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Abstract

Chromosome substitution strains (CSS or consomic strains) are useful for mapping phenotypes to
chromosomes. However, huge efforts are needed to identify the gene(s) responsible for the phenotype
in the complex context of the chromosome. Here we report the identification of candidate disease
genes from a CSS by using a combination of genetic and genomic approaches and by using knowledge
about the germ cell tumor disease etiology. We used the CSS 129.MOLF-Chr19 chromosome
substitution strain, in which males develop germ cell tumors of the testes at an extremely high rate.
We were able to identify three protein-coding genes and one microRNA on chromosome 19 that
have previously not been implicated to be testicular tumor susceptibility genes. Our findings suggest
that changes in gene expression levels in the gonadal tissues of multiple genes from Chr 19 likely
contribute to the high testicular germ cell tumor (TGCT) incidence of the 129.MOLF-Chr19 strain.
Our data advance the use of CSS to identify disease susceptibility genes and demonstrate that the
129.MOLF-Chr19 strain serves as a useful model to elucidate the genetics and biology of germ cell
transformation and tumor development.

Introduction

Testicular germ cell tumors (TGCTs or testicular cancers) in humans occur in males of all age
groups but the most common form develops in young males between the ages of 15 and 45
years (llson et al. 1991). The various forms of TGCTs differ in terms of age of onset, tissue
histology, and degree of malignancy. However, most germ cell tumors in humans and mice
share two common features: the cancer cells originate from primordial germ cells (PGCs)
(Dieckmann and Skakkebaek 1999; Oosterhuis and Looijenga 2005; Skakkebaek et al. 1987)
and the cancerous transformation of PGCs occurs in the gonads during embryonic development
(Kawakami et al. 2006; Looijenga et al. 2003; Smiraglia et al. 2002; Stevens 1966, 1967,
1970, 1973a).
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There is strong evidence of genetic susceptibility to TGCTs in humans. Family history is a
strong risk factor for TGCTSs, as the risk among siblings is higher than for other cancers (Forman
etal. 1992; Heimdal et al. 1996; Hemminki and Li 2004). TGCT development is also associated
with sterility and other genitourinary defects (Harland et al. 1998; Jacobsen et al. 2000; Rapley
etal. 2000; Tollerud et al. 1985) and is thought to be a subset of testicular dysgenesis syndrome
(Skakkebaek et al. 2003). However, to date TGCT susceptibility genes have not been positively
identified in humans. Genome-wide linkage screen for TGCT susceptibility loci using 273
pedigrees with two or more cases of TGCTs failed to identify any locus with certainty, and the
studies suggest that multiple susceptibility loci with weak effects contribute to TGCT
development (Crockford et al. 2006).

In mice, males of the 129 inbred mouse strain are genetically predisposed to develop congenital
TGCTs (Stevens and Hummel 1957), which resemble pediatric germ cell tumors or testicular
type | germ cell tumors (Horwich et al. 2006; Oosterhuis and Looijenga 2005; Rescorla
1999). TGCT development in 129 mice serves as a valuable system to identify genes that
initiate the processes of PGC transformation. The strains that we used in this study include the
129 and the 129.MOLF-Chr19 mouse strains. The 129 has an inherent low predisposition to
develop TGCTs and 6%-10% of the males develop TGCTs. The 129.MOLF-Chr19 mouse
strain (also referred to as consomic, chromosome substitution strain or CSS) (Matin et al.
1999; Youngren et al. 2003) differs from the 129 because Chr 19 of the MOLF strain replaces
that of the 129. Seventy percent to 80% of the males of the 129.MOLF-Chr19 strain develop
TGCTs. In this article we report on the etiology of tumor development in the 129.MOLF-
Chr19. Previous work has indicated five regions (named regions | to V) on 129.MOLF-Chr19
where TGCT susceptibility loci are possibly located (Youngren et al. 2003). By creating a new
congenic mouse strain, we delineated one TGCT susceptibility locus to a 7.6-Mb region in
mid-Chr 19 (named locus 1). To identify TGCT susceptibility genes within this locus, we
compared gene expression profiles of the gonads of the 129.MOLF-Chr19 strain (high TGCT
incidence) to that of the 129 strain (low TGCT incidence). Microarray analysis identified a
novel TGCT candidate gene, D19Bwg1357e, that maps within locus 1 and whose expression
is decreased in the gonads of the 129.MOLF-Chr19 strain. Additional candidate TGCT
susceptibility genes were found that map to proximal and distal mouse Chr 19. The expression
levels of the genes in the gonads were validated by gRT-PCR. We also examined the
microRNASs that map to Chr 19 as possible TGCT susceptibility factors and found that the
expression of one microRNA, mmu-miR-107, is increased in testicular tumors. In summary,
our studies have identified multiple genes that, in general, behave as hypomorphs in the
129.MOLF-Chr19 strain and may contribute to testicular germ cell tumor susceptibility of this
strain.

Materials and methods

Mouse strains

The 129.MOLF-Chr19 (Matinetal. 1999), 129 (129S1/SvimJ; JR002448, Jackson Laboratory,
Bar Harbor, ME) and 129;0ct4-GFP (Youngren et al. 2005) strains have been described. All
129-derived strains are on the 129S1/SvimJ background. Mice were maintained on a 12/12-h
light/dark cycle and fed NIH-31 diet ad libitum.

Creation of congenic-L1

To create the congenic-L1 mouse strain, the 129.MOLF-Chr19 strain was crossed to 129
(129S1/svimJ). Progeny were backcrossed to 129 and backcross progeny were genotyped and
selected for MOLF alleles for the markers D19Mit97 and D19Mit57 to generate congenic-L1.
Selected progeny were intercrossed to homozygose the MOLF-containing region. To verify

Mamm Genome. Author manuscript; available in PMC 2009 February 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhu et al.

Page 3

the boundaries of the congenic regions, progeny were genotyped with SSLP markers flanking
these markers and markers spanning mouse Chr 19 (Matin et al. 1999).

Creation of 129.MOLF-Chr19; Oct4-GFP

Microscopy

This strain was made by crossing 129.MOLF-Chr19 to the 129;0ct4-GFP mouse line
(Youngren et al. 2005). The progeny from these crosses were intercrossed and selected by
genotyping to identify and breed mice homozygous for MOLF-Chr 19 (equivalent to
129.MOLF-Chr19 strain) and which also carried the Oct4-GFP transgene.

PN1 testes were isolated from male mice. The testes were observed and photographed using
reflected light of the Leica MZFL111 fluorescence stereomicroscope configured with a
Photometric” CoolSnap Pro color CCD camera (Roper, Tucson, AZ) and Image Pro software
(Media Cybernetics, Silver Spring, MD). The same testes were then observed for GFP
fluorescence using the Zeiss LSM 510 confocal microscope (excitation at 488 nm) and a
transmission detector (for DIC). Vertical stacks of optical sections through the specimen were
acquired and then reconstructed into 3D projections. Image stacks were deconvolved to
enhance contrast and improve the signal-to-noise component. The testes were then preserved
overnight in 10% phosphate-buffered formalin before sectioning and staining with
hematoxylin and eosin (H&E).

Tissue collection for microarray

Pregnant females were sacrificed to isolate embryos at E13.5. To isolate genital ridges, embryos
were washed in PBS (phosphate-buffered saline)/0.1% DEPC (diethyl pyrocarbonate) and
dissected to isolate the genital ridges. PN1 testes were isolated after decapitation of newborn
males of the 129.MOLF-Chr19 and 129 strains. All tissues isolated for RNA extraction were
immersed in RNAlater Stabilization Reagent (Qiagen, Valencia, CA) and stored at -80°C.
Tissue from the limbs of each embryo was used for genotyping for Chr Y sequences (G747:
5-AGGAATTTG CTCATTTTTCAGC-3; G632: 5-AGAGGCTTTGCT TTCCTTAC-3').
RNA was extracted from the tissues by repeated homogenization with a 25-gauge needle (20
gauge for embryos). Tissues were pooled and RNA was prepared by using the Qiagen RNeasy
Mini Kit according to the manufacturer’s instructions. The concentration of RNA extracted
from the tissues was determined by spectrophotometric analysis at A260 and analysis using
the Agilent 2100 Bioanlyzer (Agilent Technologies, Santa Clara, CA) for quality control.

Gene expression profiling

Microarray was performed with 5 mg total RNA using the GeneChip® Mouse Genome 430
2.0 (Affymetrix, Santa Clara, CA). Data were analyzed with the DNA-Chip analyzer (dChip)
version 1.3 (Li and Wong 2001). The cRNA preparation and hybridization procedures were
performed as previously described (Ju et al. 2005).

Analysis of microarray results

Data analyses included the following procedures:

(1) Data preprocessing and quality assessment—We used dChip (Li and Wong
2001) analyzer version 1.3 to estimate gene expressions and to assess the quality of the data.
To adjust the brightness of the six arrays to a comparable level and minimize the systematic
error, we quantile-normalized all the arrays so that they had the same 75 percentile gene
expression levels. We checked the quality of each array by inspecting array images and
summarization files of dChip analysis. These arrays appeared to be of good quality and did not
possess major manufacturing defects or abnormalities. All six arrays were therefore included
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in the subsequent analysis. Next, we removed genes with low expression or with small
variation. Specifically, we removed those genes with fewer than three “Present” calls or with
a standard deviation (SD) less than 0.18. As a result we arrived at 24,699 (of 45,101) probe
sets. To explore data structure, we performed hierarchical clustering analysis of samples using
the remaining 24,699 genes.

(2) Identifying differentially expressed genes—We obtained a fold change of each gene
between the two mouse strains for each of the three tissue samples. For each tissue sample we
identified genes with fold change greater than 2. Consequently, we obtained 35 genes for the
tissue sample from embryos, 10 for the sample from genital ridges, and 266 for the sample
from newborn testes. We cross-examined the three lists of selected genes and found three
common genes. The expression level of the three common genes in the two strains was
subsequently verified by gRT-PCR.

Quantitative real-time PCR

PCR was performed in an ABI PRISM 7900 Sequence Detection system (Applied Biosystems,
Foster City, CA). A 20-pl reaction volume contained 37.5 ng cDNA, 0.3 uM forward and
reverse primers (Integrated DNA Technologies, Coralville, 1A), and SYBR Green PCR Master
Mix (Applied Biosystems). Samples were run in duplicates and the experiment was repeated
at least twice. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as control. The initial denaturation was at 95°C for 10 min followed by 40 cycles of
denaturation at 95°C for 15 sec, and elongation at 60°C for 60 sec. Each PCR result was
normalized against the value for GAPDH. The qRT-PCR primers for D19Bwg1357e and
Cox15 did not but those for Zfp162 partially overlapped with the probe sets in the microarray
GeneChip. The primer pairs used are as follows: Cox15: F: 5'-
CACTGCTACTGCCTCAGCAC, R: 5-TGAGAGAGCCGTGAGGAACA; D19Bwg1357e:
F: 5-GTGAGACTGAGTACTACACAGTATGGC, R: 5~
GCTGTCTCCTTTCCTAAATTAAGC; Zfpl62: F: 5-TTCTTCGTTCTGCTGCTTTGC, R:
5-GTGAAAAGAACGCGCATTACAC.

Tumor characterization

Adult males (4-6 weeks old) of the congenic-L1 strain were sacrificed and their testes were
examined for tumors. Most tumors can be detected visually at that age. Alternatively, tumors
were preserved in 10% phosphate-buffered formalin for at least 48 h before sectioning (5 um)
and staining with H&E.

Sequence analysis

To compare exon sequences, PCR primers were designed to either amplify cDNA or flank
putative exons by more than 30 bases on either side of the exon boundary. PCR products were
generated using standard conditions, quantitated by gel electrophoresis and purified before
sequencing. Sequence variations, if detected, were verified by resequencing. Gene sequences
from the MOLF strain have been deposited in the NCBI dbSNP.

Detection of microRNAs

Small RNA (sRNA) samples were prepared using the mirVana™ miRNA Isolation Kit
(Ambion, Austin, TX). We isolated sSRNA samples from adult testes (4 testes from each strain)
of 129 and 129.MOLF-Chr19 strains, 129.MOLF-Chr19 testicular tumors (4 testicular tumors),
PN1 testes (60 testes from each strain), and E13.5 embryos (2 embryos from each strain) from
129 and 129.MOLF-Chr19. RNase protection assays (RPA) were performed using the
mirVana™ miRNA probe construction and detection kits (Ambion) according to the
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manufacturer’s instructions; 0.1ug of SRNAs was used per reaction. DNA oligos to generate
the RPA probes are given in Table 1.

Results

Etiology of TGCT development in the 129.MOLF-Chr 19 strain

To guide our efforts toward identification of TGCT-causing genes, we examined the etiology
of germ cell tumor development in the 129.MOLF-Chr19 strain. The etiology of germ cell
tumor development has been described in the 129 strain (Stevens and Hummel 1957). To
examine TGCT development in the 129.MOLF-Chr19 strain, we introduced the transgene-
carrying green fluorescent protein (GFP) driven by the germ cell-specific promoter Oct4
(GOF-1/4PE/EGFP) (Anderson et al. 2000; Scholer et al. 1990; Yeom et al. 1996) into the
129.MOLF-Chri9 strain (see Methods). This transgene allows us to visualize GFP-labeled
germ cells. The derived mouse strain is referred to as 129.MOLF-Chr19;0ct4-GFP. The
GOF-1/4PE/EGFP transgene carries a deletion of the proximal enhancer element (APE) of
Oct4 so that GFP is specifically expressed in germ cells but not in embryonal carcinoma (EC)
cells (Yeom et al. 1996). GFP from the Oct4-GFP transgene can be detected in germ cells from
embryonic day (E) 7.5-E8 (Anderson et al. 2000) until postnatal (PN) day 1.

We examined the testes of newborn mice (PN1) of the 129.MOLF-Chr19;0ct4-GFP strain by
confocal microscopy. GFP-expressing germ cells were observed in the seminiferous tubules
of the PN1 testes (Fig. 1E, F). Seven of the 11 PN1 testes examined from 129.MOLF-
Chr19;0ct4-GFP appeared normal by light microscopy and confocal microscopy of GFP-
expressing germ cells (Fig. 1B, E). However, four PN1 testes of the 129.MOLF-Chr19;0Oct4-
GFP strain showed reduction in GFP-expressing germ cells at specific locations (Fig. 1F).
Histologic sections from these testes indicated blood-filled regions and proliferative clusters
of transformed EC cells, which coexisted near seminiferous tubules containing germ cells (Fig.
11). For a control for normal PN1 testes (or mouse line with low TGCT incidence), we examined
PN1 testes of 129;0ct4-GFP mice where GFP-expressing germ cells were observed in the
tubules (Fig. 1A, D, G).

Our results indicate that in the 129.MOLF-Chr19 strain, testes of newborn mice contain both
GFP-expressing germ cells and transformed EC cells. GFP expression from GOF-1/4PE/
EGFP is a reliable indication of retention of the germ cell state (Kehler et al. 2004) because
GOF-1/4PE/EGFP expression is downregulated when cells exit the germ line lineage (Pesce
et al. 1998; Yeom et al. 1996) to form EC cells. Our results indicate that not all germ cells in
the genetically inbred 129.MOLF-Chr19 strain testes undergo transformation or transform at
the same time, and there is a possibility that transformation may still be ongoing at the PN1
stage. Based on these confocal microscopy observations, we chose to include PN1 testes for
differential gene expression analysis as described below.

A TGCT susceptibility locus in mid-Chr 19

The testicular tumor incidence of the males of the 129.MOLF-Chr19 strain ranges from 70%
to 80% (Matin etal. 1999; Youngren etal. 2003). As a prelude to gene identification, we sought
to map one of the TGCT susceptibility loci from the 129.MOLF-Chr19 strain. Previous
mapping data (Youngren et al. 2003) had predicted five broad regions (regions 1-V) that harbor
TGCT susceptibility loci on mouse Chr 19. One 8.7 cM interval (region 1) in mid-Chr 19 was
predicted to contribute to a TGCT incidence of 30% in the 129.MOLF-Chr19 strain. To test if
this region indeed contributes to TGCT incidence, we created a new congenic mouse strain
(see Methods), congenic L1 (Fig. 2). Congenic L1 is homozygous for a 7.6-Mb region of
MOLF-derived chromosome (between the SSLP markers D19Mit97 and D19Mit57) on the
129 strain background. Markers D19Mit117 and D19Mit135 are homozygous for 129 alleles.
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We examined the testicular tumor incidence in adult males of congenic L1 and compared the
incidence to the predicted 30% value. Twenty-two of the 76 males (29%; p = 0.96) had testicular
tumors. Thus, tumor incidence of congenic L1 strain confirms the predicted 30% value and
maps a 7.6 Mb region in mid-Chr 19 (locus 1) that independently contributes to a TGCT
incidence of 30%. Thus, locus 1 maps one of the five tumor susceptibility loci from the
129.MOLF-Chr19 strain.

Locus 1 contains approximately 60 genes (MGlI, http://www.informatics.jax.org/)
(Supplementary Table 1) Most of this region is orthologous to human Chr9p24.1-24.3. In
humans, chromosomal region 9p24.3 has been implicated in the failure of testicular
development, feminization, gonadal dysgenesis, and sex reversal in XY patients (McDonald
etal. 1997; Muroya et al. 2000; Raymond et al. 1999; Shan et al. 2000; Veitia et al. 1997). The
genes Dmrt1, Dmrt2, and Dmrt3 map to 9p24.3 and to locus 1. In humans, Dmrtl is involved
in testis differentiation (Smith et al. 1999) and has a gonad-specific and sexually dimorphic
expression profile during embryogenesis in vertebrates. It is also involved in regulation of sex-
associated expression patterns in Drosophila and C. elegans (Burtis and Baker 1989; Raymond
et al. 1998; Shen and Hodgkin 1988).

Candidate TGCT susceptibility genes from locus 1 would include genes with single nucleotide
polymorphisms (SNPs) in the coding regions (especially nonsynonymous SNPs, nsSNPs),
regulatory regions, or splice sites. These SNPs would be expected to alter coding sequences to
affect the structure and function of the gene-encoded proteins or alter expression levels of the
gene. First, we examined nsSNP differences between 129 and MOLF strains for Chr 19 locus
1 genes in the database (MG,
http://www.informatics.jax.org/javawi2/servlet/WI-Fetch?page=snpQF). However, the data
are sparse. Therefore, we sequenced the cDNA of eight genes from the 129 and MOLF strains
that map within locus 1 (Supplementary Fig. 1). Six genes had at least one non-synonymous
change within their coding regions in the 129.MOLF-Chr19 (MOLF chromosome)
(Supplementary Fig. 1, Supplementary Table 1). Thus, nsSNPs are frequent between coding
sequences of the MOLF and 129 chromosomes. This is not surprising because the MOLF strain,
although a fertile, inbred strain, is of the subspecies M. m. molossinus, which is evolutionarily
distant from the 129 strain (M. m. musculus) (Silver 1995). The strain was initially chosen for
linkage crosses because of the high rate of polymorphic SSLP sequences between MOLF and
129, and these two strains were successfully used to establish linkage for TGCT susceptibility
loci on Chr 19 (Collin et al. 1996; Matin et al. 1999). However, this makes it more difficult to
pinpoint TGCT susceptibility genes from 129.MOLF-Chr19 because SNPs are relatively
frequent in neighboring genes. One way to pinpoint susceptibility genes in 129.MOLF-Chr19
would be to create congenic strains containing smaller regions (1 Mb or less) of the MOLF-
derived chromosome such that only a few genes are present within the segment and need to be
evaluated as candidate TGCT susceptibility genes.

Gene expression differences between the 129 and the 129.MOLF-Chr19 strain

As an alternate approach to narrow the candidate TGCT susceptibility genes from the 60 genes
in locus 1, we compared gene expression profiles of the early gonads from the 129.MOLF-
Chr19 and 129 strains using microarrays (GeneChip® Mouse Genome 430 2.0; Affymetrix,
Santa Clara, CA).

For gene expression profiling, we used male gonads from different developmental stages, i.e.,
E13.5 and PN1, from the 129.MOLF-Chr19 and the 129 strains. The idea was to detect the
common gene expression changes in the gonads at stages when germ cells are known to
transform to EC cells. The E13.5 stage was chosen because tumor development is reported to
start around E13.5 in 129 strains (Stevens 1973b; Stevens and Hummel 1957). PN1 stage
gonads were chosen because our confocal microscopy studies (described above) of PN1 testes
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of the 129.MOLF-Chr19 strain showed that both germ cells and EC cells are present at this
stage, suggesting that germ cell transformation may be ongoing at this stage.

We also compared gene expression differences in gonads with that of embryos to determine
whether gene expression differences are specific to the gonads. Our goal was to identify gene
(s) whose expression is consistently changed in the gonads at the two stages, E13.5 and PN1,
in the 129.MOLF-Chr19 strain because these would likely be candidate TGCT susceptibility
gene(s).

Figure 3A shows the three different tissue samples collected from the 129.MOLF-Chr19 and
the 129 strains: gonads (genital ridges) dissected from male E13.5 embryos and from PN1 mice
and male embryos at E13.5. Because tumor incidence in 129.MOLF-Chr19 is approximately
80%, we anticipated that gene expression changes could be masked because approximately
20% of cells/tissues within a sample may have normal levels of gene expression or 20% of the
testes may have normal gene expression. For a similar reason, we chose not to use the congenic
L1 strain because we anticipated that in this strain gene expression changes would be even
more severely masked because approximately 70% of cells/tissues within congenic L1 samples
may have normal levels of gene expression. Thus, to minimize the effect of individual samples
and to isolate sufficient RNA for microarray analysis from these small-size gonads, we pooled
RNA from multiple samples from the 129 and 129.MOLF-Chr19 strains (Supplementary Table
2).

Six RNA-pooled samples were prepared (Fig. 3A, Supplementary Table 2): E13.5 gonad
(genital ridge) RNA from males of 129 (129-GR) and 129.MOLF-Chr19 (CSS-GR); PN1 testes
RNA from 129 (129-NBT) and 129.MOLF-Chr19 (CSS-NBT); and E13.5 embryo RNA from
males of 129 (129-E) and 129.MOLF-Chr19 (CSS-E). The six RNA samples were hybridized
to six Affymetrix mouse genome GeneChips individually (see Methods). Hierarchical
clustering analysis revealed a dendrogram in which gene expression profiles of the same tissue
type clustered together (Fig. 3B). Profiles of the gonads E13.5 and PN1 were related more
closely than to those of embryos.

Comparison of the expression profiles of E13.5 gonads from 129.MOLF-Chr19 and 129
revealed ten genes with more than a twofold difference in expression levels (Fig. 3A,
Supplementary Table 3A). Six of the ten genes mapped to Chr 19. For the PN1 testes, 266
genes showed significant fold changes between the two strains and of these 13 genes mapped
to Chr 19 (Fig. 3A, Supplementary Table 3C).

For the E13.5 embryos, 35 genes showed a greater than twofold change in expression between
the 129.MOLF-Chr19 and 129 strains and 5 of 35 genes mapped to Chr 19 (Fig. 3A,
Supplementary Table 3B).

By analyzing the data of differentially expressed genes present in the three samples, as well as
selecting those that map to Chr 19, we were able to exclude a majority of the genes but found
three genes in common. The three genes, Zfp162, D19Bwg1357e, and Cox15, mapped to Chr
19 and were found to be downregulated in the 129.MOLF-Chr19 strain E13.5 and PN1 gonads
as well as E13.5 embryos. These genes have not been previously implicated in testicular
tumorigenesis and are novel TGCT candidate susceptibility genes. D19Bwg1357e maps to
locus 1 and is therefore a candidate TGCT susceptibility gene from locus 1.

Our analysis focused on identifying genes whose expression is consistently changed in the
gonads of the 129.MOLF-Chr19 strain at two different stages, E13.5 and PN1. By using this
criterion, we may likely be excluding other TGCT susceptibility genes whose expression is
unchanged or changed at either E13.5 or PN1 but not at both stages. Despite this, we have been

Mamm Genome. Author manuscript; available in PMC 2009 February 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

able to identify three candidate genes that show robust and consistent changes. Moreover, this
approach has allowed us to pinpoint one gene from a list of 60 genes present in locus 1.

Validation of gene expression differences by qRT-PCR

To validate the gene expression changes of the three Chr 19 genes (D19Bwg1357e, Zfp162,
and Cox15) from the microarray data, quantitative real-time polymerase chain reaction (qRT-
PCR) was performed. The expression changes were validated using the same RNA pool (E13.5
gonads, PN1 testes, and E13.5 embryo pool) used for the microarray and a new independent
pool of RNA from PNL1 testes (pool of 60 testes) (Table 2). Although the Dmrt genes map
within locus 1, gene expression differences for the Dmrt genes were not observed between the
129.MOLF-Chr19 and 129 gonads in either microarray analysis or by gRT-PCR (data not
shown). Thus, the Dmrt genes may not be TGCT candidate genes for the 129.MOLF-Chr19
strain.

The gene D19Bwg1357e maps within locus 1. Zfp162 maps to proximal Chr 19 (TGCT
susceptibility locus, region 1) and Cox15 maps distal to locus 1 (TGCT susceptibility locus,
region V) (Youngren etal. 2003) (Fig. 3A). qRT-PCR indicated that D19Bwg1357e expression
is downregulated approximately twofold in the gonads and embryos of 129.MOLF-Chr19.

Because the expression of the three genes is downregulated in 129.MOLF-Chr19 compared
with 129, it is likely that these genes are functioning as hypomorphs in the 129.MOLF-Chr19
strain. Thus, complete loss of these genes on the 129 background would be predicted to cause
an even higher testicular tumor incidence. To test this, future work will examine the TGCT
incidence in mice with targeted deletion of these genes.

Comparative expression of microRNAs from Chr 19 of 129 and 129.MOLF-Chr19 strains

MicroRNAs are a class of small RNASs that fine-tune gene expression of an extensive number
of other (target) MRNAs during development, differentiation, and cancer development. Gene
regulation by microRNAs has been demonstrated in testicular cancer. Two microRNAs, human
miR-372 and miR-373, were found to be expressed in human TGCT cell lines and primary
seminomas (Voorhoeve et al. 2006). These two microRNA act as oncogenes that collaborate
with RAS in cellular transformation (Voorhoeve et al. 2006). To determine if microRNAS are
important TGCT factors for germ cell tumor development in the 129.MOLF-Chr19 strain, we
examined the expression of known and predicted microRNAs that map to mouse Chr 19 and
compared the expression levels in 129 and 129.MOLF-Chr19 gonads and testicular tumors
using RNase protection assays (RPAs). Six predicted microRNAs map to mouse Chr 19
(miRBase of Sanger: http:// www.microrna.sanger.ac.uk/). They are mmu-miR-101b, mmu-
miR-107, mmu-miR-146b, mmu-miR-192, mmumiR-194-2, and mmu-miR-204. We also
examined the expression of mmu-miR-290, mmu-miR-294, and mmumiR-295, which are the
predicted mouse orthologs of human miR-372 and 373. The map locations of these three
miRNAs on mouse chromosomes are not known.

Small RNA samples (SRNAs, RNAs < 200 nt long) were isolated from adult testes (PN40),
PN1 testes, and E13.5 embryos from 129 and 129.MOLF-Chr19 strains and from 129.MOLF-
Chri9 testicular tumors. Detection of microRNA expression in the SRNA samples from the
various tissues was performed by RNase protection analysis (RPA) using radiolabeled
antisense RNA probes.

RPA detected expression of only mmu-miR-107 in the SRNA samples derived from testes,

testicular tumors, and embryos of 129 (Supplementary Fig. 2). Ubiquitously expressed miR-16,
which maps to Chrs 3 and 14, was used as experimental control. We compared the expression
levels of mmu-miR-107 in embryos, gonads, and tumors of 129.MOLF-Chr19 to those of 129.
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For an accurate estimation, we first determined the SRNA input amount best suited for
comparison of expression level differences between samples (Fig. 4A, B). We determined that
use of 0.1 pg SRNA would allow the assay to be in the linear range and be able to detect a
twofold change. An internal control of radiolabeled U6 SRNA probe was used.

Our results show that miR-107 levels in the PN1 testes and adult testes of the 129.MOLF-
Chr19 were consistently lower compared with those in the 129 strain (Fig. 4C, D). The
significance of slightly lower expression of miR-107 in gonadal tissues of 129.MOLF-Chr19
is not clear at present. In contrast, miR-107 was increased twofold in testicular tumors from
the 129.MOLF-Chr19 strain. There was no significant difference in expression levels of
miR-107 in the embryos of 129 and 129.MOLF-Chr19.

To identify possible candidate genes whose expression may be upregulated in PN1 testes of
129.MOLF-Chr19 due to decreased miR-107, we examined the 266 genes that are differentially
expressed between the 129 and 129.MOLF-Chr19 PN1 testes. Two genes, which are predicted
targets of miR-107 (http://www.microrna.sanger.ac.uk/), tropomodulin 1 (Tmod1) and
Wipil, were upregulated approximately three- and twofold, respectively, in 129.MOLF-Chr19
PN1 gonads (Supplementary Table 3C). The role of Tmod1 and Wipil in TGCT development
will be examined further in the future.

Discussion

We examined the etiology of testicular germ cell tumor development in the 129.MOLF-Chr
19 strain. Expression of GFP from the GOF-1/4PE/EGFP transgene in the PN1 testes indicates
retention of normal germ cells in the midst of transformed cells. Thus, transformation of the
germ cells appears to be at a gradual pace in the 129.MOLF-Chr19 strain. It is likely that a
certain proportion of the germ cells becomes transformed in the midst of normal germ cells.
The intriguing question is why some germ cells transform to EC cells, whereas others
apparently remain normal and contribute to fertility of the 129.MOLF-Chr19 strain.

To identify the cause of germ cell transformation and identify candidate TGCT susceptibility
genes from the 129.MOLF-Chr19 strain, we used different approaches. First, we made a new
congenic strain harboring a 7.6Mb region of MOLF-derived chromosome (locus 1). This strain
has approximately 30% TGCT incidence implicating the presence of TGCT candidate gene(s)
within locus 1. Locus 1 is one of the five TGCT susceptibility loci from 129.MOLF-Chr19.

To pinpoint candidate TGCT genes, we examined gene expression differences for genes on
Chr 19 from the 129.MOLF-Chr19 and 129 strains. Gene expression differences can be the
result of polymorphisms or SNPs in the regulatory regions of genes, which result in lower
MRNA levels from one strain. Alternatively, the stability of the mMRNA may be affected by
SNPs or sequence changes at the 3'-untranslated region (Ross 1995).

To compare gene expression profiles between the 129.MOLF-Chr19 and 129 strains, we chose
to examine the gonads from the two strains at stages when the transformation process of germ
cells to EC cells is taking place. Stevens’ (1966,1970) transplantation experiments indicated
that transformation occurred in the gonads (genital ridges) at stages between E11.5 and E13.5
in the 129 strain. We therefore chose to examine the expression profiles of E13.5 gonads. Our
confocal microscopy data indicated that germ cells of PN1 testes from 129.MOLF-Chr19 may
also be undergoing transformation at this stage. Therefore, we also compared gene expression
in PN1 testes. Comparison of the expression data from the two gonadal sources at different
stages allowed us to exclude the majority of the genes and identify three genes in common.
The expression levels of these three genes were consistently lower in the gonads at the two
developmental stages. Their expression levels were also lower in the E13.5 embryo.
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There are a number of limitations in the approaches used here to identify TGCT susceptibility
genes. First, in cases where probe sets in microarrays and primers used for qRT-PCR overlap,
as is the case for the Zfp162 gene, SNPs may interfere with hybridizations in both techniques
and produce false-positive results. Second, one limitation of our microarray studies is that we
cannot estimate how many other real differences are present and we may have excluded a
number of other candidate TGCT susceptibility genes. Moreover, it is possible that genes that
are differentially regulated between 129 and 129.MOLF-Chr19 may not be the cause of tumor
development, but the expression differences are the result of the physical location of the genes
on the MOLF chromosome. Keeping these caveats in mind, this approach nonetheless has
allowed us to identify and focus our attention on a limited number (3) of TGCT susceptibility
candidate genes. The decreased expression of the three genes from microarray analysis was
verified by gRT-PCR.

One of the genes, D19Bwg1357e, mapped within locus 1. The other two genes, Zfp162 and
Cox15, also mapped to Chr 19 but were outside of locus 1. Zfp162 maps to one of the predicted
TGCT susceptibility loci, region | (a 12cM interval) (Youngren et al. 2003). Cox15 maps to
the boundary of region V (a 30.8cM interval) (Youngren et al. 2003). Unlike locus 1, the
boundaries of the other predicted regions, including regions I and V, have not been narrowed
further. All three genes were downregulated in whole embryos and in gonads from E13.5 and
PN1 stages. Thus, although the expressions of D19Bwg1357e, Zfp162, and Cox15 may not be
restricted to the gonads, the negative consequence of lower expression predominantly affects
the gonads to result in germ cell tumor development. One possibility is that germ cells are
especially sensitive to the lower expression levels of the genes and their function is critical in
germ cells.

D19Bwg1357e and Zfp162 are novel genes with unknown function. The D19Bwg1357e gene
is one of four genes in the mouse with pumilio or Puf RNA-binding domains. Other members
of this family in mice include Pumilio-1 and Pumilio-2 genes, the orthologs of which are
expressed in human embryonic and germline stem cells (Moore et al. 2003). Expression of
D19Bwg1357e has been detected in purified PGCs isolated from embryos at E10.5 and E12.5
stages (Molyneaux et al. 2004). Sequence analysis of the D19Bwg1357e gene from the
129.MOLF-Chr19 strain indicated the presence of multiple SNPs in the coding region of
D19Bwg1357e (Supplementary Fig. 1). One SNP (M5141; methionine changed to isoleucine
at the 514th amino acid) causes a nonsynonymous change in the D19Bwg1357e-encoded
protein from the 129.MOLF-Chr19 strain.

Zfp162 is another RNA-binding protein with zinc knuckle motif (Wrehlke et al. 1999). It may
act as a splicing factor. Cox15 is a homolog of yeast COX15, cytochrome ¢ oxidase assembly
protein, and in humans COX15 is a mitochondrial protein involved in the synthesis of heme
A (Antonicka et al. 2003 ; Glerum et al. 1997).

To identify candidate microRNAs from Chr 19 that influence TGCT susceptibility, we
examined the expression of known Chr 19 microRNAs and found that mmumiR-107 was
increased twofold in testicular tumors from the 129.MOLF-Chr19 strain. One interpretation is
that germ cells express lower levels of mmu-miR-107 compared to the differentiated cell types
that are observed in testicular tumors (Fig. 1K) and the increase in levels may reflect the role
of mmu-miR-107 in differentiated cell types. Another possibility is that increased miR-107
levels are oncogenic. This is supported by the report that expression of the human ortholog of
miR-107 is a distinctive feature associated with pancreatic tumorigenesis (Roldo et al. 2006).
Available programs such as Target-Scan (http://www.targetscan.org/) indicate a number of
putative gene targets for miR-107. Two candidate target genes of miR-107, Tmod1 and
Wipil, were found to be upregulated in the 129.MOLF-Chr19 PNL1 testes. The role of these
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predicted target genes in germ cells and tumors will have to be experimentally ascertained in
future experiments.

In summary, we have found four candidate novel TGCT susceptibility genes from the
chromosome substitution strain, 129.MOLF-Chr19. A number of questions remain to be
answered regarding TGCT susceptibility genes from the 129.MOLF-Chr19 strain. Do the
TGCT susceptibility genes function individually or is lowered expression of a combination of
genes necessary for tumor development in 129.MOLF-Chr19? Also, because more than one
gene is responsible for TGCT development in 129.MOLF-Chr19 mice, this raises the question
whether tumor development in individual 129.MOLF-Chr19 mice occurs through the same
pathway. The identification of candidate TGCT susceptibility genes, as described here, is the
first step toward a systematic examination of the role of individual genes in TGCT
development. Our results demonstrate that the 129.MOLF-Chr 19 strain serves as a model
strain to elucidate the complex genetics and biology of PGC transformation and TGCT
development. Genes identified in the 129.MOLF-Chr 19 strain may in the future serve as useful
disease markers for TGCTs in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Morphologic comparison of PN1 testes from the 129 and 129.MOLF-Chr19 strains. A-C PN1
testes observed using reflected light under the stereomicroscope from the (A) 129 and (B, C)
129.MOLF-Chr19 strains. The same testis was observed for GFP fluorescence by confocal
microscope to observe GFP-expressing germ cells within the seminiferous tubules of the (D)
129 and (E, F) 129.MOLF-Chr19 strains. GFP-expressing germ cells are found in the testes of
the 129.MOLF-Chri9 strain (E, F). Scale bar = 200 um. H&E-stained histologic cross sections
of the PN1 testes from the (G) 129 and (H, I) 129.MOLF-Chr19 strains. Arrows indicate
clusters of proliferating embryonal carcinoma (EC) cells. J Higher magnification showing EC
cells (ec) from (I) adjacent to seminiferous tubules (t). Scale bar = 15 pm. K H&E-stained
histologic cross section through adult (PN40) testicular germ cell tumor of the 129.MOLF-
Chr19 strain. Neuroepithelial cells (ne) and blood (b) are present adjacent to seminiferous
tubules (t). Scale bar = 30 um
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Fig. 2.

Boundaries of congenic-L1. Schematic diagram of mouse Chr 19. The areas in red represent
regions that are homozygous for MOLF alleles, whereas areas in yellow represent regions
homozygous for 129 alleles. SSLP markers D19Mit97 and D19Mit57 define the 7.6Mb region
in congenic-L1 and are homozygous for MOLF alleles. The region is flanked by D19Mit117
and D19Mit135 which are homozygous for 129 alleles. Twenty-two of 76 (29%) male mice of
congenic-L1 had testicular tumors. In contrast, 70%—80% of the 129.MOLF-Chr19 strain
develop testicular tumors. Approximately 60 genes map to the congenic-L1 (locus 1) region
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Fig. 3.

Gene expression differences between the 129 and 129.MOLF-Chr19 strains. A Male embryos
atE13.5, genital ridges (gonads) dissected from E13.5 male embryos, and testes from newborn
mice (PN1) were harvested from the 129 and 129.MOLF-Chr19 strains. Total RNA was
extracted from the pooled tissues and applied to Affymetrix GeneChip® Mouse Genome 430
2.0. Analysis of gene expression indicated 35 genes with a greater than twofold difference in
E13.5 embryos of 129.MOLF-Chr19 (CSS-E) compared to 129 (129-E) strains; 10 genes with
a greater than twofold difference in the genital ridges of 129.MOLF-Chr19 (CSS-GR)
compared to 129 (129-GR); and 266 genes with a greater than twofold difference in the PN1
testes of 129.MOLF-Chr19 (CSS-NBT) compared to 129 (129-NBT). When these three gene
lists were compared, three genes (Zfp162, D19Bwg1357e, and Cox15) were found in common
and these genes were also downregulated in the 129.MOLF-Chr19 tissues. All three genes map
to mouse Chr 19 and D19Bwg1357e maps to locus 1, which is responsible for a 30% incidence
of TGCTs. B Dendogram indicating clustering of gene expression profiles of the embryo
samples (129-E and CSS-E), genital ridge samples (129-GR and CSS-GR), and PN1 testes
samples (129-NBT and CSS-NBT)
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Fig. 4.

Expression of mmu-miR-107 in 129.MOLF-Chr19 and 129 tissues. A Determining the
optimum concentration of small RNA (SRNA) for hybridization to 32P-labeled RNA probe.
SRNA (0.005-1 pg) from 129 testis was incubated in solution with maximum amount of 32p-
labeled control probes, mmu-miR-16 and U6. Upon hybridization, the RNA-RNA hybrid was
protected from RNase A/RNase T digestion. The protected fragments were separated on 15%
denaturing polyacrylamide gel before detection by autoradiography. Yeast RNA was used as
control. B Plot of SRNA concentration-dependent intensity of the autoradiograph signal from
A. The intensity of the protected bands for the miR-16 (pink square) and U6 probes (blue
diamond) were plotted against increasing SRNA concentration. Based on this plot, 0.1 pg SRNA
was used in C. C Comparing expression of mmu-miR-107 in 129 and 129.MOLF-Chr19 (CSS)
tissues. SRNA (0.1 pg) extracted from adult testes of 129 and 129.MOLF-Chr19, testicular
tumor tissues from 129.MOLF-Chr19, E13.5 embryos of 129 and 129.MOLF-Chr19, and PN1
testes of 129 and 129.MOLF-Chr19 were hybridized with 32P-labeled miR-107 and U6 probes
before separation on acrylamide gels. Protected U6 and miR-107 fragments are indicated. D
Quantitation of intensity of protected fragments of the 32P-labeled miR-107 and U6 probes.
Densitometric analysis was used to quantitate the bands. The intensity of each miR-107
protected fragment was compared to the U6 protected fragment. For each lane, the average and
standard deviation of two experiments are shown
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