alpha 1 (Gabra1), mRNA [NM_010250]

-2.14

Htatsf1

NM_028242

Mus musculus HIV TAT specific factor 1 (Htatsf1), mRNA [NM_028242]

-2.17

Hmmr

NM_013552

Mus musculus hyaluronan mediated motility receptor (RHAMM) (Hmmr), mRNA [NM_013552]

-2.17

Gpm6b

NM_023122

Mus musculus glycoprotein m6b (Gpm6b), mRNA [NM_023122]

-2.18

Rbmy1a1

NM_011253

Mus musculus RNA binding motif protein, Y chromosome, family 1, member A1 (Rbmy1a1), mRNA [NM_011253]

-2.19

Hnf4a

NM_008261

Mus musculus hepatic nuclear factor 4, alpha (Hnf4a), mRNA [NM_008261]

-2.19

Itga4

AK037794

Mus musculus 16 days neonate thymus cDNA, RIKEN full-length enriched library, clone:A130050E18 product:integrin alpha 4, full insert sequence. [AK037794]

-2.20

Pdlim5

NM_019808

Mus musculus PDZ and LIM domain 5 (Pdlim5), transcript variant 1, mRNA [NM_019808]

-2.23

Pard3

AK076429

Mus musculus 0 day neonate head cDNA, RIKEN full-length enriched library, clone:4832405A21 product:par-3 (partitioning defective 3) homolog (C. elegans), full insert
sequence. [AK076429]

-2.27

Mro

NM_027741

Mus musculus Maestro (Mro), mRNA [NM_027741]

-2.28

Rrbp1

AF273693

Mus musculus ribosome receptor isoform mRRp0/ES130 mRNA, complete cds, alternatively spliced. [AF273693]

-2.29

Slc34a2

NM_011402

Mus musculus solute carrier family 34 (sodium phosphate), member 2 (Slc34a2), mRNA [NM_011402]

-2.30

Sh3gl2

AK047324

Mus musculus 10 days neonate cerebellum cDNA, RIKEN full-length enriched library, clone:B930049H17 product:unclassifiable, full insert sequence [AK047324]

-2.31

Nav1

NM_173437

Mus musculus neuron navigator 1 (Nav1), mRNA [NM_173437]
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-2.33

Ccar1

NM_026201

Mus musculus cell division cycle and apoptosis regulator 1 (Ccar1), mRNA [NM_026201]

-2.33

D930036F22Rik

NM_177171

Mus musculus RIKEN cDNA D930036F22 gene (D930036F22Rik), mRNA [NM_177171]

-2.35

Hmga2

NM_010441

Mus musculus high mobility group AT-hook 2 (Hmga2), mRNA [NM_010441]

-2.36

Mef2c

AK044643

Mus musculus adult retina cDNA, RIKEN full-length enriched library, clone:A930029G05 product:unclassifiable, full insert sequence. [AK044643]

-2.44

Enc1

NM_007930

Mus musculus ectodermal-neural cortex 1 (Enc1), mRNA [NM_007930]

-2.45

4930431B09Rik

BC046309

Mus musculus RIKEN cDNA 4930431B09 gene, mRNA (cDNA clone IMAGE:6306854), partial cds. [BC046309]

-2.46

Xrcc2

NM_020570

Mus musculus X-ray repair complementing defective repair in Chinese hamster cells 2 (Xrcc2), mRNA [NM_020570]

-2.48

D930036F22Rik

AK080280

Mus musculus 3 days neonate thymus cDNA, RIKEN full-length enriched library, clone:A630022N19 product:unclassifiable, full insert sequence. [AK080280]

-2.51

Zfyve28

NM_001015039

Mus musculus zinc finger, FYVE domain containing 28 (Zfyve28), mRNA [NM_001015039]

-2.57

Fbln2

NM_007992

Mus musculus fibulin 2 (Fbln2), mRNA [NM_007992]

-2.61

Top2a

NM_011623

Mus musculus topoisomerase (DNA) II alpha (Top2a), mRNA [NM_011623]

-2.62

Slco3a1

NM_023908

Mus musculus solute carrier organic anion transporter family, member 3a1 (Slco3a1), transcript variant 1, mRNA [NM_023908]

-2.66

Igsf3

NM_207205

Mus musculus immunoglobulin superfamily, member 3 (Igsf3), mRNA [NM_207205]

-2.89

Uty

AF057367

Mus musculus male-specific histocompatibility antigen H-YDb (Uty) mRNA, complete cds. [AF057367]

-2.90

Fbln1

NM_010180

Mus musculus fibulin 1 (Fbln1), mRNA [NM_010180]

-3.06

Acbd3

NM_133225

Mus musculus acyl-Coenzyme A binding domain containing 3 (Acbd3), mRNA [NM_133225]

-3.19

Acbd3

NM_133225

Mus musculus acyl-Coenzyme A binding domain containing 3 (Acbd3), mRNA [NM_133225]

-3.27

Cul5

NM_027807

Mus musculus cullin 5 (Cul5), mRNA [NM_027807]

-3.37

5730433N10Rik

AK017612

Mus musculus 8 days embryo whole body cDNA, RIKEN full-length enriched library, clone:5730433N10 product:unclassifiable, full insert sequence. [AK017612]

-3.40

Dmn

NM_201639

Mus musculus desmuslin (Dmn), transcript variant 1, mRNA [NM_201639]

-3.77

Lpin2

AK033959

Mus musculus adult male diencephalon cDNA, RIKEN full-length enriched library, clone:9330128J06 product:lipin 2, full insert sequence [AK033959]

-3.81

Mef2c

NM_025282

Mus musculus myocyte enhancer factor 2C (Mef2c), mRNA [NM_025282]

-3.97

Itga4

NM_010576

Mus musculus integrin alpha 4 (Itga4), mRNA [NM_010576]

-4.11

Erbb4

XM_136682

PREDICTED: Mus musculus v-erb-a erythroblastic leukemia viral oncogene homolog 4 (avian), transcript variant 2 (Erbb4), mRNA [XM_136682]

-4.42

Gabra1

NM_010250

Mus musculus gamma-aminobutyric acid (GABA-A) receptor, subunit alpha 1 (Gabra1), mRNA [NM_010250]
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-4.52

Nt5e

NM_011851

Mus musculus 5' nucleotidase, ecto (Nt5e), mRNA [NM_011851]

-4.57

AI450540

NM_145505

Mus musculus expressed sequence AI450540 (AI450540), mRNA [NM_145505]

-6.60

Ppm1d

AK051509

Mus musculus 12 days embryo spinal ganglion cDNA, RIKEN full-length enriched library, clone:D130053L12 product:protein phosphatase 1D magnesium-dependent, delta
isoform, full insert sequence. [AK051509]
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