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Abstract
Germ cell tumor development in humans has been proposed to be part of testicular dysgenesis
syndrome (TDS), which manifests as undescended testes, sterility, hypospadias, and, in extreme
cases, as germ cell tumors. Males of the Ter mouse strain show interesting parallels to TDS because
they either lack germ cells and are sterile or develop testicular germ cell tumors. We found that these
defects in Ter mice are due to mutational inactivation of the Dead-end (Dnd1) gene. Here we report
that chromo-some X modulates germ cell tumor development in Ter mice. We tested whether the X
or the Y chromosome influences tumor incidence. We used chromosome substitution strains to
generate two new mouse strains: 129-Ter/Ter that carry either a C57BL/6J (B6)-derived chromosome
(Chr) X or Y. We found that Ter/Ter males with B6-Chr X, but not B6-Chr Y, showed a significant
shift in propensity from testicular tumor development to sterile testes pheno-type. Thus, our studies
provide unambiguous evidence that genetic factors from Chr X modulate the incidence of germ cell
tumors in mice with inactivated Dnd1.

Introduction
Testicular germ cell tumors in humans and mice originate from germ cells during fetal
development (Rajpert-De Meyts et al. 1998; Skakkebaek et al. 1987; Stevens 1967). Although
these tumors occur in males of all ages, from infants to men over 50 years old, they are the
most common cancers in young males (better known as testicular cancer) between the ages of
15 to 35 years (Oosterhuis and Looijenga 2005). Moreover, testicular germ cell tumor
development in humans has been proposed to be part of a broader testicular dysgenesis
syndrome (TDS), which manifests as undescended testes, sterility, hypospadias, and, in
extreme cases, as germ cell tumors (Skakkebæk et al. 2001). There is strong evidence for
genetic predisposition to germ cell tumor development (Tollerud et al. 1985; United Kingdom
Testicular Cancer Study Group 1994) and studies suggest that multiple susceptibility loci with
weak effects contribute to the disease (Crockford et al. 2006).

The Ter mouse strain has interesting parallels to human germ cell tumor development and TDS
because males of this strain either lack germ cells and have small, sterile testes or they develop
testicular germ cell tumors. Germ cell tumors of the Ter/Ter mice were originally reported on
the 129 strain background (129-Ter/Ter males) (Noguchi and Noguchi 1985; Stevens 1973).
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These tumors in mice are similar to pediatric germ cell tumors (or testicular type I germ cell
tumors) (Horwich et al. 2006; Oosterhuis and Looijenga 2005; Rescorla 1999) in humans.

Males homozygous for Ter on a 129 mouse strain background (129-Ter/Ter) develop either of
two pheno-types: the majority develops testicular germ cell tumors (TGCT) whereas others
have small testes lacking germ cells. The defect in Ter mice is inactivation of the Dnd1 gene.
Inactivation of Dnd1 causes progressive loss of primordial germ cells (PGC) during
embryogenesis thus resulting in sterility (Weidinger et al. 2003; Youngren et al. 2005). In
addition, for reasons not understood, some PGCs escape death to undergo cancerous
transformation to eventually develop into testicular tumors.

We sought to identify genetic loci that modulate the testicular phenotypes of Ter mice. In other
words, what determines development of tumors rather than sterile testes? For our studies we
made use of the fact that the testes phenotypes of Ter mice on 129 and other strain backgrounds
have been very well characterized (Noguchi and Noguchi 1985). Mice homozygous for Ter
(also referred to as Ter/Ter, Dnd1Ter/Ter, or Dnd1-/-) can be distinguished from heterozygous
Ter mice or wild-type mice based on their testicular phenotypes (Noguchi and Noguchi
1985) (as illustrated in Fig. 1). 129-Ter/Ter mice either develop testicular tumors or have small,
sterile testes. Ninety-four percent of 129-Ter/Ter males have at least one tumor and 75% of
the tumors affect both testes (bilateral). The rest (6%) have bilateral small testes lacking germ
cells and for these reasons Ter/Ter males are infertile (Fig. 1). In contrast, most heterozygote
males (129-Ter/+) are normal but some develop testicular tumors (17% incidence). The tumors
in 129-Ter/+ males usually affect only one testis (unilateral) and the contralateral testis is
normal (Fig. 1B and E). The 129-Ter/+ males with unilateral tumor and contra-lateral normal
testes are fertile and able to sire progeny. About 6% of 129-+/+ males also develop testicular
germ cell tumors (Matin et al. 1999; Noguchi and Noguchi 1985). Tumors of the 129-+/+ males
are unilateral and the contralateral testis is normal, as in 129-Ter/+ males. Thus, these testicular
phenotypes distinguish 129-Ter/Ter from the 129-Ter/+ and 129-+/+ males. The phenotypes
can also be verified by genotyping (Youngren et al. 2005).

In addition, tumor development due to Ter occurs in a 129 strain-specific manner because when
Ter is transferred onto the C57BL/6J background to create a B6.129-Ter congenic strain (or
referred to as B6-Ter congenic strain), tumor incidence decreases to zero and the predominant
phenotype is sterile, small gonads (Sakurai et al. 1994,1995;Youngren et al. 2005) (illustrated
in Fig. 1). The B6-Ter strain carries a 5-Mb region from 129-Ter that flanks the Ter locus and
has been made congenic on the C57BL/6J strain background (Youngren et al. 2005) (Fig. 2A).

Materials and methods
Mouse strains

129-Ter (129T1/Sv-+pTyrc-ch Ter/+@Na) and B6.129-Ter (also referred to as B6-Ter) have
been described (Youngren et al. 2005). 129S1/SvImJ-Chr YC57BL/6J/NaJ (also referred to as
129.B6-Chr Y or 129-X1YB, Jackson Laboratory stock No. 005548) and 129S1/SvImJ-Chr
XC57BL/6J/NaJ (also referred to as 129.B6-Chr X, 129-XBY1 male, 129-XBXB female) were
made as described below. C57BL/6J (also referred to as B6) was Jackson Laboratory stock
No. 000664. Mice were maintained on a 12/12-h light/dark cycle, and fed NIH-31 diet ad
libitum.

Generation of 129.B6-Chr X and 129. B6-Chr Y chromosome substitution strains (or
consomic strains)

The 129.B6-Chr X strain was made by intercrossing C57BL/6J and 129. The progeny were
backcrossed to 129 strains for the next nine generations. At each generation, tail DNA from
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progeny was genotyped for SSLP (simple sequence length polymorphism) markers
DXMit136, DXMit208, DXMit64, and DXMit186, which are polymorphic between the 129 and
C57BL/6J strains. These markers map at 2.8 cM, 16.5 cM, 45.0 cM, and 69 cM along mouse
Chr X. Progeny that carried B6 alleles for all the Chr X markers, as determined by genotyping,
were selected and backcrossed to 129. At the tenth generation, less than 0.2% of the genome,
except for the selected X chromosome, is expected to be of B6 origin. For at least one cross,
the female used was 129 such that the mitochondrial DNA in this strain is 129-derived. Male
and female mice of the tenth generation were intercrossed. Selected females that were
homozygous for B6-derived Chr X, as determined by genotyping, were crossed to males with
B6-derived Chr X and the line has been subsequently maintained by brother-sister mating so
that males and females of this strain carry B6-derived Chr X.

The 129.B6-Chr Y strain was made by an initial intercross of 129 female and C57BL/6J male.
Male progeny from the next and subsequent generations were backcrossed to 129 strain females
for another nine generations. As 129 strain females were was used in the crosses, mitochondrial
DNA in this strain is also 129-derived.

Creation of 129-Ter/Ter,XBY1 and 129-Ter/Ter,X1YB

A three-generation cross was used to derive 129-Ter/Ter,XBY1 males. Intercrosses were set
up to prevent recombination of the B6-derived X during the crosses. For cross I, 129.B6-X
(CSS, 129-XBXB) females were inter-crossed to male 129-Ter/+ (or 129-Ter/+,X1Y1). The
male progeny from this cross were selected by genotyping for Ter/+. These males would carry
B6-derived X (129-Ter/ +,XBY1). For the second cross (II), 129-Ter/+,XBY1 males were
intercrossed with 129.B6-X (129-XBXB) females. The female progeny from this cross were
selected by geno-typing for Ter/+. These females would carry two B6-derived X (129-Ter/
+,XBXB). In the final cross (III), 129-Ter/+,XBXB females from II were crossed to 129-Ter/
+,XBY1 males. Approximately 25% of the resulting progeny are expected to be Ter/Ter and
carry B6-derived Chr X (129-Ter/Ter,XBY1). These males should display one of three
testicular phenotypes shown in Fig. 1.

A two-generation cross was used to derive 129-Ter/Ter,X1YB males. For cross I, 129-Ter/+
females (or 129-Ter/+,X1X1) were intercrossed to male 129.B6-Y (CSS, 129-XIYB). The male
progeny from this cross were selected by genotyping for Ter/+. These males would carry B6-
derived Y (129-Ter/+,X1YB). For the second cross (II), 129-Ter/+ females were intercrossed
with 129-Ter/+,X1YB males. Approximately 25% of the resulting progeny are expected to be
Ter/Ter and carry B6-derived Chr Y (129-Ter/Ter,X1YB) and display one of three testicular
pheno-types of Ter/Ter as shown in Fig. 1.

Genotyping
Genotyping for Ter was performed using primers 4.13a-F and R followed by Dde1 digestion
and electrophoresis as described (Youngren et al. 2005).

Tumor characterization
Adult males (4-6 weeks old) were sacrificed and their testes were examined for tumors. Most
tumors can be detected visually at that age. For some cases, it was unclear by visual inspection
if tumors were present in the testes. For these cases, histologic sections of the testes were
evaluated for presence of tumors. The tissues were preserved in 10% phosphate-buffered
formalin for at least 48 h before sectioning (5 μm) and staining with hematoxylin and eosin.
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Results
The incidences of tumors or sterile testes in Ter mice on the 129 and B6 strain backgrounds
have been well characterized (Noguchi and Noguchi 1985) and, therefore, we used the
phenotypes of Ter (as described above and in Fig. 1) to identify genetic loci that modulate the
testicular pheno-types of Ter mice. The clue about the involvement of the sex chromosomes
in modulating tumor development came first from our observation of parental effects on
progeny from reciprocal crosses using the 129-Ter and the B6-Ter strains.

Reciprocal crosses were set up using heterozygous mice from the two strains (female × male):
(cross 1) 129-Ter/ + × B6-Ter/+ and (cross 2) B6-Ter/+ × 129-Ter/+ (Fig. 2). More than 100
male progeny from the two crosses were examined for tumors or small testes (Table 1).
Seventeen male progeny from the 129-Ter/+ × B6-Ter/+ cross developed testicular tumors
whereas 54 had small gonads (Table 1). In contrast, 29 male progeny from the B6-Ter/ + ×
129-Ter/+ cross had bilateral small gonads but only 1 developed a testicular tumor. The
testicular phenotypes (incidence of tumors or small testes) of male progeny from the two
reciprocal crosses were significantly different (Fisher’s exact test) with p = 0.0115.

The male progeny from both cross 1 and cross 2 are identical in the constitution of their
autosomes in that they are heterozygous for 129 and B6 chromosomes (illustrated in Fig. 2B
and C). Male progeny with tumors or small gonads carry Ter/Ter alleles on Chr 18 (a small
percent of males with tumors may also be Ter/+). However, progeny from crosses 1 and 2
differ regarding their Chr X, Chr Y, and mitochondrial genome (Fig. 2C). Male progeny derived
from the 129-Ter/+ × B6-Ter/+ cross (cross 1) carry 129-derived Chr X, B6-derived Chr Y,
and 129-derived mitochondrial genome. In contrast, male progeny from the B6-Ter/+ × 129-
Ter/+ cross (cross 2), carry B6-derived Chr X, 129-derived Chr Y, and B6-derived
mitochondrial genome.

To test if the strain source of Chr X or Y modulates testicular tumor development as opposed
to small gonads, we generated two new mouse strains. We generated mice of 129 background,
carrying the Ter defect, and that carry either Chr X or Chr Y from the B6 strain. These mice
were made by crossing the 129-Ter/+ strain with the chromo-some substitution strains (CSS)
129.B6-Chr X and 129.B6-Chr Y (Fig. 3 and Supplementary Fig. 1). 129.B6-Chr X (for clarity,
they are also referred to as 129-XBY1 males and 129-XBXB females) carries the intact Chr X
from the B6 strain. The 129.B6-Chr Y strain (also referred to as 129-X1YB males) carries the
intact Chr Y from the B6 strain on 129 background (XB and X1 denote Chr X from B6 and 129
strains, respectively; YB and Y1 denote Chr Y from B6 and 129 strains, respectively). The
derivation and description of the two CSS is described in the Methods section and
Supplementary Fig. 1. The gonads of the males of the CSS, 129.B6-Chr X and 129.B6-Chr Y
strains, are normal. The testicular tumor incidences of 129.B6-Chr X and 129.B6-Chr Y strains
were 0 and 4.5% (unilateral tumors with normal contralateral testes), respectively.

Crosses of 129-Ter/+ with the two CSS were used to derive males homozygous for Ter and
with either XB or YB (see the Methods section and Fig. 3 for details of the cross). We then
compared the effect of substituting the 129 for B6-derived Chr X or Y on the testicular
phenotypes of Ter.

The testes of all 129-Ter/Ter male progeny with Chr XB or YB were examined for testicular
tumors and small gonads (Table 2). At this stage, the laterality of the tumors (bilateral tumors
versus unilateral tumors) and whether tumors were accompanied with small, sterile,
contralateral testes were noted (Table 2). Our results showed that 40% of 129-Ter/Ter,XBY1

males had bilateral tumors, 32% had unilateral tumors accompanied with small, contralateral
testes, and 28% had bilateral small testes. In contrast, 72% of the 129-Ter/Ter,X1YB males had
bilateral testicular tumors, 25% had unilateral tumors plus small contralateral testes, and only
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3% had bilateral, small testes. Thus, the incidence of tumors and small testes (testicular profiles)
of 129-Ter/Ter,XBY1 males was significantly different from that of 129-Ter/Ter,X1YB males
(p = 0.0057). The overall incidence of testicular tumors had decreased by 25%. The incidence
of bilateral testicular tumors had decreased by 30% in 129-Ter/Ter,XBY1 compared to 129-
Ter/Ter,X1YB males. There was a corresponding 25% increase in incidence of bilateral small,
sterile testes in 129-Ter/Ter,XBY1 males. Thus, the decrease in testicular tumor incidence in
Ter mice due to substitution of B6-Chr X was modest (decease by 25-30%) but nevertheless
significant (p = 0.0057).

We compared the testicular profiles of the males of the new strains 129-Ter/Ter,XBY1 and
129-Ter/Ter,X1YB to the testicular profile reported for the original 129-Ter/Ter (or 129-Ter/
Ter,X1Y1) strain (Noguchi and Noguchi 1985). The incidence of tumors and small gonads of
the 129-Ter/Ter,X1YB males was not significantly different from that of the original 129-Ter/
Ter,X1Y1 males (Noguchi and Noguchi 1985) (p = 0.64) (Table 2). This indicates that Chr Y
from either 129 or B6 has no significant effect on incidence of tumor development due to
Ter. In contrast, the incidence of tumors and small gonads of the 129-Ter/Ter,XBY1 males was
significantly different from that of the original strain 129-Ter/Ter,X1Y1 males (Noguchi and
Noguchi 1985) (p = 0.0003) (Table 2). We thus conclude that the presence of B6-derived Chr
X in Ter (Dnd1-/-) mice results in decreased incidence of testicular tumors but increased
incidence in sterility (summarized in Fig. 3C).

Discussion
Inactivation of Dnd1 (in Ter mice) causes primordial germ cell loss and results in a fully
penetrant phenotype that manifests as either small gonads or testicular tumors. Our results here
show that at least one locus on Chr X influences the development of testicular tumors in males
with inactivated Dnd1. Genes from this locus likely affect germ cell survival or transformation
or both.

One explanation is that B6-derived Chr X encodes tumor suppressors to inhibit testicular tumor
development due to Ter. Alternatively, the B6-derived Chr X may be neutral for tumor
predisposition but the 129-derived Chr X may carry novel tumor susceptibility gene(s). Further
studies will be required to clarify the nature of the germ cell tumor susceptibility locus that
maps to Chr X. The effect of Chr X is not fully penetrant because although overall tumor
incidence in 129-Ter/Ter,XBY1 males is reduced by 25%, it is not abolished. Therefore, other
unidentified genetic loci, likely residing on autosomal chromosomes, are also required for germ
cell transformation that ultimately results in the extremely high, 94% incidence of testicular
tumors in 129-Ter/Ter males.

Inactivation of the Dnd1 gene in the Ter strain primarily causes loss of germ cells. Our data
are the first report of involvement of Chr X in modulating tumor incidence due to Ter. As
mentioned earlier, the etiology of germ cell tumor development in Ter mice shares similarities
with tumor development in humans. Sterility is a risk factor associated with germ cell tumor
susceptibility (Jacobsen et al. 2000; Skakkebaek et al. 2003) in humans and germ cell tumor
development is one aspect of testicular dysgenesis syndrome. In humans, the data suggest that
testicular germ cell tumor predisposition in humans is likely due to a combination of multiple
susceptibility loci with weak effects, and weak linkage has been identified to human Chr Xq27–
28 (Crockford et al. 2006; Holzik et al. 2006; Rapley et al. 2000). Genetic and population
heterogeneity in humans likely complicates the evidence for linkage to Xq27. In addition, Chr
X abnormalities frequently have been reported in testicular cancer cells with gain in Xq found
in 50% of testicular cancers (Henegarui et al. 2004; Kraggerud et al. 2002) and with frequent
amplification at Xq28 (Henegarui et al. 2004; Skotheim et al. 2001). Testicular germ cell tumor
susceptibility genes from human Xq27—Xq28 have not been identified. Thus, although TGCT
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susceptibility loci on human Chr X have been strongly implicated, it has not yet been proven.
Here, we provide clear evidence for the role of Chr X in modulating tumor incidence of 129-
Ter mice. Our experiments therefore provide the first experimental evidence for maternal
contribution toward development of testicular germ cell tumors in males.

Our study also illustrates the advantage and power of using chromosome substitution strains
to map modifiers or disease susceptibility loci (Matin et al. 1999; Nadeau et al. 2000; Singer
et al. 2004). Even in mice, detection of susceptibility loci with weak effects has proven to be
difficult by linkage analysis of segregating crosses. However, by utilizing the CSS 129.B6-
Chr X or 129.B6-Chr Y, we ensured that the genetic background is uniformly homo-zygous
for 129 autosomes. By eliminating genetic heterogeneity and by minimizing the effect of
segregating background genes, we have been able to detect, using a reasonably small sample
size of mice, a modest but statistically significant effect of Chr X on tumor susceptibility. In
summary, our results provide clear evidence for the role of mouse Chr X in modulating the
incidence of testicular germ cell tumors in Ter mice and support future efforts to identify germ
cell tumor susceptibility genes from mouse and human Chr X.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A Illustration of testicular phenotypes that distinguish Ter/Ter males from Ter/+ and +/+ males.
Ter/Ter males on 129 strain background have bilateral tumors (75% of Ter/Ter males),
unilateral tumors accompanied with small testis (19% of Ter/Ter males), and bilateral small
testes (6% of Ter/Ter males) (Noguchi and Noguchi 1985). Seventeen percent of Ter/+ and
6% of 129-+/+ males develop unilateral testicular tumors with contralateral normal testes. The
majority have normal testes. When Ter/Ter is congenic on the C57BL/6J strain (mice
designated as B6.129-Ter/Ter or B6-Ter/Ter), 100% of B6-Ter/Ter mice develop bilateral
small testes. In contrast, all B6-Ter/+ males have normal testes. B Testicular phenotypes of the
Ter strain. Examples of bilateral tumors (B), unilateral tumor with contralateral small testis (U
+s), bilateral small testes (s) from 129-Ter/Ter adult males compared to unilateral tumor with
contralateral normal testis (U+n), or normal (n) testes from 129-Ter/+ and 129-+/+ mice. Black
scale bar = 0.5 cm. C Histology of testicular tumor from male, adult 129-Ter/Ter showing
differentiated cell types. D Histology of small testes with no germ cells from male, adult 129-
Ter/Ter. E Histology of normal testes from male, adult 129-Ter/+ mice. White scale bar = 100
μm
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Fig. 2.
Parental effects on tumor development. A Diagram illustrating autosomal and sex
chromosomes of 129-Ter/+ and B6-Ter/+ males. White boxes represent 129 chromosomes and
black boxes represent C57BL/6J chromosomes. The X chromosome (marked X) is the 20th
box and Y (marked Y) is represented by the smaller box. The red box represents the Ter
(Dnd1Ter) mutation on Chr 18. B (left) Schematic diagram of chromosomes of male Ter/Ter
progeny expected from reciprocal intercrosses of 129-Ter/+ female and B6-Ter/+ male. The
progeny from both sets of crosses will be heterozygous for every autosome as represented by
white and black boxes. The X chromosome will be derived from the 129 mother and the Y
chromosome will be from the B6 father. (right) Chromosomes of progeny expected from the
intercross B6-Ter/+female × 129-Ter/+ male. The X chromosome will be derived from B6
mother and the Y chromosome will be from the 129 father. C Summary of characteristics of
progeny from the two crosses. IB refers to heterozygous for 129 and B6. Progeny from 129-
Ter/+ female × B6-Ter/+ male cross have a higher incidence of tumors compared to those from
the reciprocal cross whose parents are B6-Ter/+ female × 129-Ter/+ male
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Fig. 3.
Derivation of 129-Ter/Ter males with B6-derived Chr X or Chr Y. A A three-generation cross
was used to derive 129-Ter/Ter males with B6-derived Chr X. Intercrosses were set up to
prevent recombination of the B6-derived Chr X during the crosses. For cross I, 129.B6-X (129-
XBXB) females were intercrossed to male 129-Ter/+ (designated as 129-Ter/+,X1Y1). Male
progeny were selected by genotyping for Ter/+. These males would carry B6-derived Chr X
(129-Ter/+,XBY1). For the second cross (II), 129-Ter/+,XBY1 males were intercrossed with
129.B6-X (129-XBXB) females. Female progeny were selected for Ter/+. These females would
carry two B6-derived Chr X (129-Ter/+,XBXB). In the final cross (III), 129-Ter/ +,XBXB

females from II were crossed to 129-Ter/+,XBY1 males. Approximately 25% of the resulting
progeny are expected to be Ter/Ter and carry B6-derived Chr X (129-Ter/Ter,XBY1) and
display one of three testicular phenotypes shown in Fig. 1. B A two-generation cross was used
to derive 129-Ter/Ter males with B6-derived Chr Y. For cross I, 129-Ter/+ females (designated
as 129-Ter/+,X1X1) were intercrossed to male 129.B6-Y (129-XIYB). Male progeny were
selected by genotyping for Ter/+. These males would carry B6-derived Chr Y (129-Ter/
+,X1YB). For the second cross (II), 129-Ter/+ females were intercrossed with 129-Ter/
+,X1YB males. Approximately 25% of the resulting progeny are expected to be Ter/Ter and
carry B6-derived Chr Y (129-Ter/Ter,X1YB) and display one of three testicular phenotypes of
Ter/Ter as shown in Fig. 1. C Summary of the incidence of testicular tumors in males of the
new 129-Ter/Ter,XBY1 and 129-Ter/Ter,X1YB strains compared to the original 129-Ter/Ter
strain (Noguchi and Noguchi 1985). The chromosomes of the original 129-Ter/Ter males
(referred to as 129-Ter/Ter,X1Y1) and the new strains 129-Ter/Ter,XBY1 and 129-Ter/
Ter,X1YB are shown. 129 chromosomes are represented by white boxes and B6 by black boxes.
The X chromosome (marked X) is the 20th box and the Y (marked Y) is represented by the
smaller box. The red box represents the Ter (Dnd1Ter) mutation
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