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ABSTRACT: Complementary DNA microarray and quantitative
polymerase chain reaction were used as tools for discovering genes
that are differentially expressed in the mouse under normal physio-
logical conditions at distinctive stages of male germ cell develop-
ment, that is, type A spermatogonia, pachytene spermatocytes, and
round spermatids. By using this strategy, we identified a set of genes
exhibiting differential expression patterns in spermatogenesis, sug-
gesting that specific functions of the encoded products occurred dur-
ing the developmental process. Among them were several genes

previously not known to be active in testis, which signified undis-
covered functional roles of these genes during spermatogenesis.
Many of the genes identified were not previously characterized. This
study highlights new targets for manipulation to unravel the molec-
ular mechanism of spermatogenesis.
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ermatogenesis is a tightly regulated developmental
grocess of male germ cells. Type A spermatogonial
stem cells undergo mitosis for either self-renewal or dif-
ferentiation into later-stage spermatogonia that gradually
become pachytene spermatocytes (PcSc) (Dym, 1994).
PcSc undergo 2 meiotic divisions to give rise to haploid
round spermatids (RdSd), which eventually transform into
spermatozoa. The drastic change in cell morphology dur-
ing germ cell differentiation and migration in seminifer-
ous tubules suggests the presence of a highly organized
network of genes, the expression of which is tightly reg-
ulated during different stages of spermatogenesis. Little
is known about the molecular mechanism of this process,
as signified by the presence of less than 5000 Unigene
clusters assigned to male mouse germ cells, with only one
half of them representing known genes (National Center
for Biotechnology Information [NCBI] Mouse Unigene
Cluster Build 118). This number of genes is significantly
smaller than that estimated for a single cell population
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(Zhang et al, 1997). Recent studies have attempted to de-
lineate the genes involved in spermatogenesis (Wang et
a, 2001; Fujii et a, 2002; Sha et al, 2002; Tanaka et al,
2002; Anway et al, 2003). However, no investigations
have comprehensively compared changes in gene expres-
sion patterns at different stages of spermatogenesis. We
examined the gene expression profiles of 3 distinctive
stages of germ cell development in the mouse, viz. type
A spermatogonia (SgA), PcSc, and RdSd, by using com-
plementary DNA (cDNA) microarray as well as quanti-
tative polymerase chain reaction (QPCR), and identified
a set of genes exhibiting differential expression patterns
in spermatogenesis.

Materials and Methods

Germ Cell isolation and RNA Preparation

Protocols for the use of mice were approved by the Georgetown
University Animal Care and Use Committee. Germ cells were
isolated by the STAPUT procedure (Dym et al, 1995). Six-day-
old BALB/c mouse testes were used for isolation of SgA. For
PcSc and RdSd isolation, testes from 60-day-old animals were
used. Purity of germ cells was routinely higher than 95% for
SgA and higher than 90% for PcSc and RdSd. Total RNA was
extracted from the isolated germ cells by using Trizol reagent
(Invitrogen, Gaithersburg, Md) and cleaned up with RNeasy
minicolumns (Qiagen, Valencia, Calif). RNA integrity was mon-
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itored by denaturing agarose gel electrophoresis. RNA content
was determined by measurement of optical density at 260 nm
(OD.g). Only RNA samples showing a OD .5, ratio higher
than 1.8 were used for microarray hybridization and QPCR.

Hybridization of cDNA Microarray and Data Analysis

Radiolabeled cDNA probes were prepared from each type of
germ cell by reverse-transcribing 1 g of total RNA in the pres-
ence of oligo-deoxythymidine primers and 10 pL of [a-
3P]deoxycytidine triphosphate (10 mCi/mL, 3000 Ci/mmol,
Amersham Pharmacia, Piscataway, NJ). Mouse GeneFilters mi-
croarrays (GF400, Release |) containing 5184 mouse sequence-
verified cDNA elements, each of them comprising of a ~1-kb
fragment from the 3' end of the corresponding gene, were pur-
chased from Research Genetics (Huntsville, Ala). Microarray hy-
bridizations were performed according to manufacturer’sinstruc-
tion. Two microarrays were hybridized with probes generated
from 2 separate preparations of germ cells of each stage. Two
extra microarrays were hybridized in the same way with probes
from a reference cell line C418. After washing, the hybridized
microarrays were exposed to a phosphor screen for 5 hours and
scanned for signals with a Storm 840 scanner (Molecular Dy-
namics, Piscataway, NJ) at a resolution of 50 pm. Images were
analyzed by IPLab/ArraySuite v2.0 (NGHRI/NIH) as described
previously (Su et a, 2000). In the preliminary selection, only
genes giving signal intensities less than 2-fold variation between
duplicate experiments were considered to be expressed in that
particular cell type. The expression level of selected genes was
compared to that of C418 cells to obtain a reference ratio to
eliminate experimental variation. The genes were required to ex-
hibit comparable changes in signal ratio in the duplicate exper-
iments. Genes showing 2-fold or greater differencein signal ratio
in any 2 stages were considered to be differentially expressing.
Gene identities and GenBank accession identifications were extract-
ed from the mouse GeneFilters database (version gf400a; available
at ftp://ftp.resgen.com/pub/genefilters/gf400afinal -data.070300.txt).
Unigene assignment of selected genes was finalized based on
Mouse Unigene cluster Build #118 (December 4, 2002) from
NCBI. Biological functions of gene products were queried
against LocusLink of NCBI (http://www.ncbi.nlm.nih.gov/
LocusLink), Mouse Genome Informatics of the Jackson Labo-
ratory (http://www.informatics.jax.org), and GeneCards of the
Weizmann Institute of Science (http://bioinfo.weizmann.ac.il/).

Quantitative Polymerase Chain Reaction

Equal amounts of total RNA from different stages of germ cells
were reverse transcribed to prepare the first-strand cDNA sam-
ples for QPCR analyses. Gene-specific primers (Table 1) were
designed by Primer Express Version 2.0 (Applied Biosystems,
Foster City, Calif) according to the sequence information pro-
vided for the cDNAs on the microarray. QPCR was carried out
with the 7900 HTS Sequence Detection System (Applied Bio-
systems) and SYBR Green | chemistry according to manufac-
turer's instruction. To compare the expression level of each gene
among the different cell types, a standard curve was first gen-
erated by plotting the threshold cycle (C;) values of a series of
fixed amount of RdSd cDNAs (arbitrarily assigned 0.1X, 1X,
and 10X) against these amounts of cDNAs. The C; values for a
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gene in SgA or PcSc were fitted onto the standard curve to
obtain the respective expression levels. A smaller C; value in-
dicates a higher expression level, and vice versa. Genes show-
ing C; values of 40 or higher were considered to be nonex-
pressing. The abundance of 18S rRNA in each cell type aso
was monitored and the gene expression levels were normalized
to that of 18S rRNA. Genes showing 2-fold or greater differ-
ence in expression level in any 2 stages were considered to be
differentially expressing.

Results and Discussion

Highly purified germ cells were used to prepare radiola-
beled cDNA probes for microarray hybridization. For
SgA, 190 unique Unigene clusters were identified to give
consistent signals from 2 independent hybridization ex-
periments. Among the 30 genes showing the strongest
signals, two thirds (20) were expressed sequence tags
(ESTs) (Table 2). For PcSc and RdSd, 272 and 245 unique
Unigene clusters were recognized, respectively. The num-
ber of ESTs among the most abundant genes is 15 of 30
for PcSc (Table 3) and 14 of 30 for RdSd (Table 4). The
high proportion of ESTs identified reflects the small num-
ber of characterized genes in male germ cells.

Based on the microarray signals, 79 differentialy ex-
pressing genes (including known genes, uncharacterized
transcripts, and ESTs) were identified, which exhibited 11
expression patterns as a function of the 3 stages of sper-
matogenesis (Table 5). The expression patterns of all 79
genes were verified by QPCR. When verifying gene ex-
pressions in PcSc and RdSd, only 37 genes (47%) were
found to demonstrate concordant changes in expression
between the microarray and QPCR experiments. Among
them, 20 genes showed a 2-fold or greater difference in
expression level between PcSc and RdSd. The expression
levels of these genes, plus several known genes showing
concordant change in expression but with less than a 2-
fold difference in QPCR, in SgA, were examined. Ac-
cording to our selection scheme, atotal of 23 genes were
confirmed to be differentially expressed in the 3 stages of
germ cells, with one half of them (12) representing known
genes and the remaining 11 genes being ESTs or unchar-
acterized transcripts (Table 6). The high percentage of
ESTs and uncharacterized transcripts identified corrobo-
rates the fact that little is known about gene expression
in germ cells.

We speculate the transition of cells throughout sper-
matogenesis to be the result of a programmed change in
gene expression at different stages of differentiation. Up-
regulation of a gene at a particular stage would suggest
requirement at that period of the gene expression, as well
as the inverse corollary. A comparison of the expression
patterns at different stages should provide insight into the
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potential roles these genes would play during spermato-
genesis. The expression of the 23 genes could be clus-
tered into 5 changing patterns (group | through V; Figure).
Group | genes (n = 7) displayed very low or no expres-
sion in SgA, a gradual increase in PcSc, and a maximal
increase in RASd. These genes may be specific for meiotic
or postmeiotic functions or cellular activities in a more
differentiated state. Four of the genes in this group are
known genes, and the remaining 3 are ESTs and a gene
encoding a hypothetical protein (Table 6). In the mouse,
glucokinase (glycerol kinase) activity-related sequence 1
(Gk-rsl) is an autosomal intronless retrotransposed ele-
ment from the X-linked glycerol kinase and expressed
only in the testis (Pan et al, 1999). Nothing is known
about its biological function because it lacks glycerol ki-
nase activity. From our data, the total absence in SgA
suggests that Gk-rsl is involved in activities of postmi-
totic germ cells. Within this group there is a novel gene
Smafl that has uncharacterized biological function.

Two immunocyte-specific genes, nhamely complement
receptor 2 (Cr2/CD21) and T-cell receptor CD3 eta pre-
cursor (CD37), also were identified. Cr2 is a receptor for
C3d,g complement fragment-tagged immune complexes.
The receptor is expressed mainly on follicular dendritic
and B cell surfaces and was found to enhance B-cell ac-
tivation and differentiation by lowering the signal thresh-
old for activation (Prechl and Erdei, 2000). CD3n is one
of the noncovalently associated subunits of the T-cell re-
ceptor (TCR) complexes. It has been shown to participate
in the assembly and cell surface expression of TCR com-
plexes and transduction of signal from TCR that leads to
intrathymic T-cell differentiation (Bauer et a, 1991; Mal-
issen et al, 1993). Because cross-contamination by B or
T cellsis very unlikely in our germ cell isolation proce-
dure, the expression of Cr2 and CD37 in male germ cells
strongly suggests their involvement in spermatogenesis
and the immunocyte-specific expression is the result of
exclusion of testis tissues in previous studies. As both
gene products were expressed on cell surface and in-
volved in signaling processes, we speculate a similar
mode of action for Cr2 and CD3v in germ cells by reg-
ulating or transducing signals for cellular differentiation
from the extracellular environment.

Group Il genes (n = 8) expressed at a lower level in
SgA; after reaching a maximum in PcSc, the expression
level declined in RdSd. Such expression pattern implies
that the gene activities are more important to meiotic
germ cells, as the expression level dropped beyond this
stage, possibly involved in meiosis or the maintenance of
the tetraploid state. Three known genes are in this group.

Mitochondrial elongation factor G (Gfm) catalyzes the
A-to-P site trandocation of peptidyl-tRNA after peptide
bond formation in protein biosynthesis (Gao et al, 2001).
Its preferential expression in PcSc suggests a more de-

Reverse Primer
gagacct at ggaggact act gggt ¢
ccat gt atacct cagattggtccttac
cactgttactctggctggtcttga
aaagtgggtttccatctcacatg

tctgtttcgaagetgetgte
caagagat cccagaaccat t gc
act gttggtttcaaggagectc
aact t cccacagacaccat gg

t gt agt gct t t gaaagagagt ggg

cgggaacttgttttctccage

Forward Primer
cagtct gt act cct t gagct gcc
aacctt gaggacaaacat t aaaggc
tgcagttttcatgcatcatcac
ttcctagttctttgtgaacctacctg
tggattgttacacttccttaaaggc
ccacct ttaggaggt ggt at gc
at aagaacagcacacaat ccagagc
ggacagt cct ccat ccact gag

act agcaccat agcccagceg
gacggacccggagggat at a

Gene Description
EST weakly similar to T50638 human synaptic glycoprotein

SC2 (imported)

EST
EST weakly similar to rat O-GIcNAc transferase p110 subunit

EST weakly similar to T08696 human hypothetical protein
EST

DKFZp564A043.1 (fragment)

Vascular Rab-GAP/TBC-containing; BUB2-like protein 1
EST

EST weakly similar to rat Ubiquitin-specific protease 2
RIKEN cDNA 1110051B16

EST

Unigene ID
Mm.31862
Mm.31742
Mm.104771
Mm.129498
Mm.32360
Mm.179409
No Unigene ID
Mm.23498
Mm.29310
Mm.231899

* EST indicates expressed sequence tag.

Table 1. Continued

GenBank
1D
Al447538
Al452049
Al427661
Al428089
Al450803
Al413123
Al426683
Al428924
Al428846
Al448817
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Table 2. List of top 30 genes identified in type A spermatogonia. Raw signal data from the duplicate microarray hybridizations are shown

First Second
Experiment  Experiment GenBank ID Gene Description
819.9288 1621.9736 Al464583  ESTs,* weakly similar to podocalyxin (Rattus norvegicus)
661.26186 1297.5354 Al325463  ESTSs, highly similar to NADH-ubiquinone oxidoreductase PDSW subunit (Bos taurus)
345.88605 675.84675  Al413169  Ferritin heavy chain
873.81201 1692.67821  AI327250  ESTs, highly similar to fibrinogen beta chain precursor (Homo sapiens)
277.89312 537.14944  AI327126  ESTs, moderately similar to probable peptidyl-prolyl cis-trans isomerase C21E11.05C (Schi-
zosaccharomyces pombe)
436.89368 836.5056 Al324036  ESTs, highly similar to alpha-1-antiproteinase f precursor (Oryctolagus cuniculus)
355.12456 679.59642  AI327195  ESTs, highly similar to hypothetical 66.5-kd protein in ADE12-RAP1 intergenic region (Sac-
charomyces cerevisiae)
352.29766 670.39518  AI573377  Peroxisomal membrane protein 3, 35 kDa
637.33303 1210.04042  Al449200 ESTSs, weakly similar to survival motor neuron protein 1 (Mus musculus)
447.06816 836.14464  Al448856  ESTs, weakly similar to (defline not available 5931573) (M. musculus)
761.8534 1404.02724  Al448901  ESTs, highly similar to KIAAQ738 protein (H. sapiens)
567.6756 1020.81784  Al662203  ESTs, moderately similar to phosphatidylinositol (H. sapiens)
428.0736 760.64936  Al427137  Proteasome (prosome, macropain) 26S subunit, non-ATPase, 13
585.09297 1036.85184  Al427147  DNA segment, Chr 18, Wayne State University 70, expressed
320.90373 568.12147  Al449974  ESTs, highly similar to KIAAO476 protein (H. sapiens)
714.64624 1264.79684  AI327236  Mus musculus myotubularin related protein 7 mRNA, partial cds
509.81061 902.09591  AI326004 ESTs, highly similar to T-cell surface protein tactile precursor (H. sapiens)
1076.80761 1891.41795 AI385678  Even skipped homeotic gene 2 homolog
494.2896 857.092 Al429293  ESTs, highly similar to ubiquitin-conjugating enzyme E2-21 kd UBCH6 (M. musculus)
472.2036 790.38504  Al415195  Demethylarginine dimethylaminohydrolase 2
439.25025 716.17032  AI662233  Ring finger protein 9
494.60676 800.15812  Al447686  ESTs, weakly similar to zinc finger protein ZFP-37 (M. musculus)
366.6106 581.8431 Al661959  ESTs, weakly similar to DNA-binding protein (M. musculus)
336.85208 533.94272  Al426508  ESTs, highly similar to cytochrome P450 L1 (S. cerevisiae)
621.63515 92497285  AI325930  ESTs, highly similar to cell division control protein 23 (S. cerevisiae)
409.51328 586.37425  Al414965  Glutamine synthetase
486.34593 675.37809  Al451489  ESTs, highly similar to KIAA0652 protein (H. sapiens)
399.81781 533.37109  Al449154  Phosphatase and tensin homolog
734.0025 951.95265  Al414785  ESTs, weakly similar to DAP-kinase related protein 1 (M. musculus)
421.85715 546.7 Al413310  ESTs, weakly similar to type VI collagen alpha 3 subunit (M. musculus)

* EST indicates expressed sequence tag.

manding need of the germ cell for protein synthesis at
this stage, presumably to support cellular events at the
tetraploid state or the 2 rounds of meiosis.

Regulator of G-protein signaling 2 (Rgs2) belongs to a
family of proteins that regulate G-protein signaling by
accelerating hydrolysis of guanosine triphosphate bound
to activated Ga subunits, thus limiting the duration of
signaling (Kehrl and Sinnargjah, 2002). Rgs2 also was
involved in cellular differentiation (Imagawa et al, 1999).
Specificaly it was up-regulated during early stages of dif-
ferentiation but down-regulated thereafter. We did not ob-
serve a concordant expression pattern of Rgs2 in germ
cells; this may be attributed to the difference in cellular
contexts. The increased expression of Rgs2 in PcSc sug-
gests the occurrence of more active transmembrane sig-
naling events during this stage.

The large conductance calcium-activated potassium
channel (BK or MaxiK) is amember of the Shaker-related
6 transmembrane domain potassium channel family that
is activated by voltage and calcium. BK channel is com-
posed of a pore-forming « subunit and a modulatory

transmembrane 8 subunit. The tissue specificity of 8 sub-
units confers different physiological properties to the
channels, for example, B4 subunit (encoded by
KCNMB4), which is highly expressed in brain and testis,
could enhance the opening of BK channel at high [Ca?*]
(Brenner et al, 2000). Despite the o subunit gene being
absent on the microarray, the detection of Kcnmb4 in
germ cells indicates the presence of functional « and 4
BK channels. In fact, both a- and B4-subunits were found
to be active in human testes (Behrens et al, 2000; Brenner
et al, 2000). The augmented expression of Kcnmb4 in
PcSc suggests more active modulation of the BK channel
during this stage. In neurons, BK channels were associ-
ated with calcium channels (Marrion and Tavalin, 1998).
We postulate in male germ cells, the Ca2* influx resulting
from signaling events would activate BK channels to
open to allow entry of K+ that triggers downstream bio-
chemical responses. Interestingly, heterologously ex-
pressed a and 34 BK channels could be activated by 17p3-
estradiol (Behrens et al, 2000). This finding suggests that
sex steroids may act on « and 4 BK channels in germ
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Table 3. List of top 30 genes identified in pachytene spermatocytes. Raw signal data from the duplicate microarray hybridizations are

shown
First Second

Experiment  Experiment GenBank ID Gene Description
439.91906 564.09682  Al451433  ATP-binding cassette, sub-family A (ABC1), member 2
392.2892 497.1226 Al415313  Calcium channel beta 3 subunit
370.0781 455.90226  Al666534  CD4 antigen
403.722 496.2672 Al451039  ESTSs,* highly similar to mitochondrial 60S ribosomal protein L3 (Rattus norvegicus)
407.12595 499.91667  Al448900  Potassium inwardly rectifying channel, subfamily J, member 8
548.37475 655.88908  Al448901  ESTs, highly similar to KIAAO738 protein (Homo sapiens)
488.02971 571.36558  Al415629  Calumenin
404.1804 460.7616 Al413758  Potassium channel, subfamily K, member 1
509.70815 566.69305 AI324156  ESTSs, highly similar to NPL4 protein (Saccharomyces cerevisiae)
539.11363 593.47948  AI323810  Nucleophosmin 1
467.3853 514.35498  AI324267 Deiodinase, iodothyronine, type Il
438.3236 480.55384  AI324113  Noncatalytic region of tyrosine kinase adaptor protein 2
632.1731 688.72336  Al666635  Gene trap locus 3
425.58195 463.34723  Al427864  ESTSs, highly similar to transcription factor-like 5 (H. sapiens)
451.24736 482.5746 Al448065  Aryl-hydrocarbon receptor-interacting protein
454.073 485.0515 Al413710  ESTs, weakly similar to ZnT4 (Mus musculus)
766.26333 814.74408  AI385678  Even skipped homeotic gene 2 homolog
506.85768 537.67098  AI325463  ESTSs, highly similar to NADH-ubiquinone oxidoreductase PDSW subunit (Bos taurus)
582.1242 611.6328 Al464583  ESTs, weakly similar to podocalyxin (R. norvegicus)
452.0926 472.80295 AI661337  ESTs, weakly similar to retinoblastoma-associated protein HEC (H. sapiens)
461.08251 476.91683  AI325930  ESTs, highly similar to cell division control protein 23 (S. cerevisiae)
572.85956 590.77785  AIl465327  ESTs, moderately similar to hypothetical protein (H. sapiens)
643.05081 661.36608  AI327250 ESTs, highly similar to fibrinogen beta chain precursor (H. sapiens)
444.10926 45475855  Al413153  ESTs, weakly similar to C11H1.7 (Caenorhabditis elegans)
458.79372 460.50444  AI430998 Vav2 oncongene
460.04493 461.18492  Al449200 ESTs, weakly similar to survival motor neuron protein 1 (M. musculus)
535.31302 526.88674  AI327236  Mus musculus myotubularin related protein 7 mRNA, partial cds
509.91435 458.15055 Al414785  ESTs, weakly similar to DAP-kinase related protein 1 (M. musculus)
597.42995 518.11004  Al449123  ESTs, moderately similar to tumor suppressor (H. sapiens)
690.6384 548.1351 Al666733  Calcium/calmodulin-dependent protein kinase 1V

* EST indicates expressed sequence tag.

cells. It would be tempting to investigate the interplay
between sex steroids and o and B4 BK channels in mod-
ulating germ cell physiology in vivo.

The expression level of group Il genes (n = 2) was
maintained in SgA and PcSc but dropped in RdSd, sug-
gesting the encoded functions were less essential to the
postmeiotic germ cells. Only 1 known gene is present in
this group. Trim10 (also known as Herfl) was reported
to be involved in erythroid differentiation (Harada et al,
1999). The higher expression of Trim10 in SgA and PcSc
suggests its involvement in differentiation in the earlier
stages of spermatogenesis. Similar to Cr2 and CD3n,
Trim10 was previously not known to be active in testis.

Group 1V genes (n = 5) had the highest expression
level in SgA, the lowest in PcSc, and more elevated in
RdSd, but less than in SgA. These genes are likely to
mediate functions specific to spermatogonia. The up-reg-
ulation in RASd may reflect the requirement of the gene
products at this stage (eg, for subsequent sperm matura-
tion) or result from relaxation of restraints imposed by X-
chromosome inactivation process (McCarrey et a, 2002).

Four known genes and 1 uncharacterized transcript arein
this group.

Cartilage-associated protein (Crtap) was first identified
to exhibit a developmentally regulated expression pattern
in chick chondrocytes (Castagnola et al, 1997). Crtap was
implied to function in the differentiation process, because
its expression was up-regulated when chondrocytes dif-
ferentiated. Examination of our data demonstrated a sim-
ilar expression pattern of Crtap, in which the more dif-
ferentiated RASd showed a higher expression than PcSc.
However, the less differentiated SgA showed the highest
expression level. This observation suggests an alternate
function for Crtap in SgA or Crtap may play a totally
different role in germ cells than in chick chondrocytes.
Because little is known about Crtap, the significance of
this gene in germ cell development will be revealed by
direct manipulation of its expression.

Prolyl oligopeptidase (Pop) is a widely distributed ser-
ine endopeptidase catalyzing the hydrolysis of the car-
boxyl side of proline residues in peptides. Pop was found
to involve in peptide hormone maturation and degrada-



906

Journal of Andrology - November/December 2003

Table 4. List of top 30 genes identified in RASd. Raw signal data from the duplicate microarray hybridizations are shown

First Second

Experiment  Experiment GenBank ID Gene Description

641.50305 766.96656  Al413324 ESTs,* moderately similar to HHO712 cDNA clone for KIAA0442 has a 574-bp insertion at
position 1474

552.27326  511.73815  Al448901  ESTs, highly similar to KIAAO738 protein (Homo sapiens)

577.02315 502.75335  Al414785 ESTs, weakly similar to DAP-kinase—related protein 1 (Mus musculus)

580.65013 497.9895 Al415629  Calumenin

667.86324 565.42095  AI327250  ESTs, highly similar to fibrinogen beta chain precursor (H. sapiens)

676.96453 565.5837 Al413315 Glutamine synthetase

859.9482 716.77953  Al385678 Even skipped homeotic gene 2 homolog

571.5958 473.80374  Al449164 Immunoglobulin-associated beta

604.773 474.201 Al450790 ESTs, highly similar to hypothetical 36.7-kd protein AH6.2 in chromosome Il (Caenorhab-
ditis elegans)

582.53664 447.0034 Al449362 ESTs, weakly similar to testis-specific protein A (Rattus norvegicus)

647.35812 491.47194  AI327236 Mus musculus myotubularin-related protein 7 mRNA, partial cds

590.77785 443.66387  Al465327 ESTs, moderately similar to hypothetical protein (H. sapiens)

649.8204 483.1836 Al464583 ESTs, weakly similar to podocalyxin (R. norvegicus)

631.00937 464.61794  AI325160 MARCKS-like protein

596.44431 436.49766  Al666733 Calcium/calmodulin—dependent protein kinase IV

671.15772 486.66149 Al428004 DNA segment, Chr 9, University of California at Los Angeles 2

645.23664 467.5776 Al893883 Cardiotrophin 1

825.2827 590.39695  Al413310 ESTs, weakly similar to type VI collage alpha 3 subunit (M. musculus)

653.23197 462.7485 Al427478 ESTs, highly similar to diphosphomevalonate decarboxylase (R. norvegicus)

642.19656 453.73482  AI385562 Cytochrome P450, 2b9, phenobarbital inducible, type a

659.72767 456.73985  AI323314 Neuropeptide nociceptin 1

639.6042 441.10254  AI894225 ESTSs, highly similar to drebrins E1 and E2 (Gallus gallus)

656.49264 441.85944  AI528643  Adaptor-related protein complex AP-1, mu subunit 1

755.43444 501.06412  Al894196 ESTs, weakly similar to ubiquitin carboxyl-terminal hydrolase 13 (Saccharomyces cerevi-
siae)

853.24248 561.93552  Al413305 ESTs, highly similar to neural F box protein NFB42 (R. norvegicus)

680.79528 443.75364  Al430998  Vav2 oncogene

696.9402 447.9948 Al894211 Otoconin 90

723.36218 459.1604 Al323310 Fos-like antigen 2

695.79203 433.60411  Al414297 Phosphodiesterase 6D, cGMP-specific, rod, delta

862.92892 485.37042 Al451489 ESTs, highly similar to KIAA0652 protein (H. sapiens)

* EST indicates expressed sequence tag.

tion, cellular differentiation (Kimura et a, 1999), and re-
cently meiosis of spermatocytes and differentiation of
spermatids in mice (Kimura et al, 2002). In the latter
study, Pop showed the highest expression level in 2-
week-old mouse testes that contained differentiated cell
species from SgA to PcSc; the expression decreased suc-
cessively until 8 weeks of age when al stages of sper-
matogenesis were present. In situ hybridization revealed
Pop mRNA in al germ cells in 2-week-old testes, but
only in RdSd in 8-week-old testes. Because the PcSc and
RdSd used in our study were isolated from animals at a
similar age (60 days) as in study of Kimura et al (2002)
(8 weeks), we expected a similar result. Indeed, we ob-
served a higher expression of Pop in RdSd. In contrast,
we did not see atotal absence of Pop expression in PcSc.
We also found that SgA displayed the highest level of
Pop expression, which was not addressed by Kimura et
a (2002). Thus, rather than being involved in meiosis, we
believe Pop plays a more important role in SgA mitotic
functions.

Among the genes in this group are two X-linked genes,
namely B-cell receptor—associated protein 31 (Bap31) and
centrin 2 (Cetn2). Bap31 associates with membrane im-
munoglobulin D on mature B cells and is highly enriched
in endoplasmic reticulum (Ng et al, 1997). It also regu-
lates apoptosis by processing procaspase-8L to modulate
caspase activation (Breckenridge et al, 2002). In fact,
Bap3l is a preferred substrate of caspase-8, and its cleav-
age product p20 contributes directly to apoptosis pro-
gression (Nguyen et al, 2000). Cetn2 is a centriole protein
within the centrosome. In addition to its involvement in
cytokinesis and cell cycle progression, Cetn2 is essentia
to centriole duplication and the proper progression of mi-
tosis; its loss leads to aberrant mitosis and cell death (Sal-
isbury et al, 2002). Both genes were preferentially ex-
pressed in SgA, suggestive of arole for Bap31 and Cetn2
in regulating spermatogonial apoptosis and proper main-
tenance of mitosis, respectively. As germ cells differen-
tiate, the expression of Bap3l and Cetn2 dropped dra-
matically in PcSc, a phenomenon attributable to X-chro-
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Table 5. List of 79 genes showing differential expression pattern in microarray analyses. Red color denotes a higher gene expression level
in the respective type of germ cells than in reference cells, whereas green color shows the opposite phenomenon

PcSc RdSd| GenBank ID | Unigene ID | Gene Description
Al445312 Mm.34012 |ET weakly similar to 1C1254 Ubiguitin—protein ligase (EC 6.3.2.19) E1
AI323755 Mm.196666 |Hydroxystercid 17-beta dehyd 5

Al413324 Mm.37850 |EST weakly similar to T42761 rat Bassoon protein
Al449324 Mm.32145  |EST

Al465389 Mm.200636 |EST weakly similar to Myosin heavy chain, nonmuscle type B
Al450088 Mm.30519 |EST weakly similar to Zinc Finger Protein 111

Al414337 Mm.22902  |Myosin VIIb

Al447686 Mm.2BBB0  |EST weakly similar to A29942 developmental control protein Krox-4 fragment
Al449015 Mm.206218 |EST weakly similar to Histone Deacetylase 2

Al662233 Mm.20159  [Tripartite motif protein 10 (Ring finger protein 9)
AI465387 Mm.B7130 |EST weakly similar to A. thalians expressed protein At1g58350.1
AL464359 Mm.28383 |EST highly similar to human Downregulated in ovarian cancer 1
Al451664 Mm.17962 [EST

Al426564 | No Unigene ID |EST

Al447998 Mm.31947 |EST

Al448719 Mm.210529 |EST highly similar to human Nucleoprotein TPR
Al447526 Mm.195552 |Potassium large conductance calcium-activated channel, subfamily M, beta member 4
Al426019 Mm.9935 EST

Al414204 Mm.21406 [EST highly similar to human Serologically defined colon cancer antigen 3

Al447598 Mm.21284 |EST weakly similar to PHD finger protein 1 (T-complex testis-expressed 3)

Al448283 Mm.219636 |EST weakly similar T01437 human Hypothetical protein R34001_1

Al415236 Mm.23054  |EST weakly similar to Platelet-activating factor acetylhydrolase 1B alpha subunit
Al415362 Mm.4532  |EST highly similar to T12543 human Hypothetical protein DKFZp434M154.1 (fragment)
Al415719 Mm.227209 |Small EDRK-rich factor 2

AI326150 Mm.24643  |Centrin 2

Al429699 Mm.12393  |Down-regulated by Ctnnbl, a

Al323595 Mm.17 B-cell receptor-associated protein 31

Al448833 Mm.181446 |EST highly similar to Alpha-amylase, salivary and hepatic precursor

AI326026 Mm.6775  |Omithine decarboxylase antizyme inhibitor

Al448820 Mm.20904 |Cartilage-associated protein

Al415364 Mm.36746 |Transducin beta-like 2 protein

Al413759 Mm.22826 |EST weakly similar to B56708 human Extracellular signal-regulated kinase 5

Al426199 Mm.30222  |Stromal cell-derived factor 2-like 1

Al415354 Mm.156164 |EST weakly similar to B24264 Proline-rich protein MP3 (fragment)

Al415728 Mm.209228 |EST moderately similar to human N-Acetylgluc ine-1-phosphodiester alpha-N-acetylgluc inid
Al414519 Mm.27260 |EST moderately similar to NEDD-4

Al450350 Mm.138544 |EST moderately similar to human HTGN29 protein

Al448386 Mm.27288 |G elongation factor

Al414503 Mm.27281  |EST weakly similar to 156134 human Tumor necrosis factor alpha-induced protein 2
Al413624 Mm.28800 |SMAFL

Al429624 Mm.28326 |EST

AT429630 Mm.19077 |EST weakly similar to rat rhoB gene

Al428344 Mm.23423  |EST weakdy similar to Zinc finger protein 238

Al448650 Mm.142843 |Hyptothetical protein MNCb-2040

AI451014 Mm.24056 |EST weakly similar to 149636 DNA-binding protein

Al449806 Mm.32242  |Glucokinase activity, related sequence 1

Al445427 Mm.223650 |EST

Al464441 Mm.28262 |Regulator of G-protein signaling 2

Al449017 Mm.46613  |EST highly similar to Serine/t ine protein phospt 27, 56 kDa regulatory subunit, epsilon isoform
Al451901 Mm.1226  |Complement receptor 2

Al42B575 Mm.23465 |EST moderately similar to 512207 Hypothetical protein (B2 element)

AI385732 Mm.30155  |H+-transporting ATPase (EC 3.6.1.35), vacuolar, 16K chain

AI327406 Mm.29652 |Glutathione-S-transferase zeta 1

Al451005 Mm.30595 |EST

AI426001 Mm.24669 |EST

Al448691 Mm.32059  |EST

Al451316 Mm.32451  |EST

Al429824 Mm.1224 T-cell receptor CD3 eta chain precursor

Al413790 Mm.22848  |EST

Al451034 Mm.34052 |EST weakly similar to human Hypothetical protein FLI20721

AI325471 Mm.30074 |Oxoglutarate dehy (li i

Al429335 Mm.6735  |Prolyl endopeptidase

Al666408 Mm.33584  |EST highly similar to X transporter protein 3

Al450996 | No Unigene ID |EST

AI323829 Mm.21758  |Cytochrome P450, 2el, ethanol inducible

Al451700 Mm.32519 [EST

Al324053 Mm.18843  |Transglutaminase 2, C polypeptide

AlB61959 Mm.155813 |EST moderately similar to 149636 DNA-binding protein

Al449518 Mm.44123  |Differentially expressad in FOCP 8

Al447538 Mm.31862 |EST

AT452049 Mm.31742  |EST weakly similar to rat Ubiquitin specific protease 2

Al427661 Mm.104771 |Vascular Rab-GAP/TBC-containing; BUB2-like protein 1

Al428089 Mm.129498 |EST weakly similar to T50638 human Synaptic glycopratein SC2 (imported)

Al450803 Mm.32360  |EST

Al413123 Mm.179409 |EST weakly similar to TOB696 human Hypothetical protein DKFZp564A043.1 (fragment)
Al426683 | No Unigene ID |EST

Al428924 Mm.23498 |RIKEN cDNA 1110051816

Al428846 Mm.29310 |EST weakly similar to rat O-GlcNAc transferase p110 subunit

Al448817 Mm.231899 |EST
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The expression patterns of the 23 differentially expressing genes in type A spermatogonia (SgA), pachytene spermatocytes (PcSc), and round
spermatids (RdSd). The fold differences in expression level of each gene at the 3 stages of germ cells were compared. The genes were classified

into group | through V (A through E, accordingly) as described in the text.

mosome inactivation. This functionally elusive inactiva-
tion process takes place in PcSc, which results in a
transient repression of gene transcription from the single
X chromosome in male germ cells (McCarrey et dl,
2002). The down-regulation of Cetn2 coincides with an
up-regulation of its autosomal retrotransposon Cetnl that
may compensate for its repression and allow completion
of meiosis (Hart et a, 1999). This mechanism implies an
indispensable role of the Cetn family in spermatogenesis.
To date no retrotransposon of Bap31 has been identified.
The repression likely reflects a cessation of the need for
apoptosis in PcSc. For some X-linked genes the inacti-
vation process persists beyond the pachytene stage, but
other X-linked genes would be reactivated in post-meiotic
RdSd, for example, Ubelx (Odorisio et a, 1996) and Pgk-
1 (Kumari et al, 1996), or activated for the first time at
this stage, for example, Mage (McCarrey et al, 2002).
From our data, both Bap31 and Cetn2 became reactivated
in postmeiotic RASd, indicating that their functions were
required in this stage.

Only 1 EST was classified into group V. The limited
sequence information made us unable to speculate on the
function of the encoded protein. This EST reached the
highest expression level in SgA but it dropped drastically
in PcSc and RdSd, implying that the translated product is
important to cellular activities in spermatogonia, possibly
related to mitosis, and is less important in the following
stages. The full characterization of the ESTs and unchar-
acterized transcripts identified in the 5 groups should per-
mit speculation about their roles in spermatogenesis.

A search of the GenBank cDNA database identified 7
of the 23 genes not known to be expressed in the testis
(Table 6). In addition to the discovery of novel testicular
transcripts, the identification of 3 known genes (Cr2,
CD3y, and Trim10) suggests a more genera biological
function of them in diverse cellular contexts than previ-

ously postulated. Of the known genes identified, a high
proportion are implicated to be functional in the process
of signaling (4 of 12) and cellular differentiation (3 of
12; Table 6), suggesting these as the major biological ac-
tivities in spermatogenesis. Nevertheless, the small num-
ber of genes identified limits the generality of this spec-
ulation. A more detailed study is required to elucidate the
biochemistry of male germ cells.

Extensive analysis of gene expression in germ cells is
limited by the small number of germ cells at earlier stages
of development and the availability of efficient germ cell
isolation method. Nevertheless, recent advances in mo-
lecular biotechnology have led to multiple studies of tes-
ticular gene expression on a larger scale, for example,
identification of novel genes at particular stages of sper-
matogenesis by differential display (Anway et al, 2003),
cDNA subtraction (Wang et a, 2001; Fujii et al, 2002),
and microarray analysis of testes in mutant animals en-
riched for specific types of germ cells (Tanaka et al,
2002). Gene profiling experiments were reported on the
spermatozoal MRNA profiles of healthy fertile men (Os-
termeier et al, 2002) and the pattern of testicular gene
expression in neonatal and mature animals (Sha et dl,
2002). However, the conclusions that may be drawn from
these experiments are limited to single stages of germ
cells only. We adopted the use of 3 different develop-
mental stages of germ cells isolated from mice to examine
the changes in gene expression patterns during spermato-
genesis. Although one may challenge the potential risk of
atering the properties, and consequently the gene expres-
sion, of germ cells upon isolation because the cells are
not maintained in their natural microenvironment, the use
of whole testes from animals of different ageswould yield
results that may be difficult to interpret because the iden-
tified transcripts can be contributed by a single or multiple
cell types. Also, one cannot eliminate the interference
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from other testicular somatic cells whose gene expression
patterns can be changing over time.

Just before submission of this manuscript, a report on
gene expression profiling of various stages of mouse germ
cells with a 1176 cDNA microarray was published (Yu
et al, 2003). In that report, radioactive signals of the genes
from one stage were compared with those of the neigh-
boring stage to identify differentially expressed genes.
From our experience and that of others (Piétu et al, 1996;
Eickhoff et al, 1999), radioactive signals generated from
membrane-based microarrays are not totally reliable be-
cause of various experimental variances. This isillustrat-
ed by the low level of concordance between the mem-
brane hybridization and QPCR results in this report. Con-
clusions based solely on radioactive signals are highly
prone to errors. In contrast, we used microarray analysis
as atool to screen for differentialy expressed genes. The
leads identified were confirmed by QPCR. Only genes
showing consistent changes in both experiments were
considered to be truly differentially expressed during
spermatogenesis. To our knowledge, our report is the
most comprehensive comparison of the changes in gene
expression patterns during spermatogenesis. In our study,
the transcriptomes of germ cells were partially character-
ized because of the incomplete representation of genes on
the microarray. A more detailed analysis by more pow-
erful tools such as SAGE is required to identify the mo-
lecular signature of male germ cells. We reported the dif-
ferential expression patterns of a set of genes and tran-
scripts at different stages of spermatogenesis. The specific
geneltranscript expression patterns strongly suggest spe-
cialized functions for the encoded products during male
germ cell development, and identify targets for manipu-
lation to unravel the molecular mechanism of spermato-
genesis.
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