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Understanding mammalian spermatozoan development and the
events surrounding fertilization has grown slowly, in part because
of uncertainty about the number and identity of the cellular
components involved. Determination of those transcripts ex-
pressed specifically by germ cells should provide an inclusive list of
probable critical proteins. Here, total mouse testis transcript pro-
files were trimmed of transcripts found in cultures enriched in
Sertoli or interstitial cells to yield a germ cell-enriched transcript
profile. Monitoring of changes of this profile in the developing
testis identified 1,652 genes whose transcript abundance increased
markedly coincident with the onset of meiosis. Remarkably, 351 of
these genes (�20%) appear to be expressed only in the male
germline. Germ cell-specific transcripts are much less common
earlier in testis development. Further analysis of the UniGene EST
database coupled with quantitative PCR indicates that �4% of the
mouse genome is dedicated to expression in postmeiotic male
germ cells. Most or many of the protein products of these tran-
scripts are probably retained in mature spermatozoa. Targeted
disruption of 19 of these genes has indicated that a majority have
roles critical for normal fertility. Thus, we find an astonishing
number of genes expressed specifically by male germ cells late in
development. This extensive group provides a plethora of poten-
tial targets for germ cell-directed contraception and a staggering
number of candidate proteins that could be critical for fertilization.

The underlying basis of fertilization in mammals continues to
be poorly understood. Contributing factors include: (i) pau-

city of eggs, (ii) heterogeneity of sperm cell populations, and (iii)
lack of information on the number and nature of molecules that
serve as potential players (1). Unlike many invertebrates and
some lower vertebrates, where sperm cell behavior is highly
synchronous, at any given moment, only a fraction of mammalian
sperm cells seem to respond to components of the egg extra-
cellular matrix, to chemoattractants, or to other signaling mol-
ecules (2, 3). Thus, sensitive functional bioassays have been
difficult or impossible to establish. We have attempted to
overcome this problem through the identification of all proteins
potentially expressed in the spermatozoon. To make a list of
potential molecules involved in fertilization more experimentally
palatable, we also have restricted an initial list of potential
players to proteins expressed exclusively by male germ cells.
Additionally, because proteins involved specifically in fertiliza-
tion are likely expressed late in spermatogenesis, we also have
restricted our analysis to gene products expressed at meiosis or
later. To this end, we initially generated signal peptide trap
cDNA libraries from spermatid-enriched cell populations and
successfully identified a number of important sperm proteins
such as CatSper2 (1). On the basis of these screens, we estimated
that �200 unique sperm proteins existed; even this was some-
what surprising, given that ‘‘leaky transcription’’ has long been
attributed to the testis, suggesting that a large number of sperm
transcripts might be shared with other cells (4).

Recent high-throughput efforts by other groups resulted in the
identification of a few new testis-specific transcripts. For exam-
ple, 19 novel premeiotic male germ cell-specific genes were
identified through the use of cDNA subtraction (5), and use of
a differential display reverse transcriptase PCR resulted in the
identification of other genes expressed during spermatogenesis
(6). Through the use of cDNA microarrays in mouse or human,
four (7) and 42 (8) novel genes potentially involved in the
regulation of spermatogenesis have been identified. Even though
these approaches identified a number of new genes potentially
important in spermatogenesis, the studies failed to determine
the potential number or identity of genes specifically expressed
in the male germline that serve as likely participants in germ cell
development and fertilization.

We analyzed gene expression in the mouse testis from day 1
to adult by using the Affymetrix (Santa Clara, CA) Mouse U74v2
oligonucleotide array set, generating profiles for �20,000 genes
expressed in the testis. The results provide an invaluable depos-
itory of gene transcripts that could be specifically involved in
spermatogenesis and fertilization. In mining the microarray
data, we identified 1,652 gene transcripts whose expression
increased coincident with or after meiosis. Through further
analysis (UniGene, www.ncbi.nlm.nih.gov�UniGene), we esti-
mate that �2,300 genes (�4% of the mouse genome) are
dedicated to male germ cell-specific transcripts, �99% of which
are first expressed during or after meiosis. That so many germ
cell-specific genes are expressed late in development provides a
vast number of candidates for contraceptive targeting as well as
a large number of potential participants in the process of
fertilization.

Methods
Biological Material and RNA Isolation. Testes were individually
collected from C57BL�6 mice (Harlan Breeders, Indianapolis)
at days 1, 4, 8, 11, 14, 18, 21, 26, 29, and 60 (adult) postpartum
and immediately frozen in liquid nitrogen. Total RNA was
isolated from individual testis by using RNA Stat-60 (Tel-Test,
Friendswood, TX), according to the manufacturer’s protocol.

Microarray Processing. RNA labeling for subsequent microarray
analysis was performed on three 1-day-old animals, two 4-day-
olds, two 8-day-olds, two 11-day-olds, and one animal each for
days 14, 18, 21, 26, 29, and adult. Five micrograms of total RNA
was reverse transcribed into double-stranded cDNA containing
a T7 promoter by using the RiboAmp RNA Amplification Kit
(Arcturus, Mountain View, CA), in vitro transcribed, and biotin-
labeled by using the BioArray HighYield RNA Transcript
Labeling Kit (Enzo Life Sciences, Farmingdale, NY). RNA from
the somatic cell samples was amplified and labeled from 50 ng
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of starting material by using two rounds of amplification. The
amplified target RNA (aRNA) was purified by using an RNeasy
Mini column (Qiagen, Valencia, CA). Twenty micrograms of
aRNA of each sample were fragmented for hybridization to each
microarray. Affymetrix Murine Genome U74v2 A, B, and C
arrays were used for all samples. The arrays were hybridized and
processed according to the manufacturer’s specifications.

Data Analysis and Clustering. Results were analyzed by using the
Affymetrix MICROARRAY SUITE (MAS), Ver. 5.0. Signals on each
chip were scaled to a mean intensity of 250. All sample com-
parisons were performed in GENESPRING, Ver. 5.1 (Silicon
Genetics, Redwood City, CA). Triplicates and duplicates were
averaged, and all data were normalized to day 1. For subsequent
data analysis, all genes were filtered as follows: the transcripts
had to have a present call (assigned by MAS, � � 0.015) and a
minimum signal intensity of 75 in at least one time point.
Transcripts also had to be up- or down-regulated �3-fold in at
least one time point compared with the day 1 samples. To enrich
for germ cell genes, transcripts also had to be absent in a
testicular Sertoli cell sample (9) and in an interstitial cell sample
(10). Genes fulfilling these requirements were clustered in
ARRAYMINER 4.0 (Optimal Design, Brussels) by using the Gauss-
ian clustering model, an algorithm that takes cluster variance
into account and has the ability to recognize outliers (www.
optimaldesign.com�Download�ArrayMiner�AM2whitepaper.
pdf). Annotations of all filtered transcripts were updated by
using Affymetrix NETAFFX (www.netaffx.com), based on the
March 17, 2003 quarterly annotation update (11). All corre-
sponding UniGene clusters were then screened for reported
tissue expression by using the National Center for Biotechnology
Information UniGene database (Build no. 122 Mus musculus,
May 1, 2003).

Quantitative Real-Time PCR. Real-time PCR analysis was per-
formed by using the ABI PRISM 7900HT Sequence Detection
System (Applied Biosystems). All primers were designed in
PRIMER EXPRESS, Ver. 2.0 by using the MGB primer design
method, and runs were analyzed by using SEQUENCE DETECTION
SYSTEM, Ver. 2.1.

One microgram of total RNA of each sample was reverse
transcribed in a 20-�l reaction by using 150 ng of random primers
and the SuperScript II reagents (Invitrogen). Samples were
diluted 1:10, and 0.5 �l was used for the PCR reaction. PCR was
performed by using the SYBR Green PCR Master Mix (Applied
Biosystems). For expression ratio verifications, all samples were
normalized to the 18S signal. Ranges of fold changes were
calculated according to the Applied Biosystems Comparative CT
method by using standard deviations (n � 2).

In Situ Hybridization. Gene-specific PCR products of 200–350 bp
were generated and linked to a T7-promoter-containing frag-
ment by using the Lig’nScribe No-Cloning Promoter Addition
Kit (Ambion, Austin, TX). Sense and antisense constructs were
then generated by PCR by using a primer complementary to the
T7 promoter fragment and the 3� or 5� gene primer, respectively.
PCR products were gel purified and in vitro transcribed by using
the MAXIscript T7 Kit (Ambion) incorporating S35-UTP (Am-
ersham Pharmacia Biosciences). Probes were subsequently
DNase treated and purified by using NucAway Spin Columns
(Ambion). In situ hybridizations were performed by the Molec-
ular Pathology Core Facility at the University of Texas South-
western Medical Center, as described (12).

Results and Discussion
Testes from C57BL�6 mice were collected at various days
ranging from day 1 postpartum to adult and the mRNA expres-
sion profiles determined (Affymetrix Mouse U74v2 oligonucle-

otide array set). The complete data set can be found as Data Set
1, which is published as supporting information on the PNAS
web site, www.pnas.org. It can also be queried in the NCBI Gene
Expression Omnibus (GEO) repository (www.ncbi.nlm.nih.gov�
geo), GEO accession no. GSE640. See also Supporting Methods,
which is published as supporting information on the PNAS web
site. For the first few days after birth, the seminiferous tubules
principally contain gonocytes, spermatogonia, and Sertoli cells.
They are rapidly outnumbered by differentiating germ cells as
the animal ages. Spermatocytes appear around days 11–14 and
spermatids after about day 21 of age in the mouse.

A total of 21,374 transcripts were identified as expressed in the
developing mouse testis (a ‘‘present’’ call is as defined in
Methods). To more clearly characterize a germ cell population of
transcripts, we separately screened for genes found in a cultured
testis somatic cell preparation containing principally Sertoli cells
prepared as described (9). We also determined the genes ex-
pressed in an interstitial cell population prepared as described
(10). The results from these two somatic cell populations were
subtracted from those for whole testis to yield a germ cell-
enriched population. Three thousand seven hundred ninety-four
transcripts (3,486 different genes) were changed at least 3-fold
compared with day 1 of age, and of these, 2,245 represented
uncharacterized genes. Transcript expression profiles were clus-
tered into eight distinct patterns; in five clusters, the expression
of genes substantially increased coincident with the appearance
of spermatocytes or spermatids. The pattern of gene expression
in the other three clusters was highest during times when
the spermatogonial population dominated the testis (Fig. 1).
Although the transcript profiles of male germ cells early in
development are critical to an understanding of male germline
stem cells and the early steps of commitment to differentiation,
we concentrated on the five clusters where transcript expression
markedly increased late in development. If these transcripts were
expressed by the germ cells, these would be the best candidate
genes for a role in fertilization. The average patterns of expres-
sion for the genes found in clusters 1–5 are shown in Fig. 2.
Meiosis begins in the mouse at about day 11, and elevations in
transcript expression are evident starting on or after this day. It
should be noted that the relative levels to which transcript
expression increased were considerably different between each
of the clusters, with genes in clusters 2 (expression starting in
pachytene spermatocytes) and 4 (expression in spermatids)
showing the highest degree of induction.

The expression patterns of various transcripts are consistent
with the behavior of these genes described in the literature (Fig.
1 lists several known genes for each cluster). Examples of
well-characterized genes include lactate dehydrogenase C and
phosphoglycerate kinase 2, which are known to be initially
transcribed during meiosis; as expected then, they appear in
cluster 2. Likewise, protamine 1 and transition protein 2 are
initially expressed in spermatids and therefore as expected
appear in cluster 4. An interesting aspect of the analysis is that
transcription of CatSper 1 (cluster 4) and CatSper 2 (cluster 2),
which may form subunits of the same channel, is not initiated at
the same time during spermatogenesis.

Of the 1,652 genes found in the five clusters, where gene
expression increased relative to day 1, �17.8% were represented
by transcripts that may be testis-specific on the basis of the
UniGene database (two or more sequence entries; no tissue
other than testis) (Table 1; Tables 3 and 4, which are published
as supporting information on the PNAS web site). We required
at least two sequence entries in our analysis to help ensure that
an EST sequence entered was real. The addition of transcripts
present in one or two other tissues would increase the percentage
to 28.9%. In contrast, in the other three clusters, only 0.4% of
the genes appeared as testis-specific transcripts, suggesting that
only a few of the genes in male germline stem cells or spermato-
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gonia are unique to the testis. The known or named testis-
specific genes are given in Table 3.

To determine whether transcripts reported only for the testis
actually reflected testis-specific expression, 50 genes with unas-
signed function (principally from cluster 4) were examined for
expression in spleen, liver, testis, brain, ovary, thymus, kidney,
heart, embryo, and lung. Of the 50 transcripts, 46 yielded signals
in the testis only (Table 4). Thus, it is predicted that �90% of the
transcripts now entered in the UniGene database as testis-only
(at least two sequence entries), in fact, are testis-specific.

To then determine whether all such genes were also germ
cell-specific (likely given the subtraction against testicular so-
matic cells), we performed in situ hybridization on 11 (randomly
chosen) genes with unassigned function from clusters 1–5. All
transcripts were expressed specifically by spermatocytes or sper-
matids, strongly suggesting that all of the testis-specific genes
identified above are germ cell-specific (Table 2).

Intrigued by the large number of testis-specific genes in
clusters 1–5, we then examined the UniGene database to deter-
mine whether a significant number of other transcripts not
represented on the arrays would also be entered as testis-specific.
As of May 2003, there were 62,692 entries with a cluster size of
at least two sequence entries. Again, we limited our survey to at
least two entries to help ensure that a given EST entry repre-
sented a real transcript sequence. Of these, 2,931 gene tran-
scripts were reported only for the testis (7% with known
functions, 68% with a predicted ORF but unknown or unas-
signed function, and 25% as ESTs). The question then arose
whether these apparent testis-specific gene transcripts were
also elevated during or after meiosis. Therefore, we arbitrarily
chose 12 of the 2,931 (the 12 were genes not represented on
the microarrays). Quantitative PCR showed that for 11 of 12,
expression was significantly elevated after day 11, again suggest-
ing expression in spermatocytes or spermatids (Table 5, which is

Fig. 1. Heat maps showing the eight clusters of transcripts that change coincident with the formation of meiotic and postmeiotic male germ cells and the
unclassified genes. Each row of the heat map represents a gene, and each column represents a time point in development (as labeled at the bottom). The color
saturation represents differences in gene expression compared with day 1. Red indicates an increase in gene expression, whereas green indicates a decrease. The
genes listed next to the heat maps are examples of known genes found in the respective clusters.
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published as supporting information on the PNAS web site).
Additionally, a screen of testis-specific genes subtracted by using
the somatic cell populations suggests that �10% of all testis-
specific genes on the microarray (independent of cluster) are
found in Sertoli or interstitial cells. Thus, a vast majority of the
2,931 gene sequences appear to represent meiotic or postmeiotic

germ cell-specific transcripts. Subtraction of the low numbers of
testis-specific genes that appear early in spermatogenesis, those
confined to Sertoli or interstitial cells, and the �10% of genes
expressed in tissues outside the testis, leads to the conclusion that
�2,375 of the 62,692 genes represented in UniGene (at least two
sequence entries) are expressed specifically in meiotic and
postmeiotic male germ cells. This represents �3.8% of the
genome. The number of entries in the mouse UniGene database
appears to adequately reflect the actual number of mouse genes,
given that the RIKEN Genome Exploration Research Group
predicts �70,000 mouse genes (13). Although some EST entries
will represent identical full-length transcripts, there is no appar-
ent reason that the testis would have more such redundant
entries than other tissues.

Do genes in the five clusters identified here serve as potential
targets for male germ cell-directed contraception? It is reasonable
to assume that some or most are intimately involved in fertilization,
but are they critical components? A search of the literature coupled
with our own studies using targeted disruption of germ cell-specific
genes suggests a high number of these genes will be required for
fertility. We have disrupted three genes expressed late in germ cell
development, a sperm-specific apparent sodium hydrogen ex-
changer (NHE; D. Wang and D.L.G., unpublished results), a cation
channel (CatSper2; T. A. Quill and D.L.G., unpublished results;
ref. 1) and an aminophospholipid transporter (L. Wang and D.L.G,
unpublished results); in all cases normal sperm numbers were found
in the epididymis, and sperm morphology was indistinguishable
from that of wild-type spermatozoa, yet two of the three genes
(CatSper 2; NHE) appeared absolutely required for fertility. These
results, coupled with a search of the literature for other genes in the
five clusters, show that 17 of 19 germ cell-specific genes eliminated
by homologous recombination are essential for normal male fer-
tility (Table 6, which is published as supporting information on the
PNAS web site). The genes include proteases or proteins that
interact with proteases (14–17), protein kinases, or proteins that
interact with protein kinases (18), transcription factors (19), pro-
teins associated with chromatin (20–22), channels or transporters
(1, 23), mitochondrial-associated proteins (24, 25), adhesion pro-
teins (26), RNA polymerases (27), and genes involved in the
interaction between spermatids and Sertoli cells (28). More than
50% of these genes result in a complete loss of fertility when
disrupted.

The apparent asynchronous behavior of mammalian sperma-
tozoa coupled with the paucity of female gametes (eggs)
prompted many to use invertebrate animal models to understand
the molecular basis of fertilization (29, 30). Functional bioassays
allowed identification of important signaling components in the

Fig. 2. Testis developmental profiles for clusters 1–5. (Upper) The relative
gene transcript abundance in testis from mice at ages days 4, 8, 11, 14, 18, 21,
26, and 29 and adult compared with testis at day 1 of age. The values are the
mean relative abundance (compared with day 1) for all transcripts found in
each of the clusters. Note the marked increase in relative transcript abundance
for cluster 4 coincident with formation of spermatids. (Lower) Hematoxylin�
eosin staining of sections of testis from the same mice at ages days 1, 11, 14,
and 26 to show germ cell differentiation at each age.

Table 1. The number of genes in each of the eight clusters that show apparent
testis-specific expression

Cluster Total
Named
genes

Genes with
unknown�unassigned

function
Apparent testis

specific*
Only one other

tissue
Only two other

tissues

1 323 106 217 24 (7.4%) 18 (5.6%) 9 (2.8%)
2 308 116 192 68 (22.1%) 32 (10.4%) 19 (6.4%)
3 538 196 342 51 (9.5%) 36 (6.0%) 7 (1.3%)
4 312 115 197 105 (33.7%) 29 (9.3%) 13 (4.2%)
5 317 127 190 49 (15.5%) 18 (5.7%) 6 (1.9%)
6 480 197 283 1 (0.2%) 1 (0.4%) 2 (0.4%)
7 432 155 277 1 (0.2%) 0 0
8 571 161 410 3 (0.5%) 2 (0.4%) 1 (0.2%)
Unclassified 910† 328 582 36 (4.1%) 15 (1.7%) 3 (0.3%)

*Expression data are based on tissue distribution information in the UniGene database.
†The 910 gene transcripts in the unclassified category did not show a pattern of expression that fit the other eight
clusters.
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invertebrate sperm cells, and the subsequent identification of
homologous genes in the mammal seemed a strong approach for
unraveling fertilization mechanisms in the mammal. However, in
many or most cases, homologues of the signaling components
specifically important for fertilization in the invertebrate were
not found in mammalian germ cells (29). In retrospect, this is not
surprising, given the rapid evolution of fertilization-specific proteins
(31). These negative findings indicated that direct experimental
approaches in the mammal were likely required. However, the
continued use of functional bioassays to understand mammalian
fertilization also appeared an antiquated and generally unsuccessful
means of approach. Of various more global and unbiased ap-
proaches, genetic screens for fertilization-defective mutations could
provide the strongest method. However, the implementation of a
saturation-mutagenesis screen in the mouse to search for such
mutations seems untenable at this point in time, given the number
of personnel and the costs associated with such a labor-intensive
screen, at least within individual laboratories. Among alternatives
are the use of proteomics, in silico subtraction, microarrays and
signal peptide trapping to identify candidate gene targets. Such
targets could then be mutated (disrupted) to determine whether
they are critical for fertilization.

A number of underlying basic assumptions would further reduce
the list of gene candidates to palatable numbers. First, it is a
reasonable assumption that sperm-specific gene products play an
important role in male germ cell function. Second, transcripts that
markedly increase in the haploid cell are more likely to play a
significant role in the fertilization process. Third, proteins found on
the cell surface of gametes are more likely to play a role in germ cell
interactions with their environment and thus in fertilization. The
use of the yeast-based signal peptide trap method (32) offers the
opportunity to produce spermatid (haploid cell)-enriched cDNA
libraries from which mRNA-encoded cell surface proteins can be

identified. Through the use of such libraries, we estimated that the
number of sperm-specific membrane proteins is �200 (1). This
seemingly large number of sperm-specific proteins led us to enlarge
our searches for sperm-specific transcripts through the use of
microarrays to examine testis expression profiles after subtraction
of Sertoli and interstitial cell culture transcripts.

Although tissues such as heart contain transcripts common to
many other tissues (33), a previous analysis of 49 tissues dem-
onstrated that testis contained more outliers than other tissues,
supportive of a conclusion that testis might contain a higher
number of cell-specific transcripts than found in most other
tissues (34). Olfactory tissue, like testis, also contains a large
number of specifically expressed transcripts, in this case a large
family of odorant receptors, where it has been suggested there
are �1,500 such receptors in the mouse (35).

Our analysis indicates that a rather staggering number of germ
cell-specific genes exist as possibly important participants in fertil-
ization. These genes are potential targets for male-directed con-
traception and are candidates to explain many cases of male
infertility. On the basis of the genes already disrupted, the inhibition
of many of these genes seems likely to lead to male infertility.
Because the genes are seemingly expressed exclusively in germ cells,
inhibitory drugs would be expected to have few side effects. That
a vast majority of germ cell-specific transcripts are expressed only
late in development (during or after meiosis) also suggests that most
of these protein products are likely present in mature spermatozoa.
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