J Assist Reprod Genet (2010) 27:299-307
DOI 10.1007/s10815-010-9409-4

GAMETE BIOLOGY

The expression pattern of SEPT7 correlates

with sperm morphology

Hsin-Chih Albert Chao - Ying-Hung Lin -
Yung-Che Kuo + Chiung-Jiung Shen - Hsian-Ann Pan -
Pao-Lin Kuo

Received: 14 November 2009 / Accepted: 11 March 2010 /Published online: 30 March 2010

© Springer Science+Business Media, LLC 2010

Abstract

Purpose To investigate the expression pattern of the SEPT7
protein during spermatogenesis and its potential role in
sperm function.

Methods We first investigated the expression pattern of
SEPT7 during different steps of mouse spermiogenesis
using an immunofluorescence assay (IFA). IFA was also
applied to study the expression pattern of SEPT7 in human
ejaculated spermatozoa. Nine fertile men with normal
semen parameters were used as the control group, and 21
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Capsule The expression pattern of SEPT7 in spermatozoa suggests its
importance for subcellular-compartment formation during spermio-
genesis. Absence of SEPT7 signal correlated with asthenozoospermia
and abnormal sperm morphology.
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infertile men with asthenozoospermia were recruited as the
patient group. We assessed the frequency of the SEPT7
signal in the various morphological subgroups.

Results In humans, the frequency of a defective SEPT7
signal was significantly increased in men with asthenozoo-
spermia. The absence of a SEPT7 signal was more
prevalent in sperm containing morphological defects of
various types.

Conclusions The expression pattern of SEPT7 suggested
that this protein may be involved in the regulation of
subcellular-compartment formation during spermiogenesis
in the mouse. The absence of a SEPT7 signal correlated
with multiple sperm defects.
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Introduction

Septins belong to a family of evolutionarily highly conserved
cytoskeletal proteins with GTPase activity. In humans, a total
of 14 members have been identified in this superfamily, and
all family members exhibit various alternative splicing
isoforms [1]. Septins are involved in many biological
functions, which include scaffolding for different mitosis-
related molecules, vesicle trafficking, and exocytosis, and
they act as a diffusion barrier for proper compartmentaliza-
tion. Some isoforms are implicated in mitochondrial function
and apoptosis [2-4]. A comprehensive microarray study
showed that most septins are expressed ubiquitously
(SEPT2, SEPT4, SEPT6, SEPT7, SEPT8, SEPT9, SEPT10,
and SEPT11) and that several of these proteins (SEPT3,
SEPT4, SEPTS, SEPT7, SEPTS, and SEPTI11) exhibit
enhanced expression in specific tissues, such as the central
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nervous system (CNS). It is of note that some septin splice
variants also appear to be expressed in a tissue-specific
manner [5].

There is increasing evidence of the involvement of
septins in the pathogenesis of various human diseases,
including neoplasia, neurodegenerative conditions, infec-
tion, and infertility [1, 6—8]. Among the 14 septin family
members, SEPT4 and SEPT12 play important roles in the
differentiation of postmeiotic germ cells. SEPT4 is
expressed at the annulus, which is a ring-like structure
located between the midpiece and the tail region of
spermatozoa. During spermatogenesis, SEPT4 is essential
for the maintenance of proper mitochondrial architecture
and for the establishment of the annulus. Septin4 null mice
are viable; however, males are sterile because they produce
immotile sperm with a defective annulus [7, 8]. In humans,
disorganized annulus/SEPTIN rings were identified in a
subset of patients with asthenozoospermia [9, 10]. SEPT12
is also a component of the sperm annulus [6]. To explore
the role of SEPTI2 in mammalian spermatogenesis, we
knocked out the Septini2 gene in mouse ES cells via gene
targeting. Chimeric mice exhibit severe spermatogenic
defects, and their reproductive phenotypes include low
testis weights, abnormal testicular histology (hyposperma-
togenesis or mature arrest of male germ cells), and
increased apoptosis of germ cells, immotile sperm, sperm
with a bent or broken tail, and sperm with acrosomal and
mitochondrial defects. We also found a significant loss of
SEPT12 in sperm samples from men with asthenozoosper-
mia. Our results indicate that SEPT12 plays critical roles
during terminal differentiation of male germ cells in both
mice and humans [11].

The SEPTIN7 gene is located on human chromosome
7pl14.3, and alternative splicing of the gene results in the
transcription of two isoforms. SEPT7 is critical for spine
morphogenesis and dendrite development in neurons [12].
SEPT?7 is also one of the structural constituents of the annulus
of human and mouse sperm [8]. A terato-asthenozoospermic
patient exhibited the absence of an annulus in 97% of his
ejaculated spermatozoa, in which normal SEPT4/7 signals at

the annulus were also lacking. Although both proteins are
expressed, they are not properly localized in these sperm cells
[9]. Another study revealed the presence of a defective
annulus/SEPT4/7 phenotype in some patients with astheno-
zoospermia. Thus, SEPT4/7 may be used as a biomarker for
monitoring the status of spermiogenesis [10]. To explore the
role of SEPT7 in spermiogenesis, we investigated the
expression pattern of SEPT7 during different steps of mouse
spermiogenesis. We also analyzed the SEPT7 signal in
human semen samples. We found that the absence of a
SEPT7 signal was more prevalent in immature sperm and in
sperm with head, neck, and tail defects. Our findings suggest
strongly that SEPT7 is involved in the regulation of sperm
maturation.

Materials and methods
Patients and semen samples

This study was approved by the Institutional Review Board
of the National Cheng Kung University Hospital. We
recruited 21 infertile men presenting with asthenozoosper-
mia including nineteen moderate asthenozoospermic
patients (the percentage of motile sperm ranging from
17% to 46%) and two patients with severe asthenozoo-
spermia (the percentage of motile sperm being 0% and
14%, respectively). The percentages of sperm with various
morphological categories were similar between the moder-
ate and severe patients. The infertile men underwent semen
analysis because they all had difficulty in conceiving a
child. Nine fertile men with normal semen parameters were
collected as the control group. The semen characteristics in
the two groups were as follows, respectively: sperm count,
72.63+50.8 and 119.0+33.1 x 10° spermatozoa / ml; motility,
31.2+12.4% and 69.8+11.9% (mean + standard deviation
(SD)) (Table 1). For semen analysis, ejaculates were obtained
by masturbation after a minimum of 48 h of sexual
abstinence. Semen analysis was performed according to the
protocol recommended by the World Health Organization

Table 1 Semen characteristics
of control subjects and patients

All values are showed as mean +

Fertile control Asthenozoospermic men p-value
n=9) (n=21)
Semen characteristics
Concentration (x10° spermatozoa/mL) 119.0+£33.1 72.6+50.8 0.0184
Motility (%) 69.8+£11.9 31.2+12.4 <0.0001
Percentage of morphological defects and immaturity (%)
Head defects 17.2+11.3 15.9+£8.61 0.8034
Neck defects 4.20+2.07 5.10+£3.75 1.0000
Tail defects 5.80+3.74 18.9+13.3 0.0248
Immature 8.11+3.26 9.26+8.67 0.4284

SD, the bold number indicate

statistical significance
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using a modified Neubauer chamber (WHO, 1999). Two
laboratory technicians performed the analyses of the ejacu-
lates. The interobserver coefficient of variation was low
(9.3%) regarding concentration assessment. The diagnoses of
asthenozoospermia and oligoasthenozoospermia were based
on at least two separate semen analyses and two separate
centrifuged semen sample analyses (3,000x g for 15 min).
All patients received detailed clinical evaluation, which
included assessment of hormonal profiles (luteinizing hor-
mone (LH), follicle stimulating hormone (FSH), prolactin,
and testosterone) and physical examination.

Immunofluorescence assay (IFA) of mouse testicular tissues

Testicular tissues were collected from adult male mice
using methods described in a previous study [13]. For
immuno-fluorescence staining, the slides were treated with
0.1% Triton X-100, washed twice with Tris-buffered-saline
(TBS), followed by incubation with the anti-SEPT7
antibody (1:200) for 60 min at room temperature. Following
the washing steps with TBS, sections were exposed to goat -
anti-rabbit Alexa Flour 488 (Molecular Probes, Carlsbad,
CA, USA) for 60 min at room temperature and washed with
TBS. Lectin peanut agglutinin (PNA)-conjugated with Alexa
Fluor 568 (10 mg/ml) (Molecular Probes, Carlsbad, CA,
USA) was used to locate the acrosomes in testes and
spermatozoa. The midpiece of spermatozoa was staining by
the mitochondrial tracker (Molecular Probes, Carlsbad, CA,
USA). DAPI was used to stain the nuclei. Labeled
spermatozoa were examined and images were captured
using the upright microscopy system BX60 (Olympus,
Tokyo, Japan).

Preparation of murine testicular spermatogenic cells
and spermatozoa

Mouse spermatogenic cells were collected as described
previously [15]. In brief, testes were excised, decapsulated,
and cut into small pieces. After enzyme digestion, germ-cell
suspensions were filtered through 35 puM nylon filters
(Falcon; Becton Dickinson, Franklin Lakes, NJ, USA),
followed by centrifugation using a Kubota centrifuge 3330
(Kubota Corp., Tokyo, Japan). Germ cells at different
developmental stages were collected. Mature spermatozoa
were collected from the cauda epididymis of adult male mice.

IFA of mouse spermatozoa

IFA was performed to investigate the expression pattern of
mouse spermatogenic cells and spermatozoa, according to
the protocol described in our previous paper [14]. Briefly,
spermatogenic cells and spermatozoa were spread on a slide
and air dried. The slides were treated with 0.1% Triton

X-100, washed twice with TBS, followed by incubation
with the anti-SEPT7 antibody (1:200 dilution) for 60 min at
room temperature. Tissue sections were then exposed to the
swine anti-rabbit IgG conjugated with FITC for 60 min at
room temperature and washed with TBS. The slides were
subsequently counterstained with MitoTracker. The nuclei
of the isolated proximal tubules were labeled with DAPI
and were then dissolved in PBS (pH7.4) for 5 min, washed
with 1x PBS, and mounted. An additional slide stained
only with anti-rabbit IgG was used as a control. Labeled
spermatozoa were examined and images were captured
using the upright microscopy system BX60.

Assessment of sperm morphology and IFA
in human samples

Human semen samples were collected from nine fertile men
with normal semen parameters and 21 infertile men with
asthenozoospermia. Semen samples were ejaculated into
sterile containers, liquefied at 37°C for 30 min, spread on a
slide, air dried, and stocked at —80°C until use. For each
subject, an average of 100 sperm cells was evaluated for
sperm morphology and SEPT7 signal. Individual sperm
cells were categorized as having normal or abnormal
morphology (including head, neck, and tail defects and
immaturity) according to the WHO criteria (WHO, 1999).
The IFA experimental procedures and image analysis were
described in the previous section.

Statistical analyses

Spermatozoa were grouped according to morphological
abnormalities. An unpaired ¢ test was used to compare the
differences in the percentage of the SEPT7 signal among the
different types of morphological abnormalities. A P value<
0.05 was considered significant. We used the Prism statistical
package version 4.0 (GraphPad, San Diego, CA, USA) for
statistical analyses.

Results
Expression pattern of SEPT7 in mouse germ cells

In mouse testis sections, SEPT7 was expressed in the
spermatocyte, round spermatid and elongated spermatid in
the lumen of seminiferous tubules (Fig. 1). Given that the
expression of SEPT7 in postmeiotic germ cells, we applied
IFA to the study its expression pattern in different steps of
spermiogenesis using fractionated germ cells. Early in
spermiogenesis (step 9), SEPT7 was diffusely dispersed in
the cytoplasm of round spermatid. The protein was
aggregated at the perinuclear area as a circular structure
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Fig. 1 Immunofluorescence
assay of SEPT7 in the seminif-
erous tubule of the mouse testis.
SEPT7 (green) was expressed at
the spermatocyte (blue
arrowhead) and spermatid
(white arrow). a and b: general
view of the mouse testis; ¢ and d
(stage IX-X of spermatogene-
sis); e and f (Stage IV-V of
spermatogenesis). The inlets
show enlarged pictures. The
stage of spermatogenesis was
judged according to the
acrosome morphology. Green
(SEPT7); Red (Lectin

for acrosome)

(which is termed the perinuclear ring of the manchette) and
was also concentrated at the caudal region of the cytoplasm,
where it colocalized with mitochondria (Fig. 2a). At around
step 10-11, the mitochondrial and SEPT7 signals were
displaced toward the caudal part of the sperm. With the
development of the sperm tail, SEPT7 signals became more
condensed at the elongated caudal part of the cell, together
with mitochondria. SEPT7 signals were also concentrated
at the circular structure between the acrosome and the
nucleus (Fig. 2b). In a more advanced step of spermiogen-
esis (step 14), SEPT7 was detected as two dots at the neck
and at the annulus region, with disappearance of the
perinuclear ring (Fig. 2c, i-1). At step 16, SEPT7 was well
distributed in the cytoplasm. At this stage, the protein also

@ Springer

colocalized with mitochondria and the nucleus. In mature
spermatozoa (Fig. 2d, m—p) obtained from the cauda region
of the epididymis, SEPT7 was expressed mainly in the head
and in the annulus and faintly in the midpiece. Co-staining
for SEPT7 and acrosome showed the similar findings:
SEPT7 migrated from the cytoplasm (where it was more
concentrated in the perinuclear region) in the round and
elongating spermatid to the annulus in the elongated
spermatid and mature spermatozoa (Fig. 3).

Expression pattern of SEPT7 in human mature spermatozoa

Table 1 shows that the sperm concentration was signifi-
cantly lower in the asthenozoospermia group compared
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Fig. 2 Immunofluorescence assay of SEPT7 (green) and mitochon-
dria (MitoTracker, red) in developing spermatozoa (I-IV). I and II (a—
h) indicate early spermiogenesis. In the round spermatid (I, a—d),
mitochondria are localized at the opposite side of the nucleus. With
advancing spermiogenesis (II, e-h), the tail starts to develop and the
mitochondria are divided into two parts. With the elongation of the tail

with the normal group (P=0.0184). The percentage of
various morphological defects and immaturity was not
significantly different between these two groups, with the
exception of the percentage of tail defects, which was
significantly higher in the asthenozoospermic group than it
was in the normal group (P=0.0248). In mature spermato-
zoa obtained from ejaculate semen, SEPT7 was most
intensely expressed in the annulus, where it colocalized
with SEPT4. SEPT7 was also expressed in the sperm head,
at highest concentration in the caudal pole (Fig. 4).

The loss of SEPT7 signal was more prevalent in sperm
with various types of abnormal morphologies, including
immature sperm. We analyzed the frequency of the SEPT7
signal in ejaculated spermatozoa from control subjects and
asthenozoospermic patients. Five morphological subgroups
were identified according to the WHO (1999) criteria; these
included normal, head-defective, neck-defective, tail-
defective, and immature cells. Figure 5 depicts several
representative examples of sperm morphological defects. In
general, the absence of a SEPT7 signal was increased in
semen samples with asthenozoospermia (n=21) compared
with semen samples from fertile men with normal semen
parameters (n=9; P<0.0001, unpaired ¢ test; Fig. 6a). In
fertile men with normal semen parameters, the percentage
of defective signals was significantly increased in head-
defective and immature sperm (P=0.0489 and 0.0098,
respectively; Fig. 6b). In asthenozoospermic patients, the
percentage of absent SEPT7 signal was significantly higher

(III, i-1), the mitochondria are diffused into the tail region. At this
stage, SEPT7 was localized predominantly at the neck and the
annulus. In mature sperm (IV, m—p), SEPT7 appeared mainly as a
bright dot signal at the annulus. It also exhibited a punctate pattern at
the mitochondrial sheath and at the head. The nucleus was stained
with DAPI (blue)

in all four morphologically defective groups (P<0.0001,
<0.0001, <0.0001, and =0.002 for head-defective, neck-
defective, tail-defective, and immature sperm cells, respec-
tively; Fig. 6¢). The combination of results from both
groups revealed that a normal SEPT7 signal was signifi-
cantly decreased in all four groups of sperm with abnormal
morphology (P<0.0001, =0.002, <0.0001, and <0.0001 for
head-defective, neck-defective, tail-defective, and immature
sperm cells, respectively; Fig. 6d). Although the sample

o e ~Z|d 7

Fig. 3 Immunofluorescence assay of SEPT7 (green) and acrosome
(Lectin, red) in developing spermatozoa. a, b: Round spermatids; ¢, d:
Elongating spermatids; e, f: Elongated spermatids; g, h: mature
spermatozoa. SEPT7 migrates from the cytoplasm (concentrated in
the perinuclear region) to the annulus during sperm maturation. a, ¢, e
and g: merged pictures for SEPT7 and Lectin; b, d, f and h: merged
pictures for SEPT7, Lectin and DAPI. The nucleus was stained with
DAPI (blue)
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Fig. 4 Expression patterns of
SEPT7 and SEPT4 in human
sperm. a, Immunofluorescence
assay (IFA) showed that SEPT4
(red) was localized predomi-
nantly at the annulus region. b,
Strong SEPT7 (green) signal at
the annulus and faint signal at
the head. d, SEPT4 and SEPT7
overlapped completely at the
annulus. ¢, The nucleus was
stained with DAPI (blue)

size is too small to draw a meaningful conclusion, the
degree of asthenozoospermia seems to correlate with
percentage of defective SEPT7 signals. The percentage of
sperm with defective SEPT7 signals was 19.1% and 36.1%,
respectively, in sperm with normal morphology. The
percentage increased to 50.7% and 90.3%, respectively, in
the abnormal sperm for these two patients.

Discussion

The perinuclear ring and the inserted microtubular mantle
wrapping the spermatid nucleus create the manchettes
during the round-to-elongating transition [16—18]. Because

Fig. 5 Human spermatozoa
with various types of morpho-
logical defects. a, Normal
spermatozoa. b, An immature
sperm with a cytoplasmic
droplet. ¢, A head-defective
sperm with loss of nuclear
content. d, A neck-defective
sperm with a bent neck. e and f,
Tail-defective sperm with bent
(e) or coiled (f) tails. The defects
are indicated by the white
arrows. Blue, nuclei stained with
DAPI; red, mitochondria stained
with MitoTracker; green, SEPT7

@ Springer

of its spatial localization and tight association with the
spermatid nucleus, the manchette/perinuclear ring plays a
principal role in the molding of the spermatid nucleus.
CLIP-170 is a microtubule plus-end-tracking protein that is
associated with the spermatid manchette. Male mice
carrying homozygous knockout of CLIP-170 are subfertile
and produce sperm with abnormal heads [19]. Our finding
suggests that SEPT7 may contribute to the formation of the
perinuclear ring of the manchette. o-tubulin has been
proposed as a central component of the perinuclear ring
[20]. SEPT7 expression emerged at step 9 and disappeared
at step16 of spermiogenesis, which is an expression pattern
that is similar to that of d-tubulin. SEPT7 may interact with
O-tubulin in the assembly or positioning of the perinuclear
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Fig. 6 Loss of SEPT7 signal was associated with motility and
morphological defects of spermatozoa. The Y-axis indicates the
frequency of absent SEPT7 signal in spermatozoa (defined as the
number of spermatozoa without SEPT7 signal/the total number of
spermatozoa scored). The spermatozoa were divided into five sub-
groups according to morphological criteria: normal sperm (normal),
sperm with head defects (head D), sperm with neck defects (neck D),
sperm with tail defects (tail D), and immature sperm (immature). a, The
percentage of sperm with loss of SEPT7 signal was increased in

ring during spermiogenesis, considering the prevailing evi-
dence of an interaction between septins and tubulins in
mammals [1, 21, 22]. It is also attractive to speculate that
SEPT7 dysfunction may interfere with manchette/perinuclear
ring formation and with resultant sperm-head defects.

In this study, we also found that SEPT7 migrated from
the midpiece to the annulus as spermatozoa matured. This
expression pattern suggests that SEPT7 may be involved in
the regulation of the formation of the midpiece and annulus.
Previous studies showed that SEPT1/4/6/7/12 are located at
the sperm annulus and that this septin-based organization is
a requisite for the structural and functional integrity of
sperm [7, 8, 11, 23]. Other proteins located at the mouse
sperm annulus include DNAJBI3 [24] and testis anion
transporter 1 (TAT1) [25]. In the mouse, gene targeting of
Septind, Septinl2, and Tatl lead to abnormal mitochondrial
organization and tail defects [6, 7, 11, 25]. In humans,
absence of the annulus is associated with abnormal
mitochondrial organization in poor-motility sperm [9]. A
recent study showed that DNAJBI13, which is a type II
HSP40, attaches itself to the annular anlage and then
recruits septins via direct interaction with SEPT4 or a

normal head D neck D tail D immature

semen samples of asthenozoospermic men (asthenozoospermic)
compared with men with normal semen parameters (fertile; P<
0.0001, unpaired ¢ test). b, In fertile men, the percentage of sperm
with an absence of SEPT7 signal was significantly higher in head-
defective and immature sperm. In asthenozoospermic men (¢) and in a
combined analysis of the two groups (d), the percentage of sperm with
an absence of SEPT7 signal was significantly higher in all groups with
morphological defects. *P<0.05; **P<0.01; ***P<0.001; unpaired
t test. Error bars indicate = SD

SEPT4-containing septin complex for the formation of an
authentic annulus in the early stage of sperm flagellum
morphogenesis. In the late stage, it may assist the migration
of the annulus and direct the annulus to the junction where
SEPT4/7 are localized [24]. It is likely that SEPT7 may act
directly or indirectly with DNAJB13 to orchestrate the
formation of the sperm midpiece and tail. Considering that
the abnormal localization of the annulus may result in the
absence of a mitochondrial sheath [26], it is attractive to
speculate that SEPT7 dysfunction may result in the failure
of the midpiece to reach its normal position along the
flagella, which results in sperm with neck and tail defects.
This study constitutes the first description of the expression
pattern of SEPT7 during spermiogenesis. The expression
pattern of SEPT7 was reminiscent of that observed for
SEPT12 in the post-meiotic germ cell [11]. The expression
pattern suggested that SEPT7/SEPT12 may regulate the
formation of all four subcellular compartments (i.e., acro-
some, head, midpiece, and tail) jointly during spermiogen-
esis. It is possible that SEPT7 filaments serve as intracellular
diffusion barriers (e.g., the perinuclear ring and the annulus)
between the different subcellular compartments of sperm.

@ Springer



306

J Assist Reprod Genet (2010) 27:299-307

We also demonstrated for the first time the correlation
between sperm immaturity and loss of SEPT7 signal in
human spermatozoa. Sperm maturation involves removal of
surplus cytoplasm, cytoplasmic membrane remodeling,
chromatin condensation, tail sprouting, and acrosome
formation [27]. The immature sperm is associated with
poor sperm motility, lower fertilizing capacity, reduced
binding to the zona pellucida, increased rate of aneuploi-
dies, and nuclear DNA damage [28]. Among the various
morphological markers of immature sperm, the retention of
cytoplasm in the midpiece and a shorter tail length are the
most prominent characteristics of immature sperm [29].
Two biochemical markers have also been proposed as
representative of sperm maturity: creatine kinase (CK)
activity [30] and CK-M isoform ratio [31, 32]. Our findings
may add SEPT7 to the list of sperm-maturity markers. The
surplus cytoplasm is completely removed around the time
of ejaculation via an unidentified mechanism [33]. Consid-
ering that Septin4 knockout mice also exhibit increased
rates of immature sperm [7, 8], SEPT4/7 may participate
jointly in the regulation of the removal of the residual
cytoplasm during sperm maturation.

Septins form homo- and heterooligomeric complexes
that are assembled into filamentous structures depending on
the combination of the various septin members in mammals
[1, 34]. Considering the high similarity of the expression
patterns of SEPT4, SEPT7, and SEPT12, it is highly likely
that the SEPT4/7/12 complex not only constitutes the
structural basis of the annulus but also serves as a diffusion
barrier between the various subcellular compartments of
mammalian spermatozoa [6, 11, 35, 36]. As alterations in
the expression of one septin can lead to altered expression
of other septins [5], the concomitant use of multiple
markers (SEPT4 + SEPT7 + SEPT12) may be superior to
any single marker as a sperm-quality index.

Conclusions

SEPT7 may be involved in the regulation of subcellular-
compartment formation, as it correlated with the morphol-
ogy and maturity of sperm.
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