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Lack of Spem1 causes aberrant cytoplasm removal,
sperm deformation, and male infertility
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We identified a previously uncharacterized gene, spermatid mat-
uration 1 (Spem1), encoding a protein exclusively expressed in the
cytoplasm of steps 14-16 elongated spermatids in the mouse
testis. This protein contains no known functional domains and is
highly conserved across mammalian species. Male mice deficientin
Spem1 were completely infertile because of deformed sperm
characterized by a bent head wrapped around by the neck and the
middle piece of the tail. We show that lack of Spem1 causes failure
of the cytoplasm to become loose and detach from the head and
the neck region of the developing spermatozoa. Retained cyto-
plasmic components mechanically obstruct the straightening of the
sperm head and the stretching of the growing tail, leading to
the bending of the head in the neck, followed by the wrapping of
the head by the neck or the middle piece of the sperm tail. Our
study reveals that proper cytoplasm removal is a genetically
regulated process requiring the participation of Spem1 and that
lack of Spem1 causes sperm deformation and male infertility.

cytoplasmic droplets | gene knockout | spermatogenesis | spermiation |
spermiogenesis

ammalian male fertility depends on successful generation of

motile spermatozoa carrying an intact paternal genome and
capable of fertilizing the egg. Sperm is produced through a process
called spermatogenesis, which can be divided into three phases:
mitosis (self-renewal and multiplication of spermatogonia), meiosis
(reduction of chromosomal number from diploid to haploid), and
spermiogenesis (spermatid differentiation into spermatozoa). Un-
like the first two steps of spermatogenesis, dramatic morphological
changes occur during spermiogenesis, transforming round sperma-
tids into elongated, tadpole-like spermatozoa with only one-fifth of
their original sizes (1, 2). During spermiogenesis, spermatids un-
dergo a complex restructuring program in which the acrosome and
sperm tail are formed; DNA is tightly packed leading to a drastic
reduction in the size of the nucleus; mitochondria are rearranged
along the neck and middle piece of the tail; surface and transmem-
brane structures (e.g., receptors and ion channels) for zona pellu-
cida binding and signaling are synthesized; and eventually most of
the cytoplasm is removed to facilitate motility. These unique
cellular reconstruction processes require spermatid-specific genes
to execute their regulatory roles. The completion of the human and
mouse genome projects has greatly facilitated the efforts of
genomewide identification of germ cell-specific genes by using
microarray analyses (3, 4) and in silico database mining strategies
(5). It is estimated that ~600-1,000 germ cell-specific genes par-
ticipate in spermiogenesis (4). Over the past 15 years, gene knock-
out (KO) studies have identified >20 male germ cell-specific genes
or gene isoforms that play essential roles in spermiogenesis (6).
These genes are involved in the regulation of acrosome formation
(Hrb, Gopc, and Csnk2a2) (7-9), tail formation (Tektin-t, Vdac3,
Sepp1, Akap4, and Spag6) (10-14), chromosomal packaging (Prm1,
Prm2, Tnpl, Tnp2, and HIt2) (15-18), surface molecules for zona
binding and signaling (AdamsI-3, Tenr, Apob, Clgn, Catsperl, and
Catsper2) (19-25), and energy metabolism (Gapds and sAc) (26,
27). The ongoing efforts to define the function of all of the genes
essential for spermiogenesis are of great significance because they
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allow for the identification of the causative genes for human
infertility and thus will make genetic diagnosis available in the
future. On the other hand, these genes can also serve as future
nonhormonal contraceptive targets (28).

In our efforts to identify male germ cell-specific genes, we found
a previously uncharacterized gene encoding a protein exclusively
expressed in the cytoplasm of steps 14—16 spermatids (the last three
steps of spermiogenesis, see Results). Because the expression of this
protein is confined to the maturation phase during spermiogenesis,
this gene has been named spermatid maturation 1 (Speml) by the
Mouse Genomic Nomenclature Committee (MGNC; www.
informatics.jax.org/mgihome/nomen/#mgnc). To define the phys-
iological role of Speml, we generated KO mice lacking this gene.
Here, we report that Speml is essential for proper cytoplasm
removal, normal sperm morphology, and male fertility in mice.

Results and Discussion

SPEM1 Is Highly Conserved in Mammals. In the UniGene collection
Mm.159159 (www.ncbi.nlm.nih.gov/UniGene/clust.cgi? ORG=
Mm&CID=159159), there are 11 EST sequences derived from the
same cDNA encoded by SpemI. Among these sequences, three
contain an ORF encoding a putative protein with 310 aa. We
performed rapid amplification of cDNA end (RACE) assays and
obtained the sequences of the full-length cDNA for this gene, which
had been deposited to the GenBank (accession no. EF120626).
SpemI has been predicted also in the Ensemble database (Ensem-
ble gene ID ENSMUSG00000041165), where the Spem! ortholo-
gous cDNAs and proteins derived from prediction or genomic/EST
sequencing in five mammalian species including the rat, dog, cow,
chimpanzee, and human are also available. Alignment analyses of
the six SPEM1 orthologs revealed that they are highly conserved
during evolution [see supporting information (SI) Fig. 6A4]. The
mouse SPEM1 shared 68% of its amino acids with the human
SPEM1, and 97% amino acid identity was observed between
chimpanzee and human SPEM1 proteins (SI Fig. 6B). The first 100
aa at the amino termini and the last 80 aa at the carboxyl termini
in the six orthologous proteins are almost identical, suggesting
important functional domains may exist in these regions. However,
our search by using the InterPro Scan (www.ebi.ac.uk/
InterProScan), an integrated search in the PROSITE, Pfam,
PRINTS, and other protein family and domain databases failed to
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Fig. 1. Expression of Spem1 in multiple tissues of the mouse and human. (A)
Northern blot analysis of Spem7 mRNA expression in 12 mouse organs. 185
rRNA was used as a loading control. (B) RT-PCR analysis of Spem7 mRNA
expression in 13 mouse organs. Hprt was used as a loading control. (C) RT-PCR
analysis of SPEM1 in 17 human organs. ACTIN was used a loading control. (D)
Western blot analysis of SPEM1 protein expression in 10 mouse organs. ACTIN
was used as a loading control.

recognize any known functional domains in these proteins. We did
not find orthologs for this gene in a search of other lower vertebrate
genomic databases including those of the fly, zebrafish, and chicken,
suggesting that this protein may belong to the mammalian kingdom.
Highly conserved protein sequences across all mammalian species
imply that this protein may play an important physiological role.

SPEM1 Is Exclusively Expressed in Steps 14-16 Spermatids Right
Before Spermiation. Nine of the 11 EST/cDNA sequences were from
the testis in the UniGene database (one was predicted, the other
one was from an uncharacterized tissue). Expression data from the
Affymetrix GNFIM mouse genechip analyses (61 tissues and cells)
also show that this cDNA is exclusively expressed in the testis (for
database web site, see Methods). Consistent with these bioinfor-
matic data, our multitissue Northern blot analyses showed that the
SpemI transcript with a size of ~1.2 kb was detected exclusively in
the testis (Fig. 14). To exclude the possibility of false negativity due
to the limited sensitivity of Northern blot analyses, we performed
RT-PCR amplification (40 cycles) using cDNAs prepared from 13
mouse tissues, and SpemI mRNA was detected only in the testis
(Fig. 1B). Using human multitissue cDNA panels, we detected
human SPEMI cDNA exclusively in the testis in 17 human tissues
tested (Fig. 1C). Consistent with the mRNA expression assays,
SPEMI1 protein was exclusively detected in the testis by using
multitissue Western blot analyses (Fig. 1D). The bioinformatic data
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and our experimental data all demonstrate that Spem! is a testis-
specific gene.

In situ hybridization analyses by using a Spem -specific antisense
riboprobe revealed that the hybridization signals were confined to
the luminal compartment, where mainly haploid cells are located
(Fig. 2). The expression appeared to be in a stage-specific manner
(Fig. 2 A and B) with lower/absent intensity of hybridization signals
at stages V-VII as compared with those in other stages (Fig. 2 C,
D, and I). High-power microscopic examination revealed that the
hybridization signals were overdeveloping spermatids at steps 6—15
(Fig. 2 C, D, and I), whereas no signals were detected in either the
early male germ-cell types including spermatogonia, spermato-
cytes, or somatic cell types, including Sertoli cells and interstitial
Leydig cells. Sense probe did not detect any signals above the
background levels (data not shown). Interestingly, immunohisto-
chemical detection of SPEM1 by using a polyclonal antibody raised
against the full-length SPEM1 protein also unveiled a stage-specific
localization pattern with stronger immunoreactivity at stages III-
VII and weaker signals at stages I, II, and VIII. This stage-specific
expression pattern results from confined expression of SPEM1 to
the cytoplasm of steps 1416 spermatids (Fig. 2 E-I). The majority
of SPEM1 protein was removed into residual bodies after spermi-
ation (stages IX-X), suggesting that this protein exerts its physio-
logical role during late spermiogenesis rather than during posttes-
ticular maturation of spermatozoa. The onset of the SPEM1 protein
expression is later than that of Speml mRNA. The delayed protein
expression is a phenomenon common to numerous genes that
function during late spermiogenesis. This is because mRNAs en-
coding proteins that are required for late spermatid development
(after step 9) have to be transcribed before transcription completely
ceases when chromatin condensation and spermatid elongation
start at step 9 and thereafter. The strictly confined expression of
SPEM1 in elongated spermatids that are about to be released from
the seminiferous epithelium imply that this protein may have a role
in cytoplasm removal and/or sperm release (spermiation) because
at steps 14-16 most of the key structures of future spermatozoa,
including the acrosome, flagellum, and head (condensed and
elongated nucleus), are mostly formed.

Generation of Spem1 KO Mice. To define the function of Spem, we
generated a mouse line lacking the Spem! gene. The SpemI locus
is on chromosome 11. We obtained a ~16-kb genomic fragment
containing the Speml gene from a mouse genomic library. A
targeting construct was generated such that the entire SpemI gene,
including the 250-bp-long 5’ UTR, exons 1-3 (except for the last 88
bp of exon 3), and 2 introns in between would be deleted after
homologous recombination in the R1 ES cells (SI Fig. 74). South-
ern blot analysis was used to identify correctly targeted ES cell
clones in which a 5’ external probe detected the KO allele as a
5.1-kb band and the WT allele as an 11.5-kb band (SI Fig. 7B). An
internal 3’ probe was also used to further verify correct targeting
(data not shown). A PCR-based genotyping protocol was devel-
oped to distinguish the KO and WT alleles once the germline
transmission of the KO allele was confirmed by using Southern blot
analyses. Genotyping analysis on a litter of six pups showed the
Mendelian inheritance of the KO allele (SI Fig. 7C). Because the
entire SpemI gene (except for the last 88 bp of the last exon) was
deleted, the KO allele should be functionally null. As expected,
neither SpemI mRNA nor protein was detected in Spem ] ~/~ mouse
testes (SI Fig. 7D and E). Therefore, we generated Spem-null mice
with a complete inactivation of the Spemigene.

Spem1-Null Males Are Infertile Because of Sperm Deformation.
SpemI~'=, Spem1*/~, and WT mice show no gross difference
during development. Fertility tests by breeding WT, SpemI*/~, and
Spem1~'~ adult males (six for each genotype) with WT adult
females over a period of 6 months revealed that Spem! ™~ males
display fertility comparable to WT males, whereas SpemI~/~ males
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Fig. 2. Localization of Spem7 mRNA and protein in the mouse testis. (A-D)

Localization of SpemT mRNA by in situ hybridization. Bright (4, C, and D) and
dark (B) field images are shown. Lower-magnification images (A and B) show
that the hybridization signals are confined to the luminal compartment, and
higher-magnification images (C and D) reveal that the hybridization signals
are overelongating and elongated spermatids (steps 9-15). P, spermatocytes;
Sd, spermatids. (E and F) Immunohistochemical localization of SPEM1 protein
in the adult mouse testis. A lower-magnification image (E) shows that SPEM1
protein is expressed in a stage-specific fashion. Higher-magnification images
(F-H) reveal that SPEM1 expression is confined to the cytoplasm of elongated
spermatids at steps 14-16. Z, zygotene spermatocytes; M, meiotically dividing
spermatocytes; P, pachytene spermatocytes. (/) Schematic summary of the
localization of Spem7 mRNA and protein during spermiogenesis. Frames
represent the expression windows of Spem1 mRNA and protein, and the width
of the frames represents relative expression levels. Arabic numbers represent
steps of spermatid development and Roman numerals indicate stages of the
seminiferous epithelial cycles. (Scale bars: 50 um.)
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Fig. 3.  Morphological and histological analyses of Spem7-null testes and
sperm. (A) Hematoxylin/eosin-stained sections of testes from WT (Left) and
Spem1~'~ (Right) mice. Both show robust spermatogenesis. (Scale bars: 50
um.) (B) Phase-contrast microscopic analyses of WT and Spem1-null epididy-
mal sperm. Note that CDs (arrows) are present in the middle piece or the
junction between the middle and principal pieces of the tail in WT epididymal
sperm, whereas Spem1-null epididymal sperm show no CDs. (Scale bars: 20
um.) (C) Hematoxylin/eosin-stained sperm smear preparations. (Center and
Right) Spem1-null sperm display deformation with heads bent backward
pointing to tail tips (arrows) or bent heads wrapped around by necks and
middle pieces of the tails (arrowhead). (Scale bars: 10 pm.)

were completely infertile (SI Table 1). Speml~/~ females displayed
normal fertility, which is consistent with the fact that SpemI is a
male germ cell-specific gene and is not expressed in females.

To unveil the reason for the infertility of Speml~/~ mice, we
examined the testicular histology (Fig. 34). WT and Speml /"~
testes showed robust spermatogenesis and no distinguishable dif-
ferences were observed histologically. When we examined sperma-
tozoa collected from the epididymis, however, we found that the
SpemI-null spermatozoa were severely deformed (Fig. 3B). Under
the phase contrast microscope, Spem1-null sperm lacked cytoplas-
mic droplets (Fig. 3B Lower), which are normally located between
the neck and the middle piece of the sperm tail in WT mice (Fig.
3B Upper). An obvious defect was that the heads of SpemI-null
sperm were all completely bent backward such that the tip of the
head was pointing toward the tip of the tail (Fig. 3 B Lower and C).
Approximately 85% of the SpemI-null sperm showed no motility
and the remaining ~15% were motile, but the motility appeared to
be weaker than that of the WT sperm [see SI Table 1 and SI Movies
1 (for WT sperm) and 2 (for SpemI-null sperm)]. High-power
microscopic examination of hematoxylin/eosin-stained sperm
smears further confirmed that the bent head is the major defect for
SpemI-null sperm and that the severity of head bending varied from
a simple bending in the neck to a bent head wrapped around by the
neck and the middle piece of the tail (Fig. 3C).

Retention of Cytoplasmic Remnants in the Head/Neck Region Causes
Sperm Deformation in Spem1-Null Mice. To further define the nature
of the deformation of SpemI-null sperm, we examined the ultra-
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Fig. 4. Ultrastructral analyses of Spem7-null sperm. (A-D) Scanning EM
analyses of Spem1-null (B-D) and WT (A) epididymal sperm. Insets are the
higher-magnification images of the head and neck region of the sperm. (Scale
bars: 10 um; Inset, 2 um.) (E-H) TEM analyses of Spem1-null sperm head and
neck region. (Scale bars: 1 um.) (E) Cross-section of the CD of a WT sperma-
tozoon. 1, Middle piece of the tail composed of mitochondrial sheath, outer
dense fibers, and axoneme with typical /9 + 2" microtubule structure (9 pairs
of peripheral and two central microtubules); 2, vacuoles within the droplet; 3,
homogeneous-looking contents within the droplet; 4, outer membrane of the
droplet. (F) A section through the bent head and neck region of a Spem17-null
spermatozoon. 1, Vault of proximal centriole; 2, nucleus; 3, neck of the sperm
composed of a sheath of two longitudinally aligned mitochondria, outer
dense fibers, and axoneme with typical ’9 + 2" microtubules; 4, outer mem-
brane; 5, middle piece of the tail consisting of the sheath of circumscribing
mitochondria and axoneme; 6, small membranous vacuoles with interconnec-
tions at areas of folding. (G) A section of a Spem1-null sperm head bent at the
neck and wrapped by the middle piece of the tail. The head, neck, and the
proximal portion of the middle piece of the tail are surrounded by membra-
nous structures resembling cytoplasmic remnants. 1, Numerous small inter-
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structure of SpemI-null sperm in comparison to WT sperm using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). SEM analyses of epididymal spermatozoa
revealed mainly three types of deformation in the head/neck region:
First, the sperm head was bent at the neck region toward the tip of
the tail at an angle of 180° and the head and the neck stuck together
tightly (Fig. 4B); second, the head was bent gradually at the neck
region, the neck appeared to be composed of two halves with a
groove in the middle, and the head and the neck were connected
loosely by membranous tissues (Fig. 4C); and third, the neck and the
middle piece of the tail were wrapped several times around the
head, forming a disk with the head in the center (Fig. 4D).

One common feature of these various forms of deformation was
that the head and the neck/middle piece of the tail were held
together by tissues resembling remnants of the cytoplasm that
should have been completely shed off during spermiation. It
appears that the former cytoplasmic portion near the head and neck
junction of future spermatozoon failed to become loose and to
detach from the fully formed head and neck region, causing a
mechanical obstruction that prevented the elongating/elongated
sperm head and neck/middle piece from stretching straight. The
SEM results strongly suggest that the mechanical obstruction occurs
during late spermiogenesis when the cytoplasm begins to be re-
moved before spermiation. We dissected seminiferous tubules at
stage VIII and performed SEM analyses (SI Fig. 8). As expected,
all forms of deformation observed in the epididymal spermatozoa
had already occurred within the seminiferous epithelium at stage
VIII, where spermatozoa are being released and cytoplasm has
been/is being removed in the WT testes (SI Fig. 8). SEM analyses
on spermatozoa in stage VIII tubules showed that the remnants of
shed cytoplasm were the sources of mechanical obstruction, which
was holding the head and the neck region together.

TEM analyses of epididymal sperm demonstrated that all of the
structural components at the neck and middle piece of the tail are
intact in SpemI-null sperm compared with WT sperm (SI Fig. 9).
Consistent with light microscopic (LM) and SEM observation,
TEM showed that the head bent at the neck/middle piece and the
bent head and neck were held together by membranous tissues
resembling the shed cytoplasm. The TEM characteristics of these
cytoplasm remnant-like tissues include numerous interconnected
membranous vacuoles (Fig. 4F), well bordered myelin-like discs
(Fig. 4G), and single, large vacuoles (Fig. 4H). Given that all
SpemI-null sperm do not have cytoplasmic droplets (CDs), we
compared the ultrastructure of normal CDs (Fig. 4E) with the
cytoplasmic remnants in the SpemI-null sperm head and neck
region (Fig. 4 F-H). Although normal CDs are also membranous
structures, the contents in the CDs at EM levels showed different
features compared with those of cytoplasmic remnants on the
SpemI-null sperm. The contents of CDs appeared to be homoge-
nous and contain many slim leaf-shaped and evenly distributed
vesicles. These findings imply that normal CD formation may serve
as a hallmark for proper cytoplasmic removal. Alternatively, for-
mation of normal CDs is accompanied by proper cytoplasmic
removal. Therefore, it is likely that in the absence of Spemi, CDs
fail to form because of impaired detaching and shedding of the

connected membranous vacuoles; 2, single, large myelin-like vacuoles, which
are likely to result from fusion and expansion of those small membranous
vacuoles as seen in 1; 3, outer membrane; 4, sperm neck; 5, connecting piece;
6, acrosome. (H) A Spem1-null spermatozoon with the head bent at the neck
and wrapped around by the middle piece of the tail. The middle piece and
head are held together by cytoplasmicremnants with similar structures as seen
in Fand G. 1, Interspaces between the basal plate and connecting piece
(absent here); 2, basal plate; 3, nucleus; 4, outer membrane of the cytoplasmic
remnants; 5, large membranous vacuoles; 6, a large myelin-like vacuole; 7,
middle pieces of the tail wrapping around the head.

PNAS | April 17,2007 | vol. 104 | no.16 | 6855

PHYSIOLOGY


http://www.pnas.org/cgi/content/full/0701669104/DC1
http://www.pnas.org/cgi/content/full/0701669104/DC1
http://www.pnas.org/cgi/content/full/0701669104/DC1

Lo L

P

1\

BN AN PNASN D

cytoplasm from the nucleus and the neck region of the sperm during
late spermiogenesis.

The Cytoplasmic Remnants in the Spem1-Null Sperm Head and Neck
Region Contain Proteins Detectable in Normal Cytoplasmic Droplets.
Although the ultrastructure of CDs is different from that of the
cytoplasmic remnants on the SpemI-null sperm, they should share
some left-over proteins from the removed cytoplasm if they have
the same origin. Ubiquitin (29) and 15-lipoxygenase (15-LOX) (30)
have been detected in CDs and are suggested to have a role in the
cytoplasm removal. However, many proteins that are highly ex-
pressed in the cytoplasm of late spermatids (e.g., steps 13-16) can
also be detected in CDs (H.Z., J.J., and W.Y., unpublished data),
suggesting that these proteins may represent the residual proteins
derived from the removed cytoplasm. In fact, ubiquitin, 15-LOX,
and SPEMI1 are all highly expressed in the cytoplasm of late
spermatids and can all be detected in CDs (Fig. 5). Therefore, these
proteins may not necessarily have a role in the posttesticular life of
spermatozoa although they can be detected in CDs. Nevertheless,
detection of these proteins does reflect that CDs structurally are
derived from the cytoplasm of late spermatids. To examine whether
the cytoplasmic remnants on the SpemI-null sperm are also derived
from the components of former cytoplasm, we performed immu-
nofluorescent detection of ubiquitin, 15-LOX, and SPEM1 (Fig. 5).
As expected, both ubiquitin (Fig. 54) and 15-LOX (Fig. 5B) are
detected in CDs of WT epididymal sperm, whereas they were
presenting the regions where the sperm head and neck were
wrapped together on the SpermI-null sperm. These results further
support our EM observations, suggesting that these membranous
tissues are derived from the shed cytoplasm of late spermatids. The
presence of SPEM1 on the WT sperm CDs and the lack of SPEM1
on the SpemI-null sperm further confirmed that SPEM1 had been
completely inactivated in the KO mice (Fig. 5C).

Intracytoplasmic Injection of Spem1-Null Sperm Heads into Eggs
Produced Live-Born Pups. Spern-null sperms could not fertilize eggs
by natural mating (SI Table 1) or in vitro fertilization (data not
shown) because of significantly decreased motility and their bent
heads and necks. The sperm with their necks wrapped around their
heads failed to bind to the zona pellucida (ZP) because the
acrosome and surface ZP-binding proteins were covered by the
neck. Sperm with the head completely bent backward could bind
ZP but failed to penetrate because the beating of the sperm
flagellum generated forces that pulled the sperm head away
from the eggs because of the wrong orientation. However, the
defects in the sperm nucleus could not be excluded. We, therefore,
injected the heads from the motile SpemI-null sperm collected
from the epididymis into WT mouse eggs. No significant differ-
ences in the preimplantation development of injected eggs (two-cell
to blastocyst stage; SI Table 2) and the number of live-born
offsprings (SI Table 3) were observed between WT and Sper1-null
sperm used, demonstrating that SpemI-null sperm heads contain
normal paternal genome. This experiment confirms that a lack of
SPEM1 does not impair the nuclear condensation and packaging
process, which is consistent with our morphological analyses at the
LM and EM levels showing no obvious structural defects in the
SpemI-null sperm head.

Intriguingly, a subpopulation of spermatozoa in mice deficient of
Tnpl (31-34), Tnp2 (31-34), Prm1 (15, 35), Prm2 (15, 35), HIt2
(18), Camk4 (36), or Csnk2a2 (37) also shows failure of cytoplasmic
removal resulting in the bending of the sperm head backward and
the wrapping of the tail around the bent head. These genes encode
nuclear proteins which participate in nuclear packaging and con-
densation during late spermiogenesis. The similar phenotype sug-
gests that aberrant nuclear packaging and condensation may affect
the same pathway that is affected by the absence of SPEMI.
Because SPEML1 is cytoplasmic and SpemI-null spermatozoa uni-
formly display the above-mentioned deformation, it is likely that
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Fig.5. Immunofluorescent detection of ubiquitin, 15-LOX, and SPEM1in WT
and Spem1-null epididymal sperm. (A) 15-LOX (green), which is normally
detectable in the CD of the WT sperm, is located in the cytoplasmic remnants
around the bent head and neck region of the Spem7-null sperm. (B) An
anti-ubiquitin antibody immunoreactive to the CDs of the WT sperm show
positive staining (green) in the region around the bent head and/or neck
region. (C) Detection of SPEM1 (green) in the CDs in WT sperm. SPEM1 is
absent in Spem1-null sperm. All panels are in the same magnification. (Scale
bar: 20 um.)

SPEML1 is involved in a specific pathway responsible for the proper
removal of cytoplasm in late spermiogenesis.

Cytoplasmic removal from late-elongated spermatids is impor-
tant to the generation of functional gametes. Although the struc-
tural and morphological aspects of cytoplasm removal during
spermiation have been studied (38-42), the genetic control of this
important process remains poorly understood. The apoptosis reg-
ulators caspases and cytochrome ¢ have been shown to be involved
in cytoplasmic removal and spermatid individualization in Dro-
sophila (43, 44). However, no genes have been directly linked to the
regulation of cytoplasm removal from late elongated spermatids in
mammals. Our data support the notion that proper cytoplasmic
removal is a genetically regulated process. Lack of Spem impairs
the process of cytoplasm removal probably by preventing the
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cytoplasm from detaching from the spermatid nucleus and the neck
region of the developing flagellum. Retained cytoplasmic compo-
nents obstruct the straightening of the head and/or the stretching of
the growing tail especially in the neck region, thus resulting in the
bending of the head in the neck region or the wrapping of the neck
around the head. Interestingly, the aberrant removal of spermatid
cytoplasm is associated with a lack of CDs, suggesting that the
presence of CDs is a reflection of normal cytoplasm removal.
Although their function remains debatable (45), CDs appear to be
a functional apparatus of sperm that may be important for sperm
maturation through the epididymal transition.

Taken together, our data demonstrate that the lack of Spem1
causes retention of cytoplasmic remnants on the head and neck
region, and the retained cytoplasmic remnants obstruct the
straightening and stretching of the sperm head and neck, leading
to sperm deformation and male infertility. Because the SPEM1
protein is reasonably conserved (=~68%) between mice and
humans, mutations in human SPEM1 gene may lead to similar
sperm deformation and male infertility. However, no human
cases with this specific type of sperm deformation have been
reported. More careful sperm morphological examination by
high-power phase-contrast microscopy may be necessary to
identify this type of defect. Further studies on the molecular
action of SPEM1 will help us gain more insight into the genetic
control of cytoplasm removal during spermiogenesis.
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Materials and Methods

RNA Analyses. RT-PCR and Northern blot analyses were performed
as described in refs. 46 and 47.

Protein Analyses. Immunohistochemical and immunofluorescent
staining were performed as described in refs. 46 and 47.

Generation of Spem1 KO Mice. Targeting vector construction, elec-
troporation, selection of targeted ES cells, blastocyst injection, and
chimeric mouse breeding were performed as described in ref. 48.

Intracytoplasmic Sperm Injection. Intracytoplasmic sperm injection
was performed as previously described in ref. 49.

For an extensive description of the materials and methods, see SI
Materials and Methods.
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