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Summary

Septins are polymerizing GTP binding proteins re-
quired for cortical organization during cytokinesis
and other cellular processes. A mammalian septin
gene Septd is expressed mainly in postmitotic neural
cells and postmeiotic male germ cells. In mouse and
human spermatozoa, SEPT4 and other septins are
found in the annulus, a cortical ring which separates
the middle and principal pieces. Sept4’'~ male mice
are sterile due to defective morphology and motility
of the sperm flagellum. In Sepi4 null spermatozoa, the
annulus is replaced by a fragile segment lacking cor-
tical material, beneath which kinesin-mediated in-
traflagellar transport stalls. The sterility is rescued by
injection of sperm into oocytes, demonstrating that
each Sept4 null spermatozoon carries an intact hap-
loid genome. The annulus/septin ring is also disorga-
nized in spermatozoa from a subset of human pa-
tients with asthenospermia syndrome. Thus, cortical
organization based on circular assembly of the septin

*Correspondence: mkinoshita@hmro.med.kyoto-u.ac.jp

cytoskeleton is essential for the structural and me-
chanical integrity of mammalian spermatozoa.

Introduction

The septins are a family of polymerizing GTP binding
proteins originally discovered in budding yeast as a
group of cell cycle mutants which cause defects in cy-
tokinesis (Field and Kellogg, 1999). Loss or mutation of
any one of the five septins commonly results in multinu-
clear and multilocular morphology. These mutants lack
electron-dense circular striations which are normally
organized beneath the plasma membrane between a
mother cell and the bud (Byers and Goetsch, 1976; Fra-
zier et al., 1998). These circular striations represent the
“septin ring,” a subcellular structure which can be visu-
alized by immunofluorescence or by the expression of
septins fused to biofluorescent proteins. To date, the
septin ring has been known to play multiple roles in
cytokinesis: it serves as a scaffold for various mitosis-
associated molecules (Gladfelter et al.,, 2001) and for
positioning the mitotic spindle (Kusch et al., 2002), and
as a diffusion barrier for partitioning membrane do-
mains between a mother cell and the bud (Barral et al.,
2000; Takizawa et al., 2000). Although such a structure
and its related functions have not been demonstrated
in higher organisms, requirement of the septin cytoskel-
eton for cytokinesis seems conserved up to mammals
(Neufeld and Rubin 1994; Kinoshita et al., 1997; Nguyen
et al., 2000).

Despite the progress of septin biology in yeast, many
questions unique to the metazoan septin system re-
main unsclved: (1) Septins are abundantly expressed in
nondividing cells, but little is known about their roles in
postmitotic events (Beites et al., 1999; Adam et al.,
2000; Dent et al., 2002; Finger et al., 2003). (2) Although
mammalian septin filaments can self-organize circular
bundles both in vitro and in interphase tissue culture
cells following actin perturbation (Kinoshita et al.,
2002), the physioclogical relevance of this unique prop-
erty has not been established because a similar struc-
ture has not been found in vivo. (3} Although most sep-
tins are believed to function as cytoskeletal proteins, a
few septin gene products are implicated in mito-
chondrial functions, apoptosis, and/or tumorigenesis.
For instance, the human and mouse Sept4 genes
respectively generate polypeptides of 32 and 46 kDa in
addition to the larger 48-54 kDa cytoskeletal isoforms.
The 32 and 46 kDa isoforms are targeted to mito-
chondria in tissue culture cells, and the 32 kDa isoform
induces cell death when overexpressed {Larisch et al.,
2000; Takahashi et al., 2003). Messenger RNA for the
32 kDa “proapoptotic” isoform is downregulated during
malignant progression of human lymphoma (Elhasid et
al., 2004). Thus, Sept4 is thought to be a potential tu-
mor-suppressor gene in humans. However, it has also
been claimed that Sept4 is an oncogene whose upreg-
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ulation is responsible for human colon cancer (Tanaka
et al., 2002). As yet, these contradictory hypotheses
have not been critically tested for relevance in vivo..

To address the puzzling situation regarding mamma-
lian septins, especially SEPT4, we disrupted the Sept4
gene in the mouse. The distinct phenotype observed in
the Sept4 null mice provides answers and clues to
some of these remaining questions. In this report, we
focus on the discovery of a septin-based circular struc-
ture in the spermatozoa of diverse mammals. Here, we
reveal that the septin ring in the mouse spermatozoa
is essential for cortical organization and intraflagellar
transport, and demonstrate a critical role for the septin
cytoskeleton in mammalian spermiogenesis and repro-
duction.

Results

Sept4 Is Essential for Male Fertility in Mice

To explore the postmitotic and postmeiotic roles of the
septin cytoskeleton in vivo, we created mice lacking
Septd. The Sept4 gene and its products are expressed
mainly in postmitotic neural cells (Kinoshita et al,, 2000)
and postmeiotic male germ cells (Figure 1A). The
targeting vector was designed to replace the entire
coding exons 2-10 with a neo cassette to make a null
allele (Figure 1B). The Sept4*- and Sept4~"~ mice were
born at a rate close to the predicted Mendelian fre-
quency. Elimination of the SEPT4 polypeptides in
Sept4-/~ tissues was confirmed (Figure 4 and not
shown). The Sept4~/~ mice had normal health without
spontaneous development of malignancy (solid tumor
and hematologic) until up to 10 months old (n > 150),
except that males were completely sterile (Figure 1C).
In contrast, Septd*’- males and Sept4~'~ females were
fertile and produced normal-size litters. There were no
gross anatomical and histological differences in the
seminal vesicles, prostates, testes and epididymides
between Sept4*~ and Sept4~/~ males {Figure 1C and
Supplemental Figure S1). Thus, the sterility is not attrib-
utable to developmental abnormality in and/or immatu-
rity of the male reproductive organs.

Sept4 Is Essential for Structural and Mechanical
Integrity of the Mouse Spermatozoa

To elucidate defects underlying the male sterility, we
compared mature spermatozoa collected from caudae
epididymides of Sept4*~ and Sept4~~ mice by dif-
ferential interference contrast (DIC) video microscopy.
Strikingly, >90% of the Sept4 null spermatozoa were
either completely immotile or exhibited impaired flagel-
lar movement (Figure 1C). None of Sept4 null spermato-
zoa had a dark ring which separates the middle and
principal pieces in normal spermatozoa (Figure 2A}. In-
stead, each had a segment of narrow caliber in the cor-
responding region, many of which were sharply bent
or broken (Figures 2A and 2B). In contrast, immature
spermatozoa collected from Sept4~/- caput epididymis
were neither bent nor broken (Figure 2B). Thus, it is
likely that the structural fragility of Sept4 null spermato-
zoa manifests when their flagella start moving after
maturation in the cauda epididymis. As the number of
spermatozoa in Septd~/~ vas deferens was within the

normal range (Figure 1C), the Sept4~/- mice infertility
is technically attributable not to oligozoospermia (low
sperm concentration), but to terato-asthenospermia
(defective sperm morphology and motility).

Septin Organization in Normal and Sept4

Null Spermatozoa

To address the molecular basis underlying the struc-
tural and mechanical defects of the Sept4 null sperma-
tozoa, we examined the subcellular localization of
SEPT4 and other septin subunits in normal spermato-
zoa. Immunocytochemistry and fluorescence micro-
scopy analysis detected SEPT4 as a pair of dots be-
neath the plasma membrane between the middle and
principal pieces (Figure 2C). The dots often appeared
fused depending on the staining conditions. Three
other septin subunits, SEPT1/6/7, colocalized to the
SEPT4 dots (Figure 2C and Supplemental Figure S2),
while Sept2/5/8/10/11/12 and the major cytoskeletal
proteins, o-tubulin, B-actin, and vimentin, were not con-
centrated at the dots (data not shown). On the other
hand, SEPT1/6/7 were delocalized and dispersed
throughout the cytoplasm in Sept4 null spermatozoa
(Figure 2D and Supplemental Figure $2).

Defective Cortical Organization in Sepi4

Null Spermatozoa

Consistently, immuno-electron microscopy (immuno-
EM) detected SEPT4 in a submembranous ring of high
electron density which is known as the annulus (Figure
3A). By transmission electron microscopy (TEM), the di-
ameter of the annulus in Sept4* spermatozoa was 0.58
+ 0.09 pm (n = 38), and the axonemal 9+2 structure and
the surrounding outer dense fibers were indistinguish-
able between Sept4* and Sept4 null spermatozoa {Fig-
ure 3B). The annulus maintained this constant diameter
with or without rudimentary cytoplasm (“cytoplasmic
droplet”} around the middle piece (Figure 3C). The an-
nulus is in closer proximity to the fibrous sheath than
to mitochondria (Figures 3B and 3C}). In Sept4 null sper-
matozoa, however, the annulus was never found, and
the fibrous sheath often failed to cover a proximal seg-
ment of the principal piece (Figure 3B). The defects of
cortical organization between mitochondria and the fi-
brous sheath correspond to the narrow segment ob-
served by DIC microscopy (Figure 2A). Thus, we con-
clude that SEPT1/4/6/7 form the major structural basis
of the annulus, which fails to organize in the absence
of the SEPT4 subunit. This situation is reminiscent of
the yeast septin ring which is disorganized by deletion
of any one of the five septin subunits (Frazier et al.,
1998). Taken together, we conclude that genetic loss of
Sept4 results in segmental defects in cortical organiza-
tion, and that the local cortical defects are primarily re-
sponsible for the severe fragility of Sept4 null sperma-
tozoa.

Proteomic Changes in the Sept4~~ Testis

To study proteomic changes accompanying the genetic
loss of Sept4, we compared protein expression profiles
of Sept4*"* and Sept4~/~ testes by immunoblot. All the
Sept4-derived polypeptides detected by the H5C2U
antibody in the Sept4** testis extract were absent in
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Figure 1. Loss of Sept4 Abolishes Male Fertility in Mice

(A) Left: Tissue-specific expression of the mouse Sept4 gene in comparison with the ubiquitous expression of Sept7. Each lane contained 2
1.g poly A* RNA. Middle: Haploid germ cell-specific expression of Sept4 in mature testis. Each lane contained 20 j.g total RNA. Right: Two
SEPT4 isoforms of approximately 54 and 48 kDa appeared in 4-week-old 1estes following the increase in mRNA expression.

(B) Targeted disruption of Sept4., Top: A partial map of the mouse Sepi4 locus and diagrams showing the targeting strategy. Southern
blot genotyping was done with indicated probes (data not shown). Bottom: Genotyping with the two sets of PCR primers shown in the
above diagram.

(C) Complete sterility of the Sept4~/~ male mice. From left to right: The Sept4~*~ males never had offspring after successful matings with
vaginal plugs. Sept4~/~ males had mature reproductive organs, shown by an index of organ weight {in mg) per body weight {in g. There was
no statistically significant difference in the number of spermatozoa {x10%) collected from Septd*~ and Septd~- vas deferens. Motility of
spermatozoa derived from Sept4*'~ and Sept4~"~ mice was scored by the WHO classification; A, fast propulsion with straight trajectory, B,
slow propulsion and/or tortuous trajectory, C, movement without propulsion, D, no movement (n = 410). {Supplemental movies are available
at httpi//sentani.hmro.med.kyoto-u.ac.jp/~top/teams/index_m_kinoshita_e.html)

that of Sept4~/~ (Figure 4). In addition to the 54 kDa and ures 2C and 3A) and in the brain (Kinoshita et al., 2000).

48 kDa (cytoskeletal) isoforms of SEPT4, this antibody Thus, most of the 46 kDa isoform may not be targeted
recognized shorter products including the 46 kDa to mitochondria in vivo under normal conditions. We
{(“mitochondrial”) isoform (Takahashi et al., 2003). How- have not been able to confirm by RT-PCR and sequenc-
ever, this and other SEPT4 antibodies never recogniz- ing whether the mouse Sept4 gene generates an or-

ably labeled mitochondria in normal spermatozoa (Fig- tholog of the human 32 kDa (mitochondrial, proapo-
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Figure 2. Septd Null Spermatozoa Collapse
at the Narrow Segment belween the Middle
and Principal Pieces

(A} DIC images of spermatozoa derived from
Septd*'~ and Sept4~'- mice. Top: The middle
and principal pieces of the Sept4' spermato-
zoa were clearly demarcated by a dark ring
(black arrows and insert). Bottom: Instead of
the dark ring, Sept4 null spermatozoa had an
~5-pm-long segment with a smaller diame-
ter in the corresponding region (white arrows
and insert), most of which were sharply bent
or broken (red arrows). The junction between
the head and middle piece, termed the con-
necting piece, was also fragile {blue arrow).
(B) The local fragility was scored by the fre-
quency of collapse (bend and break). Sept4
null spermatozoa collected from cauda epi-
didymis were bent most frequently near the
border between the middle and principal
pieces (zone 3, red), followed by the head-
middle piece junction (zone 1, blue). The bor-
der between the middle and principal pieces
is inherently fragile even in normal spermato-
zoa. In contrast, immature Sept4 null sper-
matozoa collected from caput epididymis had
minimal defects, indicating that the collapse
occurs at the last stage of sperm maturation.
n = 2000.

(C) Immunofiuorescence images of sperma-
tozoa collected from Sept4+/~ cauda epidid-
ymis showing subcellular localization of
SEPT4 or SEPT7 {green), nuclear DNA {blue),
and vital staining for mitochondria {red). The

two septins colocalized near the dark ring shown in (A), where SEPT1 and SEPTS also colocalized {Supplemental Figure $2).
{D) Immunocfluorescence images of spermatozoa collected from Sept4-~ cauda epididymis showing complete loss of the SEPT4 signal and
delocalization of SEPT7. Color coding is the same as in {C). Neither SEPT1 nor SEPT6 localized near the middle-principal piece border

{Supplemental Figure S2),

ptotic) polypeptide called ARTS (data not shown). Anti-
bodies that recognize the putaive proapoptotic Sept4
product in the mouse tissues have not been available.

Expression levels of the other septin subunits were
comparable or slightly reduced in Sept4~/~ testes (Fig-
ure 4). It has previously been known in other systems
that loss of a septin subunit can affect the stability of
other subunits in the same complex (Fares et al., 1995;
Dent et al., 2002; Kinoshita et al., 2002). Although expres-
sion of microtubule and associated proteins (o-tubulin,
dynein intermediate chain, dynactin, kinesins) remained
unchanged, p-actin was consistently and significantly
reduced in Septd~’- testes. These results are concor-
dant with the disorganization of actin bundles after
RNAi-mediated septin depletion in tissue culture cells
(Kinoshita et al., 2002). In addition, we consistently ob-
served a reduction of a mitochondrial respiratory en-
zyme (and an apoptosis mediator) cytochrome C in
Sept4~'~ testes, while another enzyme cytochrome oxi-
dase subunit IV (COX 1V} did not change significantly.
Although the mechanism and significance of these un-
expected changes are currently unknown, genetic loss
of Sept4 appears to have a considerable impact on the
testis/sperm proteome.

Low ATP Consumption and Impaired Microtubule
NMotor Activity in Sepi4 Null Spermatozoa

Next, we explored abnormalities responsible for the
poor motility of Sept4 null spermatozoa. The mechani-

cal defects may be due not only to the structural de-
fects but also to low viability or inert energy metabo-
lism. As a common index of viability and energy
metabolism, we measured the ATP level of mature sper-
matozoa immediately after collection from Sept4*~ and
Sept4~'~ caudae epididymides. Unexpectedly, Sept4
null spermatozoa contained far more ATP than normal
spermatozoa (2.3 versus 3.6 x 108 ATP molecules per
Sept4* and Sept4 null spermatozoon, respectively)
(Figure bA). After incubation in TYH medium at 37°C for
1 hr, the steady-state ATP level of Sept4* spermatozoa
was reduced by 59%, whereas that of Sept4 null in-
creased by 3%. The net ATP consumption during the 1
hr incubation, which was estimated by blocking mito-
chondrial oxidative phosphorylation with cyanide, was
1.8 and 1.1 (x108 ATP/spermatozoon/hr), respectively.
We conclude that Sept4 null spermatozoa are viable
and able to generate ATP, but are unable to utilize ATP
robustly.

The low ATP consumption and motility of Sept4 null
spermatozoa indicate a severe functional defect in the
major flagellar motor, dynein ATPase. However, we
found neither loss nor mislocalization of dynein (tested
only for the intermediate chain) in Sept4 null spermato-
zoa by immunoblot and immunoflucrescence (Figure 4
and data not shown). Thus, we speculate that axo-
nemal deformity caused by the sharp bend may ham-
per the coordinated sliding motion of the tubulin-dynein
crossbridges. Since this hypothesis alone cannot ac-
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Figure 3. The Annulus, a Septin-Based Corti-
cal Ring, Is Not assembled in Sept4 Null
Spermalozoa

(A) Immuno-gold labeling for SEPT4 in
Sept4' mouse spermatozoa {sagitial sec-
tions, head to the left). SEPT4 {labeled with
large black dots) consistently localized to
the annulus which is seen as a pair of
electron-dense, wedge-shaped structures
beneath the plasma membrane (arrowhead
at the bottom).

(B) TEM images of Sept4' and Septd null
spermatozoa in sagittal {left panels) and ax-

A immuno-gold

B _“

axial sections

fibrous ial {right panels) sections. Top, left: Annulus
d sheath (arrowhead at the top) in a Sept4* spermato-
- axonemal zoon is seen as a distinct ring intervening in
9+2 the mitochondrial array (on the left) and fi-
Cf(‘)i?éfse brous sheath {on the right). Top, right: An ax-

i

ial section of a Sept4' spermatozoon at the

count for the immotility of straight Sept4 null spermato-
zoa, we explored other factors that affect ATP con-
sumption in Sept4 null spermatozoa. We examined the
status of kinesins, another class of motor proteins
which are required for intraflagellar transport along the
axoneme toward its tip (Scholey, 2003). In Sept4* sper-
matozoa, a pan-kinesin antibody SUK4 gave punctate
labeling along the distal axoneme and a larger spot
near the centrosome in the neck region (Figure 5B). On
the other hand, punctate signals for kinesins clustered
near the narrow segment of Sept4 null spermatozoa ir-
respective of the presence of a sharp bend. These data
indicate that kinesin-mediated intraflagellar transport
somehow stalls beneath the defective cortex in the
Sept4 null spermatozoa, despite an apparently intact
axonemal 9+2 structure (Figure 3B). Since kinesin-
mediated intraflagellar transport is essential for micro-
tubule stability and dynein activation (Carvalho et al.,
2004), its failure to progress farther than the narrow
segment in Sept4-null spermatozoa might affect down-
stream microtubule organization and/or dynein motor
activity. Taken together, we currently hypothesize that
the dynein motor in Sept4 null spermatozoa cannot fully
utilize ATP, perhaps because the defective intraflagellar
transport affects its activation, and/or the sharp bend
in the axoneme prevents its sliding motion.

principal piece shows the fibrous sheath,
coarse fibers, and axonemal 942 structure,
Botlom, left: The annulus is completely lost
in a Sept4 null spermatozoon, leaving a thin
segment without mitochondria or a fibrous
sheath at the cortex. Bottom, right: An axial
section of a Sept4 null spermatozoon at the
middle piece shows ultrastructurally normal
coarse fibers and axonemal 9+2 structure.

{C) A TEM image of a sagittally sectioned
Sept4* spermatozoon with a cyloplasmic
droplet around the middle piece. The annu-
lus appears to anchor the plasma membrane
to the proximal end of the fibrous sheath,

The Sept4 Null Spermatozoon Carries

a Normal Haploid Genome

To test possible meiotic defects in Sept4~~ mice, we
asked whether their sterility can be rescued by in vitro
fertilization techniques. The sterility of Sept4~'- mice
was barely rescued by in vitro fertilization (Supplemen-
tal Table S3). On the other hand, intracytoplasmic injec-
tion of Sept4 null sperm nuclei (ICSI) was able to fertil-
ize oocytes, some of which developed normally to birth
(Supplemental Table S$4 and Supplemental Figure S4).
These and above data indicate that each Sept4 null
spermatozoon carries an intact haploid genome as a
result of normal spermatogenesis, whereas the struc-
tural and mechanical defects developed during sper-
miogenesis and subsequent maturation steps prevent

* their propulsion and entry into ococytes.

Defective Annulus/Septin Ring Organization

in Human Asthenospermia

Thus far, we have demonstrated in mice that defective
sperm motility accompanies disorganization of the sperm
cortex and annulus. Since sperm morphology shows
considerable interspecies diversity, we tested whether
septins also comprise the annulus in other mammals.
Among our septin antibodies, those against SEPT7
consistently labeled the human and bovine annulus
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Figure 4. Genetic Loss of Sept4 Causes Proteomic Changes in the
Testis

Immunoblot analysis of extracts from Sept4*/* and Sept4~'- testes.
All the bands for SEPT4 were absent in the Sept4~/~ testis, which
established specificity of the antibody H5C2U used throughout
this study. In the Sept4~~ testis, SEPT1/2/6/7/11, [B-actin and
cytochrome C {(cyto C) were slightly reduced; a-tubulin, dynein in-
termediate chain, kinesins, a fibrous sheath protein, AKAP82, and
mitochondrial cytochrome oxidase subunit IV {COX IV) were un-
changed. Each lane contained 100 pg protein. Consistent results
were obtained in two or three experiments.

most intensely, followed by those against SEPT1/4/6
(Figure 6A and Supplemental Figure §3; and data not
shown). Thus, the role for the septin cytoskeleton in
annulus organization seems conserved throughout mam-
malian evolution.

Finally, we asked whether loss of the annulus/septin
ring is involved in human male infertility. Frozen semen
samples derived from human male infertility patients
were processed forimmunofluorescence analysis using
the SEPT7 antibody. Among 22 infertile sperm samples
of various clinical categories, three samples were de-
void of the septin ring and annulus as determined by
immunofluorescence and TEM, respectively (Figure 6
and data not shown). Interestingly, each case had been
clinically diagnosed as idiopathic asthenospermia with-
out oligozoospermia. Teratozoospermia as seen in the
Sept4 null mice (e.g., segmental narrowing and bend})
was not evident in these cases. On the other hand, as-
thenospermia seems to correlate with the loss of the
annulus/septin ring in humans. Considering the high in-
cidence, disorganization of the annulus/septin ring may
be a common phenotype that occurs in mammalian as-
thenospermia of various eticlogy.

Discussion

This study revealed a previously uncharacterized func-
tion of the septin cytoskeleton in a postmeiotic, ter-
minally differentiated cell. The genetic loss of Sept4
caused disorganization of the annulus and adjacent
cortex, which resulted in fragility and immoatility of the

spermatozoa. Thus, septin-based organization of the
annulus is a requisite for the structural and mechanical
integrity of the mammalian spermatozoa.

Annulus as a Septin Ring

Despite the interspecies diversity of sperm morphol-
ogy, the septin subunits were consistently found in the
annulus of spermatozoa from three distant mammalian
species. The unique property of septin hetero-oligo-
mers to assemble in vitro as circular bundles of 0.51 =
0.07 p.m in diameter (Kinoshita et al., 2002) seems suit-
able for organization of the annulus, which exhibits
both a similar shape and size (0.58 + 0.09 p.m). The loss
of the annulus and the adjacent cortex in Sept4 null
spermatozoa indicates that the annulus/septin ring may
serve as a cortical scaffold to organize the fibrous
sheath immediately distal to the mitochondrial array. In
the case of contractile ring assembly during metazoan
cytokinesis, septins are circularly organized beneath
the equatorial plasma membrane by anillin, a pleckstrin
homology domain protein that interacts with both sep-
tins and lipid (Oegema et al., 2000; Kinoshita et al.,
2002). Since anillin is absent in the annulus {data not
shown), the septins are targeted beneath the plasma
membrane by another mechanism. The lipid binding
property of SEPT4 (Zhang et al., 1999) might serve for
this purpose.

The annulus has been hypothesized to function as a
diffusion barrier between the middle and principal
pieces for membrane-bound sperm proteins such as
rat glycoprotein CE9 (an ortholog of mouse emmprin
and human CD147) (Cesario and Bartles, 1994). The
yeast septin mutants helped establish the concept that
the septin ring is the diffusion barrier between the
mother and bud membrane compartments (Barral et al.,
2000; Takizawa et al., 2000). Likewise, the Sept4 null
spermatozoa should serve as a means to test the signi-
ficance of annulus/septin-ring-dependent compartmen-
tation of emmprin and other cortical molecules.

Other unanswered questions related to the annulus
include the mechanism by which the annulus/septin
ring is positioned and assembled during normal sper-
miogenesis, and the mechanism by which the adjacent
cortex is lost in the absence of a septin subunit. Since
the septin cytoskeleton also plays a role in Drosophila
spermatogenesis (Hime et al.,, 1996), this unique cy-
toskeleton may be universally required for male meiosis
in metazoa. Future studies with other species and ap-
proaches should further clarify septin-mediated pro-
cesses in spermato/spermiogenesis.

Causal Link between Loss of Sept4 and Immotility
The mechanism by which loss of Sept4 and/or the cor-
tical defects affect flagellar motility is still unclear. Al-
though axonemal 9+2 structure in the Sept4 null sper-
matozoa was normal at EM level, the excess ATP
reserve indicates that the major ATPases such as dy-
nein cannot utilize ATP for some reason. The simplest
explanation would be that axonemal deformity, due to
the sharp bend, mechanically prevents the axonemal
sliding machinery. However, this mechanism alone can-
not explain the immotility of Sept4 null spermatozoa
which do not exhibit this bend.



A Septin Ring in Mammalian Sperm Flagellum
349

p =

Bgept4*
Sept4 null

P

(o8]

DNA

kinesins
Sept4 null

-

ATP reserve / spermatozoon (x10%)
N

*
3
Z o0
] H
,

Figure 5. Reduced ATP Consumption and Defective Intraflagellar Transport in Sept4 Null Spermatozoa

{A) ATP reserve and consumption of Sept4* and Sept4 null spermatozoa. ATP content in mature spermatozoa immediately after collection
from Sept4*/~ and Sept4~'~ cauda epididymis was measured by a luciferase method {time 0). During subsequent incubation of Sept4* sperma-
tozoa, flagellar movement and ATP consumption increased. Consequently, the ATP reserve in Sept4* spermatozoa was markedly reduced
after 1 hr. In contrast, this did not occur in Sept4 null spermatozoa. The net ATP consumptlion was estimated by inhibiting ATP production by
adding 5 mM KCN to the media. The measurement was triplicated and divided by the number of spermatozoa.

(B) Aberrant kinesin localization in Sept4 null spermatozoa (DIC and immunoflucrescence images). Top: In each Sept4* spermatozoon, a pan-
kinesin antibody, SUK4, gave punctate labeling throughout the axoneme and a larger dot at the head-middie piece junction known as the
connecting piece. The larger dot is likely 1o correspond to centrosomal kinesins. Bottom: In Sept4 null spermatozoa, the punctate signals for
kinesins were concentrated near the narrow segment irrespective of the presence of a bend. The signal intensity and localization of the dot

ai ihe conneciing piece appeared unaffected. DNA: blue, kinesins: green.

A clue may come from the accumulation of kinesins
near the narrow segment of Sept4 null spermatozoa,
because the failure of kinesin motors to progress be-
yond this segment indicates local defects in the axo-
neme. Perhaps SEPT4 and/or the normal cortex are re-
quired for proper organization of the core axonemal
structure. This hypothesis may be supported by the
fact that depletion of a septin subunit affects microtu-
bule organization in tissue culture cells (Surka et al.,
2002; Nagata et al., 2003). Reciprocally, defects in
kinesin-mediated intraflagellar transport may affect
both microtubule stability and dynein activation (Car-
valho et al., 2004). Thus, a subtle defect in the axoneme
might initiate a vicious cycle affecting the two microtu-
bule motor proteins. The nature of the hypothetical axo-
nemal defects in the Sept4 null spermatozoa is an in-
triguing subject for future studies.

Association between Annulus Disorganization
and Asthenospermia in Humans
About 15% of human couples remain childless due to
infertility, and roughly half of the cases are attributable
to male infertility. Although many genetic factors are
likely to underlie most cases of idiopathic male infertil-
ity, few responsible genes have been identified (Matzuk
and Lamb, 2002). Although this commaon syndrome (in-
cidence: 1 in ~200 males) consists of heterogeneous
etiology, further classification has not been enabled
partly due to absence of appropriate markers.

This study revealed defective annulus/septin ring or-
ganization in 20% of infertility patients with idiopathic

asthenospermia syndrome without oligozoospermia
(n = 15). We have not explored genetic defects in these
patients lacking the annulus, because it is unlikely that
septin gene defects are so comman. Perhaps defects
in a certain class of molecules involved in spermiogen-
esis affects annulus/septin ring organization. If a corre-
lation between loss of annulus and mechanical defects
in spermatozoa is established in larger-scale clinical
studies, it should serve as a diagnostic criterion to clas-
sify asthenospermia syndrome.

Addressing Other Questions with Sept4~- Mice
Besides asthenospermia syndrome, human Sept4 is
also implicated in leukemogenesis with its proapoptotic
product (Larisch et al., 2000; Elhasid et al., 2004). As
yet, we have not obtained positive data to support the
possible involvement of mouse Sept4 in leukemogene-
sis as a tumor-suppressor or a proapoptotic factor. For
instance, the Septd~~ mice have never developed
spontaneous malignancy at recognizable gravity and
frequency, and the Sept4-/~ testes exhibited no histo-
logical abnormalities (Supplemental Figure S1). Per-
haps loss of Sept4 is either negligible or compensated
for in mouse tissues. We should note that an opposite
possibility of Sept4 as an oncogene has not been ex-
cluded either. Challenging Sept4~'- mice with carcino-
gens or establishing Sept4-/~ mice with a cancer-prone
genetic background may reveal additional roles for
Sept4 during tumorigenesis/leukemogenesis.

Human Sept4 is also implicated in the neuropathol-
ogy of Alzheimer's disease (Kinoshita et al., 1998) and
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Figure 6. Septin Disorganization and Loss of
the Annulus in a Subset of Human Asthen-
ospermia

{A) DIC, immunofiuorescence, and TEM images
{sagittal section, head to the left) of human
spermatozoa derived from a fertile individual
{labeled as normal) and an infertile patient
with defective sperm motility {labeled as as-
thenospermia). In the middie panel, samples
were labeled for nuclear DNA (blue), SEPT7
{green), and o-tubulin {red). As seen in the
mouse and bovine spermatozoa {Figure 2C
and Supplemental Figure S3), the SEPT7 an-
tibody specifically labeled the annulus in the
human spermatozoa (arrowheads in TEM).
Incubation of the normal sperm samples at
room temperature overnight did not affect
the signal intensity and localization. in con-
trast, neither septin ring (by IF) nor the annu-
lus (by TEM) was organized in the samples
derived from three patients with asthen-
ospermia syndrome (right panels and not
shown).

{B) Summary of the screening for annulus/
septin ring defects in humans. See text for
details.

annulus (-}

Summary of the clinical cases n
normal 8
asthenospermia
without oligozoospermia 15
with oligozoospermia 5
necrozoospermia 2

0
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0
0

Parkinson's disease (lhara et al., 2003). Since parkin
gene mutants generated in Drosophila exhibit abnor-
malities in mitochondrial morphology and spermato-
genesis (Greene et al., 2003), players and/or pathways
may be shared in these processes. The Sept4~/~ mice
established in this study should provide an in vivo
model system to address many of the questions that
remain in septin biclogy and beyond.

Experimental Procedures

Generation of Sept4~- Mice and Animal Handling

We isolated, mapped, and sequenced a BAC clone containing ~26
kb mouse genomic DNA for Sept4. We constructed a targeting vec-
tor by subcloning the fragments into the 38LoxPNeo plasmid (a
modified version of pGT-N38 from New England Biolabs), which is
designed to replace exons 2-10 containing the entire coding region
with a neo cassette. We electroporated 1295v/AJ embryonic stem
cells with the linearized targeting vector and subjected them to
neomycin selection. We identified Sept4 targeted clones by South-
ern blot hybridization with the probes, injected these cells into
blastocysts, and mated chimeric offspring with C57BL/6J mice. We
determined their genotype by PCR (Figure 1B) and intercrossed
Sept4*~ F1 mice to produce Sept4~~ mice. For IVF and ICSI, we
used B6D2F1 (B57BL/6 x DBA/2), C57BL/6, and ICR mice of 2- to
4-months old. The protocol of animal handling and treatment was
reviewed and approved by the Animal Care and Use Committee of
Kyoto University.

Northern Blot Analysis

We homogenized tissues from adult C5781/6 mice or fractionated
testicular cells in RNAzol B (Tel-Test Inc.), extracted 1otal RNA, and
performed RNA blot as described (Tanaka et al., 2004). We used
the coding regions of the longest form of mouse Sept4 and human
Sept7 cDNA to prepare 32P-labeled probes by a randorn primer
method, After hybridization, we washed the filters stringently {(twice
in 0.3x SSC plus 0.1% SDS at 60°C) and detected the signals with
an imaging plate {Fuji Film). As a loading control, we reprobed the
same filters for the glyceraldehyde-3-phosphate dehydrogenase
{GAPDH) gene.

Antibodies

We raised rabbit antisera against, and affinity-purified with, a syn-
thetic oligopeptide H5C2 (CMLHKIQRQMKETH) corresponding to
the carboxyl terminus of the major isoforms of mouse SEPT4. The
purified antibody also recognized human and bovine orthologs
{Figure 6A and Supplemental Figure $3; and data not shown). The
other antibodies were either published (SEPT2/5/6/7, Kinoshita et
al., 2000, 2002), unpublished {SEPT1/8/9/10/11/12), or purchased
(anti-a-fubulin from Abcam; anti-dynein intermediate chain from
Chemicon; anti-vimentin and anti-B-actin from Sigma; anti-AKAPS82,
anti-dynactin, and anti-cytochrome C from BD Transduction
Laboratories; and anti-pan-kinesin SUK4 from Cytoskeleton).

Fluorescence and Electron Microscopy

Spermatozoa with or without mitochondrial vital staining {(Mito-
Tracker Red CMXRos, Molecular Probes) were observed alive, or
smeared on glass coverslips, briefly dried, fixed with 3.7% formal-
dehyde in PBS then permeabilized with 0.1% Triton X-100 in PBS,
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or treated with cold methanol. Staining, fluorescence microscopy,
and deconvolution were done as described {Kinoshita et al., 1997).
For TEM, spermatozoa were fixed with 2% glutaraldehyde in 0.1 M
phosphate buffer, embedded in 1% agar, stained with 2% OsO, for
1 hr, dehydrated by graded ethanol, and embedded in epoxy resin
{ERL4206, TAAB). We cut ultrathin sections, stained them with 1%
urany! acetate and lead citrate, and observed them with a transmis-
sion electron microscope (H7100, Hitachi). For immuno-electron
microscopy, we used a pre-embedding immunogold labeling
method (Kinoshita et al., 2000).

Testis Histochemistry and Analysis of Apoptotic Cells

We fixed testes in 4% formalin neutral buffer solution and made
6-p.m-thick paraffin sections. We stained the sections with hema-
toxylin and eosin. We detected apoptotic cells by TUNEL assay
with ApopTag peroxidase kit {Invitrogen).

Collection and Examination of Spermatozoa, IVF, and ICSI

We collected spermatozoa from the caudae epididymides of 12-20
week old mice and suspended them in HTF medium pre-equili-
brated with 5% CO, at 37°C (Toyoda et al., 1871}, We carried out
IVF and ICS! essentially as described (Kimura and Yanagimachi,
1995; Tanaka el al., 2004). We counted oocyles with two distinct
pronuclei and a conspicuous second polar body as fertilized nor-
mally. Bovine sperm were a gift from Kyoto Prefectural Livestock
and Poultry Research Institute.

ATP Measurement

We used the CellTiter-Glo luminescent cell viability assay system
(Promega). We made triplicated measurements of sperm suspen-
sions (50 pl in TYH) lysed with 50 pl reagent in each well of a 96-
well plate using plate reader ARVO (Wallac). We made a standard
curve of ATP versus relative luminescence unit, and measured the
sample within its linearity range (0-10 nM).

Human Materials

Human sperm samples were collected under signed informed con-
sent at Kyoto University Hospital. Our clinical study has been ap-
proved by the ethics commitiee of Kyoto University.

Supplemental Data

Supplemental Data associated with this article can be found on-
line at http://www.developmentalcell.com/cgi/content/full/8/2/343/
DC1/. The supplemental data set contains four supplemental fig-
ures and five supplemental iables.
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BACE is a transmembrane protease with f-secretase
activity that cleaves the amyloid precursor protein
(APP). After BACE cleavage, APP becomes a substrate
for y-secretase, leading to release of amyloid-g peptide
(AB), which accumulates in senile plaques in Alzheimer
disease. APP and BACE are co-internalized from the cell
surface to early endosomes. APP is also known to inter-
act at the cell surface and be internalized by the low
density lipoprotein receptor-related protein. (LRP), a
multifunctional endocytic and signaling receptor. Using
a new fluorescence resonance energy transfer (FRET)-
based assay of protein proximity, fluorescence lifetime
imaging (FLIM), and co-immunoprecipitation we dem-
onstrate that the light chain of LRP interacts with BACE
on the cell surface in association with lipid rafts. Sur-
prisingly, the BACE-LRP interaction leads to an in-
crease in LRP C-terminal fragment, release of secreted
LRP in the media and subsequent release of the LRP
intracellular domain from the membrane. Taken to-
gether, these data suggest that there is a close interac-
tion between BACE and LRP on the cell surface, and
that LRP is a novel BACE substrate.

" BACE! (B site of APP-cleaving enzyme) is a type I mem-
brane-associated aspartyl protease that cleaves APP (1-4).
Besides APP, the few BACE substrates that have been identi-
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fied include the APP homologues APLP1 and -2 (5), P-selectin
glycoprotein ligand-1 (PSGL-1), and a membrane-bound sialyl-
transferase (6). Post-translational processing of BACE involves
N-glycosylation, removal of its prodomain by a furin-like pro-
tease, and further complex glycosylation (7-9). After glycosy-
lation, BACE co-traffics with APP and is rapidly transported to
the Golgi apparatus and distal secretory pathway (9). Measur-
able amounts of APP and BACE are present on the plasma
membrane (10-12) and in lipid rafts (12-14). BACE and APP
are internalized from the cell surface to early endosomes and
cycle between the cell membrane and endosomes (10, 11, 15).

The low density lipoprotein receptor-related protein, LRP, is

. a type I integral membrane protein with a 515-kDa extracel-

lular a-chain nen-convalently bound to the 85 kDa membrane-
spanning B-chain. It is also found on the cell surface and cycles
between the cell membrane and endosomes. Multiple intracel-
lular adaptor and scaffolding proteins bind the LRP 100 amino
acid cytoplasmie tail (16, 17); its four extracellular binding
domains mediate endocytosis of a wide array of ligands, includ-
ing several of potential importance for Alzheimer disease
pathophysiology: APP, apolipoprotein E and a,-macroglobulin
(16~18). The LRP ligand binding domains interact with KPI-
containing forms of APP. In addition, an interaction between
the C-terminal domain of APP and LRP, mediated by the
cytoplasmic adaptor protein Fe65, impacts APP internalization
(18-23). In addition to its role in endocytosis, LRP has an
interesting pattern of proteolysis that parallels APP in some
ways. Ectodomain shedding of LRP has been described (24) and
proteolysis of LRP by matrix metalloproteases was recently
reported (25); MT1-MMP also cleaves APP (26) and the postu-
lated a-secretases of the ADAM family are also metalloprotein-
ases. Furthermore, and as with APP, y-secretase cleavage of
LRP leads to release of the LRP intracellular domain (LRP-
ICD), which can translocate to the nucleus and interact with
Tip60 (27, 28).

Given that BACE and APP interact and traffic with one
another, and that APP interacts with and traffics with LRP, we
now examined whether LRP interacts with BACE. Using both -
a FRET-based assay of protein proximity and co-immunopre-
cipitation, we demonstrate that the LRP-ICD interacts with
BACE and that this interaction seems to take place in lipid
rafts on the cell surface. Surprisingly, the BACE-LRP interac-
tion does not appear to enhance BACE endocytosis from the cell
surface. Instead BACE induces LRP extracellular domain
cleavage and subsequent release of the LRP intracellular do-
main from the membrane. Taken together, these data suggest
a close interaction between BACE and LRP on the cell surface

17777



17778

mLRP1—myC ----.---------------l--
mLRPLGFP-----------------------
LRP‘]GSAmyC}IllIIII.IllllIllIlllll'l!ll'll'llllIl-Il s

i . myc-LC
Fic. 1. Constructs and antibodies
used in this study.

myc-BACE
BACE-V5

and suggest that LRP is processed by BACE in a fashion
analogous to APP processing.

MATERIALS AND METHODS

Generation of Expression Constructs of LRP and BACE and BACE
siRNA—The generation of the LRP light chain with two copies of Myc
at its N terminus (amino acids 3844~4525) (Myc-LC), the minireceptor
mLRP1-Myc that encodes the N-terminal cluster of ligand binding
repeats fused to the light chain of LRP and tagged with Myc at its C
terminus has been described previously (29). These constructs were
used instead of full-length LRP because of its functional similarity to
and better expression than full-length LRP. To make mLRP1-GFP,
mLRP1 was PCRed into pEGFP-N1 (Clontech). To create the LC-LDLR
chimera, a unique Kpnl restriction site was introduced into the cyto-
plasmic portion of LC downstream of the transmembrane domain using
the QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla,
CA). PCR-generated sequences encoding cytoplasmic domains of the
human LDL receptor were then inserted in place of the LRP sequence.
To make the LRP165-Myc construct, mLRP1-Myc was digested, and the
band containing the vector and the N-terminal 14 amino acids and the
C-terminal 165 amino acids of LRP was extracted and self-ligated as
described (27). LRP light chain (amino acid 4148-4544) was fused
C-terminally to the Gal4-VP16 synthetic transcription factor, and sub-
cloned into pcDNA3 expression vector (Invitrogen). The leader peptide
from LRP was fused to a hemagglutinin epitope, which was then fused
to the N terminus of the fusion protein in the construct. Secretory
alkaline phosphatase (SEAP) was fused by PCR to the N terminus of LC
(amino acids 4018-4525) in pSecTagB (Invitrogen); the SEAP-cDNA
was kindly provided by S. F. Lichtenthaler (A. Butenandt-Institut,
Munich, Germany).

The Fe65-Myec clone and BACE with N-terminal Myc and C-terminal
V5 tags have been described previously (10, 22) as have the phospho-
rylation site (15) and dileucine mutants of BACE (S498D, S4984,
L499A/L500A), BACE-GFP, and the catalytically inactive BACE con-
struct (D93A/D289A) (30). pcDNA3.1-mDabl was a generous gift from
Dr. J. Herz (University of Texas, Dallas, TX). Authenticity of the PCR-
generated constructs was confirmed by sequencing. The constructs used
in this study are summarized in Fig. 1.

An siRNA corresponding to the BACE] gene was designed as de-
scribed in Kao ef al. (31) and synthesized by Dharmacon (Lafayette,
CO). The following sense sequence was used: 5'-gctttgtggagatggtgga-3'.

Cell Culiure Conditions and Transient Transfection—H4 cells de-
rived from human neuroglioma cells, mouse neuroblastoma N2a, pacl,
LRP-deficient CHO cells (13-5-1), and HEK293 cells are used in this
study. Transient transfection of the cells was performed using a lipo-
some-mediated method (FuGENE 6; Roche Applied Science) according
to the manufacturer’s instruction. Cells were passaged 24 h prior to
transfection and harvested or stained 24 h post-transfection. Primary
cortical neurons were prepared as described previously (32). Cortical
neurons were isolated from embryonic day 16 CD1 mice (Charles River).
Staining was performed 8 days after preparation. For experiments
requiring delivery of siRNA, cells were transfected by electroporation
per the manufacturer’s instructions (AMAXA, Gaithersburg, MD). Spe-
cific knockdown of >70% of overexpressing BACE was observed start-
ing 24 h after transfection by Western blot and immunostaining (data
not shown).

Immunocytochemistry and Antibodies—Cells were fixed in 4%
paraformaldehyde, permeabilized by 0.5% Triton X-100 in TBS, and
blocked with 1.5% normal goat serum. For surface staining Triton-X
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treatment was omitted. The following antibodies were used: the Golgi
organelle marker GM130 mAb and the FITC-conjugated endosomal
marker EEA1 mAb (BD Transduction Laboratories, San Diego, CA).
The tag antibodies used were rabbit anti-Myc Ab (Upstate Biotechnol-
ogy, Lake Placid, NY), anti-Myc mAb, anti-V5 mAb (both from Invitro-
gen), and rabbit anti-V5 Ab (Abcam, Cambridge, MA). Antibodies raised
in rabbit against the N (46-56) and C termini (487-501) of BACE were
obtained from Calbiochem. A hybridoma secreting an mAb to the LRP
intracellular domain (11H4) was obtained from the American Type
Culture Collection. Alexa-555-1abeled cholera toxin B (CTx-B, Molecu-
lar Probes, Eugene, OR) was used to visualize lipid rafts. Secondary
antibodies used were labeled with FITC and Cy3 (Jackson Immunore-
search, West Grove, PA) or Alexa 488 (Molecular Probes). Immuno-
stained cells were coverslipped and mounted for confocal or two photon
microscopic imaging. The immunostained cells were observed with the
appropriate filters by confocal microscopy using a Bio-Rad 1024 confo-
cal 3-channel instrument.

Isolation of Caveolae and Noncaveolae Membrane (CM and NCM,
respectively)—Caveolae and noncaveolae membrane fractions were iso-
lated from rat smooth muscle cells (pacl) using the method of Smart ef
al. (33). Briefly, 70% confluent rat smooth muscle cells were collected
and Dounce-homogenized in a hypertonic buffer containing protease
and phosphatase inhibitors. First, the plasma membrane were isolated
and sonicated. CM and NCM fractions were prepared using an optiprep
gradient with the sonicated plasma membrane samples. 300-u! mem-
brane fractions (PM, CM, NCM) were solubilized with 100 ul of 4X lysis
buffer (4% Nonidet P-40, 200 mM Tris, and 600 mM NaCl) to attain final
concentration of 1 X (1% Nonidet P-40, 50 mM Tris, and 150 mM NaCl).
Following the addition of protease and phosphatase inhibitors, CM and
NCM lysates were precleared and immunoprecipitated with anti-LRP
monoclonal IgG (5A6)-protein G complex overnight. CM and NCM im-
munoprecipitates along with PM lysate were separated on 4~12% SDS-
PAGE under nonreducing conditions and transferred onto nitrocellu-
lose membrane. The membranes were probed with *I-labeled 11H4
and exposed to Biomax MR film (Kodak).

Cholesterol Depletion—For cholesterol depletion, H4 cells were
grown for 24 h in Opti-MEM with 10% fetal bovine serum and then for
24 h in either DMEM supplemented with 2 mM L-glutamine, 10%
delipidated fetal bovine serum (Cocalico Biologicals), 20 uM lovastatin
(Calbiochem), and 0.5 mM mevalonate (mevalonolactone, Sigma) or
DMEM with 10% complete fetal bovine serum (34). Prior to experimen-
tation, cells were incubated for 10 min in DMEM with 10 mM methyl
B-cyclodextrin (MB-CD, Sigma) or DMEM alone.

Tissue Staining—The Massachusetts Alzheimer Disease Research
Center Brain Bank provided temporal cortex. Tissue staining was per-
formed with 11H4 labeled by Alexa-488 and BACE-CT (Calbiochem)
labeled by Cy3.

Co-immunoprecipitation—Immunoprecipitation experiments were
carried out with BioMag beads conjugated to goat anti-mouse IgG
(PerSeptive Biosystems, Framingham, MA). The magnetic beads were
incubated overnight at 4 °C with anti-V5 or anti-Myc mAb or TBS
alone. Lysates from H4 cells co-transfected with BACE-V5 and mLRP1-
Myec or pure lysis buffer were added to the bead-antibody complex for
2 h at 4 °C. After the supernatants were collected, the beads were
washed in lysis buffer and then boiled with 2 Tris-glycine SDS sample
buffer (Invitrogen) for 3 min. The supernatants were loaded onto 10—
20% Tris-glycine polyacrylamide gels (Novex, San Diego, CA) under
denaturing and reducing conditions. The proteins were transferred to
polyvinylidene difluoride membrane (Millipore, Bedford, MA) and



