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RNA in human sperm
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Abstract

We have yet to develop a fundamental understanding of the molecular complexities of human spermatozoa. This
encompasses the unique packaging and structure of the sperm genome along with their paternally derived RNAs in
preparation for their delivery to the egg. The diversity of these transcripts is vast, including several anti-sense mol-
ecules resembling known regulatory micro-RNAs. The field is still grasping with its delivery to the oocyte at fertiliza-
tion and possible significance. It remains tempting to analogize them to maternally-derived transcripts active in early
embryo patterning. Irrespective of their role in the embryo, their use as a means to assess male factor infertility is
promising. (Asian J Androl 2005 Jun; 7: 115-120)
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1    Introduction

Mature spermatozoa serve as a repository for infor-
mation regarding both genetic and environmental
influences. They seed some of the many forms of male
factor infertility. Within the past few decades, there has
been a decline in human male fertility [1–4]. The direct
causes of this reduction remain enigmatic and controversial,

but some work suggests that increased environmental
and systemic exposure to pesticides, herbicides, estro-
genic compounds, heavy metals and reactive oxygen
species [5–7] may play a causative role. Concurrent with
and perhaps contributory to the decrease in male fertility,
there has been a corresponding increase in the incidence
of testicular cancer and cryptorchidism [8, 9]. The medi-
cal costs associated with treating the rising number of
infertile men and men with a fertility-affecting pathology
is mounting. These theories remain speculative because
little is known about the genetic and molecular basis of
infertility.

Of the genes reported to correlate with male factor
infertility, most have been identified via non-systematic,
or limited surveys; the focus has been on specific genes
that were of interest to an individual investigator rather
than a genome-wide approach [10]. For example, single
nucleotide polymorphisms in one of the genes involved
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in repackaging the male haploid genome, prm2 [11] were
found in infertile males; one of which leads to a trun-
cated protein. Decreased levels of the estrogen receptor
[12] in spermatozoan nuclear matrices was also found
to occur in ideopathically infertile men. Studies using
animal models have pointed to a number of factors that
when deficient or inappropriately expressed, lead to in-
fertility [13–18]. Using a more comprehensive approach,
recent systematic analyses of the human Y chromosome
have identified a number of candidate genes for male
factor infertility. For example, deletions identified in the
non-recombining region of the Y chromosome lead to
spermatogenic failure [19, 20]. Other testis-specific de-
fects have been demonstrated in men with deletions of
the Y chromosome encompassing one or more genes [21].
Some of the genes in this region have since been deter-
mined to not have any clinical relevance with regard to
infertility [22], while other factors demonstrate a clear
relationship to an infertile phenotype.  It is reasonable to
assume that the majority of idiopathic male factor infer-
tilities are likely multifactorial disorders [23–26]. As shown
by the recent transcriptional profiling of the CREM knock
out mouse model [27] this is reflected by substantial
changes in the presence or absence of various multiple
members of the affected pathways. Determining exactly
how all of these genes are involved, however, remains
necessary.

2    RNA in sperm

It has long been held that the tightly packaged chro-
matin within mature spermatozoa is transcriptionally in-
ert [28]. Despite this, RNA was observed in the mature
sperm nucleus of Scolopendrium [29] and in rodents and
other species [28–33]. In situ hybridization from normal
fertile human ejaculate localized both beta-actin and prm2
mRNAs to the head region [34], suggesting that this RNA
was a unique sperm head component. Spermatozoa tran-
script complexity was first addressed by analyzing a se-
ries of randomly selected cDNA clones [35]. Sequence
comparison showed that 11 of the hybridizing cDNAs
were unique within the expressed sequence tag (ESTs)
and non-redundant databases whereas five showed no
similarity to any of the sequences in the database.
Additionally, one was a member of the SINE, i.e., short
interspersed repetitive element family, e.g. Alu and an-
other contained a CAn repetitive element comprised of a
repeating string of CA nucleotides. Together these stud-

ies independently confirmed that spermatozoa contain a
wealth of both known and unknown protein-encoding
and non-coding RNAs. The presence of this suite of RNAs
is intriguing when we consider that mature sperm have
little if any cytoplasm [36]. These methods of character-
ization proved a rather laborious means to profile the set
of transcripts present in the mature spermatozoa. Since
then, other large-scale strategies have been employed.

3    Molecular characterization of sperm transcripts

Characterizing the transcript complexity of the sper-
matozoan has been refined by the use of microarrays.
For example, using mRNA from both testes and ejacu-
late spermatozoa, a suite of cloned EST microarrays were
probed [37, 38]. Stringent precautions were employed
to avoid somatic cell contamination. This included two
sequential centrifugations through a 40:80 discontinuous
gradient of percoll followed by treatment with Triton-X
100 plus sodium dodecyl sulphate (SDS) to remove even
a hint of residual somatic cells. cDNA probes from the
pooled poly(A+) RNA fraction and the single total RNA
fraction were then hybridized to a series of six microarrays
containing 27 016 unique ESTs. All transcripts isolated
from human sperm were present in testes, but all testes
transcripts were not present in sperm. The pooled testes
probe hybridized to 26 % of the ESTs whereas the pooled
poly(A+) RNA fertile spermatozoa probe identified 12 %
of the ESTs. The total RNA spermatozoal probe from
the single fertile male ejaculate hybridized to 10 % of the
ESTs. The spermatozoal sequences comprised a discrete
subset of those identified with the testes probe. As ex-
pected the population of RNAs represented by the poly
(A+) RNA fraction was similar to that of the total RNA
fraction.

To assess variance, different preparations of sperm
RNA from different individuals have been compared.
Representative results are summarized in Figure 1. Sper-
matozoal RNAs were isolated and array specific labeled
probes were constructed. Each probe was then individu-
ally hybridized to an array spotted with 1.176 unique ESTs,
shown in panel A. Panels B and C demonstrate a greater
than 90 % concordance, between individuals, of both
positively hybridized ESTs (+ve: 132 of ~170 ESTs), as
well as with those ESTs that failed to hybridize (-ve: 938
or about ~1015 ESTs). This supports the notion that a
core set of invariant fertile transcripts will be identified.

Subsequent data analysis from these and other stud-
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ies has revealed that hydrolases, many of which are found
in the acrosome and DNA binding proteins, associated
with the extensive restructuring of the nucleus during
spermiogenesis [39] are among the largest protein-en-
coding groups identified. In comparison, when queried
by cellular component, the largest protein-encoding
groups were the plasma membrane, nucleus and
cytoplasm. A series of spermatozoal transcripts have been
identified that are concordant with mRNAs known to
participate in fertilization and embryonic development. A
comparison of this suite of sperm RNAs with those present
in human and mouse oocyte cDNA libraries revealed that
several sperm derived transcripts essential for early de-
velopment were not present in the oocyte. These encode
a series of proteins associated with fertilization (i.e., SP-
40, sulfated glycoprotein 2, calmegin and several heat
shock response products) that are important for embryo
development [40]. Their presence in human testes and
sperm and their absence in the unfertilized egg as as-
sessed by RT-PCR and the delivery of some of these
RNAs from the sperm to the egg upon fertilization has
been confirmed [41]. This has led to the obvious yet
unanswered question, do spermatozoal RNAs, encode
unique function(s) in the developing zygote and/or em-
bryo (Figure 2A)? Perhaps they help sustain viability of
the embryonic genome?

Of the ribonucleic species delivered to the oocyte at
fertilization, a large proportion of them are of low mo-
lecular weight and are shown to be in the anti-sense ori-
entation (Figure 2A) [42]. A total of 68 different siRNAs
have been identified in human spermatozoa (http://
compbio.med.wayne.edu/Sperm_RNAi.htm) of which 13
show significant similarity with those previously impli-
cated in RNA-mediated regulation [42]. Could these func-
tion in a manner similar to small interference RNAs
(siRNAs) like lin-4 and let-7? These are well known as
regulators of development and differentiation in
Caenorhabditis elegans regulating the timing of larval
development [43, 44] and the transition from late larval
to adult stages [45, 46], respectively. The small sperm
RNA transcripts show a wide tissue distribution includ-
ing a number of early embryonic tissues. Several of the
transcripts are implicated in embryonic development in-
cluding DKK2, TIA and fat-3. For example, dickkopf2
(DKK2) is known to inhibit the WNT signaling pathway
[47–50] regulating cell fate and pattern generation dur-

Figure 1.  Spermatozoal transcript profiles from normal fertile men.
(A): Representative pseudo color images of hybridizations of la-
beled cDNAs derived from ejaculated spermatozoal RNAs from
two separate individuals. The Clontech, human Tox 1.2 filters,
containing 1,176 unique ESTs were used. (B): Shared transcripts
between the two individuals are indicated at the intersection. (C):
These represent a concordance of about 90 % between individuals,
both in regards to total positive (132 out of approximately 170
ESTs) and total negative (938 out of about 1015 ESTs)
hybridizations.

Figure 2. The nature of paternal RNAs: the possibilities envisioned.
(A): Spermatozoa deliver not only their genomic contribution to
the embryo, but also many RNA transcripts; some of which are not
present among the stored maternal RNAs. Among these are tran-
scripts thought to be involved in early development, as well as
anti-sense micro-RNAs that may play a role in early pre-transla-
tional regulation in the embryo. (B): The majority of male factor
infertility is idiopathic, as sperm otherwise appear normal. RNA
isolated from ejaculate spermatozoa from these men could be used
to clinically assess putative genetic or environmental disturbances.
This will not only shed light on key genetic processes that are
integral to spermatogenic differentiation, but also provide avenues
for therapy.
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ing embryogenesis whereas, fat-3, is perhaps a key player
in the differentiation of mesoderm, somites and neurons
in mammals [51], as well as growth and neuronal signal-
ing in C. elegans [52].

With such a large number and diversity of transcripts
found in mature spermatozoa, it is tempting to draw com-
parisons with maternal RNAs, stored in the oocyte. The
importance of these in the early patterning and develop-
ment in Drosophila [53] and Xenopus [54, 55] embryos
is well documented. In mammals, their importance was
first only inferred [56] and later confirmed through the
discovery of specific genes and by experiments examin-
ing the onset of zygotic transcription [57, 58]. As sperm
have been shown to deliver RNA to the oocyte, the pres-
ence of antisense RNAs within this pool could provide a
means to regulate early parental-based gene activity, by
selectively targeting maternally or paternally derived RNAs
for degradation. Furthermore, with siRNAs being known
to persist through several cell divisions, it is possible that
these transcripts could help regulate early genetic activ-
ity through to the multi-cell embryo.

4    Sperm RNA as a clinical tool

The application of microarray technology to sper-
matozoal RNA isolated from ejaculate presents a unique
opportunity to globally address the mechanisms that con-
trol the differentiation of the male gamete during normal,
perturbed and diseased states (Figure 2B). They provide
a useful molecular record to assess environmental insult
and/or genetic status since spermatogenesis is highly
sensitive to environmental exposures including chemical,
thermal and biological agents [59]. Recently two inde-
pendent studies have used RNA profiling techniques to
address the relationship of motility and the RNA popula-
tion between normal and motility impaired sperm [60,
61]. Interestingly several transcripts were identified that
varied in a significant manner between the normal and
motility impaired samples. These included testis specific
protein 1 and lactate dehydrogenase C transcript variant
1 [61]. This clearly points to the potential of this strategy
to be used as a clinical assay to provide a panoramic
view of testis gene expression [37] that can be difficult
to achieve from a testicular biopsy. Defining the “fertile
male fingerprint” would have a significant impact on
diagnosis, treatment and counseling. Realization would
signal a major advance in the field of andrology.

Acknowledgment

The authors gratefully acknowledge the Michigan
Economic Development Corporation and the Michigan
Technology Tri-corridor for the support of this research
program (Grant 085P4001419). The authors would like
to thank the laboratory personnel and many collabora-
tors who have contributed to this work.

References

1 Carlsen E, Giwercman A, Keiding N, Skakkebaek NE. Evi-
dence for decreasing quality of semen during past 50 years.
BMJ 1992; 305: 609–13.

2 Kelce WR, Wilson EM. Environmental antiandrogens: devel-
opmental effects, molecular mechanisms, and clinical
implications. J Mol Med 1997; 75: 198–207.

3 Pajarinen J, Laippala P, Penttila A, Karhunen PJ. Incidence of
disorders of spermatogenesis in middle aged Finnish men,
1981–91: two necropsy series. BMJ 1997; 314: 13–8.

4 Parazzini F, Bortolotti A, Colli E. Declining sperm count and
fertility in males: an epidemiological controversy. Arch Androl
1998; 41: 27–30.

5 Aitken RJ, Clarkson JS. Cellular basis of defective sperm func-
tion and its association with the genesis of reactive oxygen
species by human spermatozoa. J Reprod Fertil 1987; 81:
459–69.

6 Bonde JP. The risk of male subfecundity attributable to weld-
ing of metals. Studies of semen quality, infertility, fertility,
adverse pregnancy outcome and childhood malignancy. Int J
Androl 1993; 16 Suppl 1: 1–29.

7 Bujan L. Environment and spermatogenesis. Contracept Fertil
Sex 1998; 26: 39–48.

8 Skakkebaek NE, Rajpert-De Meyts E, Jorgensen N, Carlsen
E, Petersen PM, Giwercman A, et al. Germ cell cancer and
disorders of spermatogenesis: an environmental connection?
APMIS 1998; 106: 3–12.

9 Toppari J, Larsen JC, Christiansen P, Giwercman A, Grandjean
P, Guillette LJ Jr, et al. Male reproductive health and environ-
mental xenoestrogens. Environ Health Perspect 1996; 104
Suppl 4: 741–803.

10 Dadoune JP, Siffroi JP, Alfonsi MF. Transcription in haploid
male germ cells. Int Rev Cytol 2004; 237: 1–56.

11 Tanaka H, Miyagawa Y, Tsujimura A, Matsumiya K, Okuyama
A, Nishimune Y. Single nucleotide polymorphisms in the prota-
mine-1 and -2 genes of fertile and infertile human male
populations. Mol Hum Reprod 2003; 9: 69–73.

12 Gonzalez-Unzaga M, Tellez J, Calzada L. Clinical significance
of nuclear matrix-estradiol receptor complex in human sperm.
Arch Androl 2003; 49: 77–81.

13 Berthet C, Morera AM, Asensio MJ, Chauvin MA, Morel
AP, Dijoud F, et al. CCR4-associated factor CAF1 is an es-
sential factor for spermatogenesis. Mol Cell Biol 2004; 24:



Asian J Androl 2005; 7 (2): 115–120

.119.

5808–20.
14 Cho C, Jung-Ha H, Willis WD, Goulding EH, Stein P, Xu Z, et

al. Protamine 2 deficiency leads to sperm DNA damage and
embryo death in mice. Biol Reprod 2003; 69: 211–7.

15 Cho C, Willis WD, Goulding EH, Jung-Ha H, Choi YC, Hecht
NB, et al. Haploinsufficiency of protamine-1 or -2 causes
infertility in mice. Nat Genet 2001; 28: 82–6.

16 Collins LL, Lee YF, Heinlein CA, Liu NC, Chen YT, Shyr CR,
et al. Growth retardation and abnormal maternal behavior in
mice lacking testicular orphan nuclear receptor 4. Proc Natl
Acad Sci USA 2004; 101: 15058–63.

17 Nakamoto T, Shiratsuchi A, Oda H, Inoue K, Matsumura T,
Ichikawa M, et al. Impaired spermatogenesis and male fertil-
ity defects in CIZ/Nmp4-disrupted mice. Genes Cells 2004;
9: 575–89.

18 Poss KD, Nechiporuk A, Stringer KF, Lee C, Keating MT.
Germ cell aneuploidy in zebrafish with mutations in the mi-
totic checkpoint gene mps1. Genes Dev 2004; 18: 1527–32.

19 Pryor JL, Kent-First M, Muallem A, Van Bergen AH, Nolten
WE, Meisner L, et al. Microdeletions in the Y chromosome of
infertile men. N Engl J Med 1997; 336: 534–9.

20 Vogt PH, Edelmann A, Kirsch S, Henegariu O, Hirschmann P,
Kiesewetter F, et al. Human Y chromosome azoospermia fac-
tors (AZF) mapped to different subregions in Yq11. Hum
Mol Genet 1996; 5: 933–43.

21 Hargreave TB. Genetics and male infertility. Curr Opin Obstet
Gynecol 2000; 12: 207–19.

22 Lepretre AC, Patrat C, Jouannet P, Bienvenu T. Mutation
analysis of the BOULE gene in men with non-obstructive
azoospermia: identification of a novel polymorphic variant in
the black population. Int J Androl 2004; 27: 301–3.

23 Hruska KS, Furth PA, Seifer DB, Sharara FI, Flaws JA. Envi-
ronmental factors in infertility. Clin Obstet Gynecol 2000; 43:
821–9.

24 Hsiung R, Nieva H, Clavert A. Scrotal hyperthermia and
varicocele. Adv Exp Med Biol 1991; 286: 241–4.

25 Lindbohm ML. Effects of occupational solvent exposure on
fertility. Scand J Work Environ Health 1999; 25 Suppl 1: 44–
6.

26 Telisman S, Cvitkovic P, Jurasovic J, Pizent A, Gavella M,
Rocic B. Semen quality and reproductive endocrine function
in relation to biomarkers of lead, cadmium, zinc, and copper in
men. Environ Health Perspect 2000; 108: 45–53.

27 Beissbarth T, Borisevich I, Horlein A, Kenzelmann M,
Hergenhahn M, Klewe-Nebenius A, et al. Analysis of CREM-
dependent gene expression during mouse spermatogenesis. Mol
Cell Endocrinol 2003; 212: 29–39.

28 Kierszenbaum AL, Tres LL. Structural and transcriptional fea-
tures of the mouse spermatid genome. J Cell Biol 1975; 65:
258–70.

29 Rejon E, Bajon C, Blaize A, Robert D. RNA in the nucleus of
a motile plant spermatozoid: characterization by enzyme-gold
cytochemistry and in situ hybridization. Mol Reprod Dev
1988; 1: 49–56.

30 Kumar G, Patel D, Naz RK. c-MYC mRNA is present in
human sperm cells. Cell Mol Biol Res 1993; 39: 111–7.

31 Pessot CA, Brito M, Figueroa J, Concha II, Yanez A, Burzio
LO. Presence of RNA in the sperm nucleus. Biochem Biophys
Res Commun 1989; 158: 272–8.

32 Passananti C, Corbi N, Paggi MG, Russo MA, Perez M,
Cotelli F, et al. The product of Zfp59 (Mfg2), a mouse gene
expressed at the spermatid stage of spermatogenesis, accumu-
lates in spermatozoa nuclei. Cell Growth Differ 1995; 6: 1037–
44.

33 Rohwedder A, Liedigk O, Schaller J, Glander HJ, Werchau H.
Detection of mRNA transcripts of beta 1 integrins in ejacu-
lated human spermatozoa by nested reverse transcription-
polymerase chain reaction. Mol Hum Reprod 1996; 2: 499–
505.

34 Wykes SM, Visscher DW, Krawetz SA. Haploid transcripts
persist in mature human spermatozoa. Mol Hum Reprod 1997;
3: 15–9.

35 Miller D, Briggs D, Snowden H, Hamlington J, Rollinson S,
Lilford R, et al. A complex population of RNAs exists in
human ejaculate spermatozoa: implications for understanding
molecular aspects of spermiogenesis. Gene 1999; 237: 385–
92.

36 Huszar G, Patrizio P, Vigue L, Willets M, Wilker C, Adhoot
D, et al. Cytoplasmic extrusion and the switch from creatine
kinase B to M isoform are completed by the commencement
of epididymal transport in human and stallion spermatozoa. J
Androl 1998; 19: 11–20.

37 Ostermeier GC, Dix DJ, Krawetz SA. A bioinformatic strat-
egy to rapidly characterize cDNA libraries. Bioinformatics
2002; 18: 949–52.

38 Ostermeier GC, Dix DJ, Miller D, Khatri P, Krawetz SA.
Spermatozoal RNA profiles of normal fertile men. Lancet 2002;
360: 772–7.

39 Balhorn R, Cosman M, Thornton KH, Krishnan VV, Corzett
M, Bench G, et al. Protamine mediated condensation of DNA
in mammalian sperm. In: Gagnon C, editor. The Male Gamete:
From Basic Science to Clinical Applications. St. Louis, MO:
Cache River Science; 1999. p55–70.

40 Dix DJ, Garges JB, Hong RL. Inhibition of hsp70-1 and hsp70-
3 expression disrupts preimplantation embryogenesis and
heightens embryo sensitivity to arsenic. Mol Reprod Dev
1998; 51: 373–80.

41 Ostermeier GC, Miller D, Huntriss JD, Diamond MP, Krawetz
SA. Reproductive biology: delivering spermatozoan RNA to
the oocyte. Nature 2004; 429: 154.

42 Ostermeier GC, Goodrich RJ, Moldenhauer JS, Diamond MP,
Krawetz SA. A suite of novel human spermatozoal RNAs. J
Androl 2005; 26: 70–4.

43 Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic
gene lin-4 encodes small RNAs with antisense complementarity
to lin-14. Cell 1993; 75: 843–54.

44 Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation
of the heterochronic gene lin-14 by lin-4 mediates temporal
pattern formation in C. elegans. Cell 1993; 75: 855–62.

45 Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger
JC, Rougvie AE, et al. The 21-nucleotide let-7 RNA regulates
developmental timing in Caenorhabditis elegans. Nature 2000;



.120.

RNA in human sperm

403: 901–6.
46 Slack FJ, Basson M, Liu Z, Ambros V, Horvitz HR, Ruvkun

G. The lin-41 RBCC gene acts in the C. elegans heterochronic
pathway between the let-7 regulatory RNA and the LIN-29
transcription factor. Mol Cell 2000; 5: 659–69.

47 Mao B, Niehrs C. Kremen2 modulates Dickkopf2 activity
during Wnt/LRP6 signaling. Gene 2003; 302: 179–83.

48 Davidson G, Mao B, del Barco Barrantes I, Niehrs C. Kremen
proteins interact with Dickkopf1 to regulate anteroposterior
CNS patterning. Development 2002; 129: 5587–96.

49 Mao B, Wu W, Davidson G, Marhold J, Li M, Mechler BM,
et al. Kremen proteins are Dickkopf receptors that regulate
Wnt/beta-catenin signalling. Nature 2002; 417: 664–7.

50 Mao B, Wu W, Li Y, Hoppe D, Stannek P, Glinka A, et al.
LDL-receptor-related protein 6 is a receptor for Dickkopf
proteins. Nature 2001; 411: 321–15.

51 Mitsui K, Nakajima D, Ohara O, Nakayama M. Mammalian
fat3: a large protein that contains multiple cadherin and EGF-
like motifs. Biochem Biophys Res Commun 2002; 290: 1260–
6.

52 Watts JL, Phillips E, Griffing KR, Browse J. Deficiencies in
C20 polyunsaturated fatty acids cause behavioral and devel-
opmental defects in Caenorhabditis elegans fat-3 mutants.
Genetics 2003; 163: 581–9.

53 Morisato D, Anderson KV. Signaling pathways that establish
the dorsal-ventral pattern of the Drosophila embryo. Annu
Rev Genet 1995; 29: 371–99.

54 Newport J, Kirschner M. A major developmental transition in

early Xenopus embryos: II. Control of the onset of transcription.
Cell 1982; 30: 687–96.

55 Newport J, Kirschner M. A major developmental transition in
early Xenopus embryos: I. characterization and timing of cel-
lular changes at the midblastula stage. Cell 1982; 30: 675–86.

56 Gardner RL. Can developmentally significant spatial pattern-
ing of the egg be discounted in mammals? Hum Reprod Up-
date 1996; 2: 3–27.

57 Wang Q, Latham KE. Translation of maternal messenger ribo-
nucleic acids encoding transcription factors during genome ac-
tivation in early mouse embryos. Biol Reprod 2000; 62: 969–
78.

58 Tong ZB, Gold L, Pfeifer KE, Dorward H, Lee E, Bondy CA,
et al. Mater, a maternal effect gene required for early embry-
onic development in mice. Nature Genet 2000; 26: 267-8.

59 Brinkworth MH. Paternal transmission of genetic damage:
findings in animals and humans. Int J Androl 2000; 23: 123–
35.

60 Lambard S, Galeraud-Denis I, Martin G, Levy R, Chocat A,
Carreau S. Analysis and significance of mRNA in human ejacu-
lated sperm from normozoospermic donors: relationship to
sperm motility and capacitation. Mol Hum Reprod 2004; 10:
535–41.

61 Wang H, Zhou Z, Xu M, Li J, Xiao J, Xu ZY, et al. A sper-
matogenesis-related gene expression profile in human sperma-
tozoa and its potential clinical applications. J Mol Med 2004;
82: 317–24.


