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Abstract

The formation of fertilisation-competent sperm requires spermatid morphogenesis (spermiogenesis), a poorly understood program that involves
complex coordinated restructuring and specialised cytoskeletal structures. A major class of cytoskeletal regulators are the actin-related proteins
(ARPs), which include conventional actin variants, and related proteins that play essential roles in complexes regulating actin dynamics,
intracellular transport, and chromatin remodeling. Multiple testis-specific ARPs are well conserved among mammals, but their functional roles
are unknown. One of these is actin-like 7b (Actl7b) that encodes an orphan ARP highly similar to the ubiquitously expressed beta actin (ACTB).
Here we report ACTL7B is expressed in human and mouse spermatids through the elongation phase of spermatid development. In mice, ACTL7B
specifically localises to the developing acrosome, within the nucleus of early spermatids, and to the flagellum connecting region. Based on this
localisation pattern and high level of sequence conservation in mice, humans, and other mammals, we examined the requirement for ACTL7B
in spermiogenesis by generating and characterising the reproductive phenotype of male Actl7b KO mice. KO mice were infertile, with severe
and variable oligoteratozoospermia (OAT) and multiple morphological abnormalities of the flagellum (MMAF) and sperm head. These defects
phenocopy human OAT and MMAF, which are leading causes of idiopathic male infertility. In conclusion, this work identifies ACTL7B as a key
regulator of spermiogenesis that is required for male fertility.
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Graphical Abstract

Introduction

Fertility and infertility are both highly personal and significant
societal issues. It is estimated that half of all pregnancies
are unintended [1], and yet there remains a dearth of male
contraceptive options. Conversely, it is also estimated that
infertility affects between 10 and 15% of couples, with half of
the cases traced to contributing factors from the male partner
[2]. Half of these cases of male infertility are idiopathic, but
are often associated with high incidence of morphological
abnormalities of the sperm [3]. Defining the molecular mech-
anisms responsible for male fertility and identifying poten-
tial contraceptive targets requires continued progress toward
understanding factors critical for spermatogenesis.

The production of sperm during spermatogenesis occurs in
a highly ordered manner. It begins with spermatogonial stem
cells, whose progeny proliferate and ultimately differentiate
to give rise to meiotic spermatocytes. Spermatocytes complete
meiosis to produce haploid round spermatids, which then
undergo complex morphogenic restructuring during the
process of spermiogenesis. During spermiogenesis, spermatids
undergo dramatic cellular and nuclear reshaping, their
chromatin is condensed, excess cytoplasm is eliminated, and
they develop unique organelles and a flagellum (reviewed in
[4]). Although the structural components and morphological
changes in this complex process have been described in detail,
relatively little is known about the intrinsic spermatid specific
molecular mechanisms responsible for reshaping spermatids
into functional sperm. This is due in part to the large number
of genes uniquely expressed in the mammalian testis, only

a fraction of which have been investigated for a functional
requirement in male fertility [4–18].

The extensive morphological changes that spermatids
undergo during spermiogenesis are accompanied by relocali-
sation of actins [19–26] and formation of transient actin-rich
structures such as the manchette and acroplaxome. Thus,
it is apparent that dramatic and dynamic changes in the
cytoskeleton play essential structural and functional roles
during spermiogenesis. In somatic cells, dynamic cellular
actin pools are regulated by numerous actin-binding proteins
(ABPs) and actin regulatory proteins. These proteins act
together to meet the cellular demand for cytoskeletal rear-
rangement by directing transitions between filamentous (F)-
actin structures and monomeric or globular (G)-actin pools
[27]. Transitions between G- and F-actin direct cell shapes
are responsible for cellular polarity, motility, intracellular
transport, and organelle localisaation. Disruption of these
finely tuned processes can lead to a variety of disease
states including muscle myopathies, compromised immunity,
neurodegeneration, and cancer metastasis [27–29]. Moreover,
monomeric actin also associates with multimeric protein
complexes mediating intracellular transport and chromatin
remodeling in somatic cells [30, 31]. Actin-related protein
(ARP) family members have a conserved actin fold domain
and serve functionally diverse but evolutionarily conserved
cellular functions [32]. ARP functions include essential
roles building, nucleating, and branching conventional actin
filaments, as well as facilitating dynein cargo transport, and
altering chromatin structure [28, 29, 31]. This diversity of
critical somatic cell functions indicates the broad functionality
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of these essential somatic ARPs. However, the role of these
ARPs during spermiogenesis has not been established.

Actin-like 7b (Actl7b) is a functionally uncharacterised
intronless gene encoding an ARP sharing ∼40% sequence
homology to conventional filament-forming actins and lack-
ing genomic insertions or deletions that define conserved
genes encoding other ARP family members across species [32–
34]. ACTL7B contains the conserved protein kinase C and
cAMP/cGMP phosphorylation sites of ARPs and a unique N-
terminal sequence [35]. The testis-specific Actl7b is expressed
in mouse testes as early as 23 days post-partum (dpp), which is
roughly coincident with the appearance of round spermatids
[34]. Furthermore, Actl7b is highly conserved among mam-
mals with mouse and human Actl7b being 83% identical
at the nucleotide level and 91% similar at the amino acid
level. Interestingly, SNPs have been identified in ACTL7B in
sterile human men suggesting a causative role in human male
factor infertility [36]. Together, the high level of evolutionary
conservation and spermatid-specific expression led us to posit
an essential role for ACTL7B in the formation of fertilisation-
competent sperm. In this study, we tested this hypothesis by
generating and characterising Actl7b knock-out (KO) mice.
KO mice have sperm with malformed flagella revealing an
essential functional role of ACTL7B in spermatid morpho-
genesis, which is essential for the formation of fertilisation-
competent sperm and thus male fertility.

Materials and methods

Generation of Actl7b-null mice

Mouse embryonic stem cells (ESCs) with the coding sequence
of the Actl7b gene replaced with an LacZ reporter gene
were acquired from the KOMP repository (ID# VG10808).
The ESCs were derived from C57BL/6NTac (black coat
color) mice and were injected into 97 C57BL/6 J-Tyrc-2J

(white coat color) mouse blastocysts transferred into nine
pseudopregnant recipient CD1 females. This resulted in
18 live pups, of which 9 were high-percentage black coat-
color male chimeras. Five male chimeras exhibited germ-line
transmission when backcrossed with C57BL/6 N females
to produce Actl7b+/− (Het) mice. Male and female Het
breeding produced Actl7b−/− (KO), as well as the Het and WT
littermate controls. Genotypes were determined by standard
PCR using the following primers: KO allele = forward
5’-TTCGGCTATGACTGGGCACAACAG and reverse 5′-
CTTCCTCTCTGGAAACGCTG; WT allele = forward 5’-
GCTGGAGACAACTTCAAGGAG, and reverse 5’-GGGCA
GAGGAGACTCAAC. Mice were housed on a 12-h light/dark
cycle with ad libitum access to food and water. All protocols
were in accordance with the Guide for Care and Use of
Laboratory Animals by the National Institute of Health,
and studies were approved by the NIEHS or Texas A&M
Institutional Animal Care and Use Committees (IACUC
#2018-0104).

Data availability

The data underlying this article are available in the article and
in its online supplementary material.

Human testicular tissue

Human testicular tissue was obtained from an 18-year-old,
apparently healthy black male who received an orchiectomy

at Vidant Medical Center (Greenville, NC) following acute
scrotal trauma. Tissues were fixed and prepared for IHC as
described [37]. The protocol for the collection and utilisation
of human testicular tissue was approved by the East Carolina
University Institutional Review Board (UM-CIRB# 10_0627).

LacZ staining

Tissues were collected and fixed in 4% paraformaldehyde for
1 hour at room temperature. They were then washed and
stained by incubation in LacZ buffer as described [38].

Fertility assessment and tissue preparation

KO males (2–4 months old) and WT littermate controls were
individually housed with two WT C57BL/6 N females for
2 months. Normal mating behavior was confirmed by the
presence of copulatory plugs. After 1 month, females were
replaced with two new WT females for an additional month.
The parturition dates, litter sizes, and pup sex ratios were
recorded. Following completion of the breeding studies, males
(4–6 months old) were euthanised and body, spleen, testes,
epididymal, and seminal vesicle weights were recorded. A
testis with attached epididymis was fixed in Bouin’s solution
at 4◦C overnight, dehydrated in ethanol, and embedded in
paraffin. The contralateral testis was snap-frozen in liquid
nitrogen for protein isolation and the contralateral cauda
epididymis was rinsed in 1X PBS and placed into either
1X PBS (Ca2+/Mg2+ free) or EmbryoMax M2 media (EMD
Millipore, Billercia, MA), which was pre-equilibrated to 37◦C,
and several small cuts were made with iridectomy scissors
to allow for sperm to swim out into the media over a 15-
min incubation at 37◦C. No age-dependent differences were
observed, and data are representative of all males of a specific
genotype.

Sperm analyses

Sperm were counted using a Neubauer chamber with standard
methods. To calculate the percent “motile” sperm, all sperm
in randomly selected fields of view were counted until
at least 300 sperm per sample were tallied as motile or
immotile defined as the presence or absence of even minimal
flagellar motion, respectively. Videos of sperm motility in M2
media were recorded on an inverted Olympus microscope
with a Retiga camera (QImaging, Surrey, BC Canada) at 8
frames/second. The localisation of mitochondria in sperma-
tozoa was determined by incubating 10-μl MitoTracker deep
red FM (Life Technologies, Grand Island, NY) with a 90-μl
aliquot of sperm at 37◦C for 45 minutes. Sperm were washed
in 1X PBS, allowed to settle onto chilled poly-L-lysine coated
glass slides and fixed with 4% (w/v) paraformaldehyde. For
chromomycin A3 (CMA3) chromatin compaction assays,
settled sperm were permeabilised with 0.5% NP40 in PBS for
2 minutes, then stained with a 0.25 mg/mL CMA3 (Millipore-
Sigma) solution in 10-mM MgCl2, 164-mM Na2HPO4,
and 17-mM citric acid, pH 7.0) for 20 minutes. For F-
actin staining, sperm settled on poly-L-lysine slides were
incubated with a 1:400 dilution of Phalloidin-AlexaFluor-488
(Invitrogen, Waltham MA) for 1 hour. DNA counterstaining
is Hoechst 33342 or DAPI (Life Technologies, Waltham
MA). Sperm slides were mounted in ProLong Gold antifade
reagent (Life Technologies, Waltham MA). A minimum



450 Novel ARP ACTL7B required for male fertility , 2023, Vol. 108, No. 3

of 200 sperm were counted for each of n = 3 mice per
genotype.

Ultrastructure analysis

Sperm were isolated for scanning electron microscopy (SEM)
as described above, collected on poly-L-lysine coated glass
coverslips (BD BioCoat, Bedford, MA), and fixed overnight
at 4◦C in 0.2% picric acid, 2.5% glutaraldehyde, and 2%
paraformaldehyde in 0.1-M sodium phosphate buffer at
pH 7.4. Testes and epididymides were fixed for transmission
electron microscopy (TEM) in the same fixative overnight.
All samples were then processed as described previously [39,
40]. Samples were examined with a Zeiss TEM 910 with a
digital interface and Gatan SC1000 camera or a Zeiss Supra
25 Field Emission SEM, located in the Microscopy Services
Laboratory at the University of North Carolina School of
Medicine.

Histology, immunohistochemistry (IHC)and
immunofluorescence (IF)

For histological analyses, 5-μm paraffin sections were stained
with hematoxylin and/or eosin using standard methods. IHC
was performed as previously described [41]. Briefly, goat anti-
ACTL7B primary antibodies (Novus Biologicals (Imgenex,
Littleton, CO) were diluted 1:400, secondary antibody was
fluorophore labeled donkey anti-goat antibody (Vector Lab-
oratories, Burlingame, CA) used at a 1:400 dilution, followed
by incubation with ready-to-use horseradish peroxidase-
streptavidin and ImmPACT DAB (both from Vector Labs,
Newark CA), and counterstained with hematoxylin. Sperm
for IF were fixed and stained as previously described [42],
and individual spermatids were prepared and stained as
previously described [40]. Primary antibodies used were as
follows: goat anti-ACTL7B (Novus Biologicals (Imgenex,
Littleton, CO, 1:300), rabbit anti-ODF2 (kind gift of Dr.
Frans A. van der Hoorn, 1:2000 [39, 43], mouse anti-α-
Tubulin (Sigma Aldrich, St Louis, MO, 1:600). To generate
anti-AKAP3, the full-length mouse Akap3 coding sequence
was cloned into a pET-28a expression vector (EMD Millipore,
Darmstadt Germany), transformed into BL-21(DE) bacteria,
expression induced using IPTG, and the resulting protein
was purified using the fused His-Tag. The purified protein
was injected into two NZW rabbits to produce antibodies
(Covance, Princeton, NJ), the serum was affinity purified
over a PROSEP-A column (EMD Millipore, Darmstadt
Germany), and the antibody was used at a 1:100 dilution.
Secondary antibodies used for IF were donkey anti-rabbit-
AlexaFluor-488, anti-mouse-AlexaFluor-488 and 546, and
anti-goat-AlexaFluor-488 (Life Technologies, Waltham MA).
Slides were mounted in ProLong Gold antifade reagent
with DAPI (Life Technologies, Waltham MA). Images were
obtained using a Zeiss 710 inverted multiphoton laser-
scanning microscope with 405, 488, and 561 lasers and a
Zeiss Plan-Apochromat 63X (1.4 na) oil immersion objective
or Leica DMi8 modular inverted microscope for brightfield,
phase contrast, DIC, and fluorescence imaging, with Sola
light engine, DMC2900 CMOS color camera, and DFC9000
GT sCMOS monochrome camera.Images were scanned and
analysed using Zenn 2010 software (Zeiss, Oberkochen,
Germany) or LAS X software (Leica Microsystems, Wetzalar,
Germany) for image capture and processing.

Western blotting

Protein lysates from testis were prepared by lysing one
adult mouse testis in 1-ml cold RIPA buffer in a Dounce
homogeniser. Gel electrophoresis of testis lysates and transfer
blotting were performed according to standard protocols
using BioRad 4–20% mini-protein TGX gels and 1X BioRad
Tris/Glycine/SDS running buffer, tris/glycine transfer buffer,
and PVDF membranes (BioRad, Hercules CA). Blots were
then blocked overnight with 0.1% Tween20 and 5% dry
milk in PBS. Primary antibodies were incubated in PBS-T
1:1500 for 2 hours, followed by HRP conjugated secondary
antibodies in PBS-T at 1:20 000 for1 hour. Pierce ECL
western blotting substrate was used to detect the HRP-
conjugated secondary antibodies. Primary antibodies to
ACTL7B were Novus Biological goat anti-ACTL7B recognis-
ing a C-terminal aa278-290 (DELHVDYELPDGK) (Novus
Biologicals (Imgenex, Littleton, CO), or custom-made rabbit
antibodies to N-terminal peptides. To generate the N-terminal
anti-ACTL7B antibodies, immunising peptides of >85%
purity were synthesised and conjugated to KLH with the fol-
lowing peptide sequences; Ac-KNSPSPKPMGTAQGDPGEC-
KLH corresponding to nucleotides 4–21 of the mRNA, or
Ac-RDTGSTQLKTKPKKIRKIKC-KLH corresponding to
nucleotides 34–52. The immunising peptides were injected
into rabbits by Pocono Rabbit Farm & Laboratory (PRF&L,
Canadensis PA) following their 91-day protocol. Bleeds
were screened for appropriate response by western blotting
and IF and the best bleed was affinity purified with the
immunising peptide conjugated to a sulfolink column
(PRF&L, Canadensis, PA).

Cell death assays

For cell death assays on tissue sections, 5-μm paraffin sec-
tions of Bouins fixed tissue were assayed with the In Situ
Cell Death Detection Kit, POD (Roche, Mannheim, Ger-
many) following the manufacture’s recommendations, and
counter-stained with hematoxylin. Sperm TUNEL assays were
carried out using sperm from cauda epididymides collected
in Human Tubal Fluid (HTF) medium (Millipore Sigma,
Darmstadt, Germany), fixed with 4% paraformaldehyde, and
washed and re-suspended in 1X PBS. Sperm suspensions were
allowed to settle for 2 hours at RT on polylysine coated
slides and permeabilised using 0.5% NP40 for 2 minutes.
The Click-iT Plus TUNEL Assay kit (Invitrogen, Waltham
MA) was used following the manufacture’s protocol. Sperm
were counter stained with Hoechst 33342 dye (Scientific,
Waltham, MA) and mounted in Prolong Gold antifade reagent
(P36930, Thermo Fisher Scientific, Waltham, MA). Images
were acquired using an LEICA DMi8 imaging system. A
minimum of 200 sperm were counted for each of n = 3 mice
per genotype.

Statistical analyses

A minimum of three biological replicates was included in all
assessments. Mean values ± SEM were calculated for each
quantitative parameter, and error bars in all figures represent
SEMs. GraphPad Prism 4 was used for statistical analysis
(GraphPad Software, San Diego, CA). Two-tailed Student’s t-
tests were performed to assess statistical differences between
KO and WT organ weights and sperm counts. Differences
were considered significant at P < 0.05.
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Results

ACTL7B is restricted to spermatids with
developmental-stage-dependent subcellular
localisation

To investigate the role of ACTL7B in the testis, we first
determined its precise spaciotemporal expression. Previous
studies showed that Actl7b transcripts were first detectable
in the mouse testis at 23 dpp [34, 35], suggesting expression
in early stage round spermatids. We first determined the
cell specificity of its protein expression pattern in the testis
during spermatogenesis (Fig. 1). The 16 steps of spermatid
development in the mouse are defined by their consistent
associations with specific cohorts of germ cells during the 12
stages of the seminiferous epithelial cycle [44]. Using IHC,
we detected ACTL7B in the cytoplasm and nuclei of round
and elongating spermatids in Stages I-XII (brown staining in
Fig. 1A–F), but not in other testicular cells including the sub-
sequent condensing spermatids. We also detected ACTL7B in
round and elongating spermatids in the human testis (Fig. 1G,
brown staining), suggesting a conserved expression pattern
and role in humans.

To precisely define the intracellular localisation of ACTL7B,
spermatids isolated from segments of seminiferous tubules
were used for immunostaining. ACTL7B was localised pri-
marily to the acrosomal region in acrosomal capping phase
round spermatids and during spermatid elongation. This was
seen as a cap-like structure over nuclei in steps 5–8 and 9–
11, respectively (Fig. 1H–L). Immunolocalisation of ACTL7B
was also observed in a speckled pattern in the nuclei of
steps 3–5 round spermatids (Fig. 1H, step 5 shown). Later in
spermatid morphogenesis, ACTL7B was also localised in the
connecting piece between the head and flagella of elongating
spermatids (Fig. 1K–L, arrows) before becoming undetectable
in steps 13–16 condensing spermatids (Fig. 1H–J). These find-
ings are consistent with previous reports that ACTL7B was
undetectable in sperm [34, 35].

ACTL7B is required for male fertility

Little is known about the cell-autonomous roles of cytoskele-
tal dynamics and testis-specific ARPs during the morphogenic
changes that reshape spermatids into fertilisation-competent
sperm. To define the specific role for ACTL7B in sper-
matogenesis, we generated KO mice from mouse ESCs in
which the coding sequence of the intronless Actl7b gene
was replaced by a β-galactosidase reporter gene (Fig. 2A
and Supplementary Fig. S1). We performed β-gal staining on
testes and epididymides (Fig. 2B and Supplementary Fig. S1)
to confirm LacZ replacement of Actl7b in the testis. β-gal was
detectable in epididymides from both HET and Actl7b+/+
(WT) mice; this was not surprising, as the epididymis has
endogenous β-galactosidase activity [45, 46]. However, within
the testis, seminiferous epithelium β-gal was solely detectable
in Het mice, revealing expression originating from the LacZ
replacement of the Actl7b coding region. Other organs did
not demonstrate specific Lac-Z staining with the exception of
brain (Supplementary Fig. S1), which exhibited a low level of
staining only after overnight incubation (12–16 hours more
than testis), suggesting a very low level of expression under
the Actl7b promoter in the brain of this mouse model.

Male and female Het mice were bred to generate Actl7b−/−
(KO) mice. Crosses between Het mice produced normal litter
sizes with expected Mendelian offspring ratios, indicating the

Figure 1. ACTL7B is expressed in mouse and human spermatids. (A–F)
ACTL7B immunohistochemistry (brown staining) on mouse testis
sections counterstained with hematoxylin (blue). Scale bar in (A) is
40 μm and is representative for (A)–(F). Roman numerals indicate the
Stage of the seminiferous epithelium for each tubule. ACTL7B is
detected in round and elongating spermatids in each Stage. (H–L)
ACTL7B IIF (green) on mechanically separated spermatids, and nuclei are
stained with DAPI (blue). The specific step of the development of each
spermatid is indicated; where two steps of spermatid development are
present in the same tubule Stage, the earlier round spermatid step is
shown in the inset box. White arrows indicate the presence of ACTL7B at
the head-tail connecting piece in step 9 and 11 spermatids. (G) IHC
localisation of ACTL7B in the human testis, counterstained with
hematoxylin (blue). ACTL7B is detectable in round and elongating
spermatids (brown staining), but not spermatocytes (arrows) or
condensed spermatids (arrowheads).

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
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Figure 2. Actl7b KO in mice was confirmed. (A) Targeted mutation of
Actl7b resulted in replacement of the single exon coding region with a
sequence coding expression of β-galactosidase under the direction of the
endogenous Actl7b promoter. (B) LacZ staining (blue) in testis of WT and
Actl7b+/− (HET) mouse tissues in which β-galactosidase is expressed
under control of the Actl7b promoter. (C) Confirmation of the absence of
ACTL7B in KO mice by immunohistochemical staining of ACTL7B (brown
staining) in WT and KO testes. (D and E) Western blots detecting
expression of ACTL7B in WT and KO testis tissue lysates using an
antibody to an ACTL7B C-terminal peptide (D), or N-terminal peptide (E)
to confirm the absence of ACTL7B in the KO.

lack of a haploinsufficiency fertility defect in this genetic
background. To confirm the deletion of Actl7b, IHC was per-
formed on sections from adult WT and KO testes; in contrast
to WT, ACTL7B was undetectable in KO testes (Fig. 2C).
Further, western blotting using two separate antibodies for
ACTL7B showed bands of expected sizes in the WT testis
lysates were absent in Actl7b KO testis lysates (Fig. 2D–E).

KO male and female mice matured to adulthood with-
out apparent health defects and exhibited normal mating
behaviors. The requirement for ACTL7B in male fertility was
assessed by entering WT and KO littermates into a 2-month
breeding trial with two WT females per male. Each of the 10
WT males sired multiple litters of expected sizes averaging
6.8 ± 0.37 pups per litter. In contrast, none of the 10 KO
males sired offspring (Fig. 3A). Testis and epididymis weights
of KO mice from this trial were reduced 20% compared to
WT littermates, whereas whole body and other organ weights
were not significantly different (Fig. 3B–C). Paired seminal
vesicle weights did not differ between WT and KO mice,
suggesting endocrine signaling was not disrupted in KO mice.
Cauda epididymal sperm counts from KO mice were reduced
∼10-fold compared with WT mice (Fig. 3D), and sperm from
KO mice lacked apparent forward progressive motility. Less
than 1% of KO sperm exhibited any detectable flagellar
movement (Supplementary movies 1 and 2). In addition, it
was noted that flagellar midpiece segments were diminished.
Quantitative analyses revealed a significant percentage of KO

sperm were lacking midpieces, or exhibited wrapped flagella
that precluded assessment of the midpiece length (Fig. 3E–F).
In KO mice, ∼30% of sperm exhibited flagella wrapped
around the head, and 25% of sperm lacked the midpiece,
contrasting with WT sperm in which >99% of sperm exhib-
ited normal midpieces (Fig. 3G) and representative images are
shown (Fig. 3F). The average length of the midpiece in KO
sperm was reduced as well (8.7 μm in KO versus 20.2 μm in
WT sperm, Fig. 3G).

Severe and variable teratozoospermia occurs in KO
mice

Cauda epididymal sperm from WT and KO mice were
examined by SEM to examine the ultrastructure of KO
sperm (Fig. 4). Compared with WT sperm (Fig. 4A and C),
KO sperm displayed severe teratozoospermia with irregular
and variable structural defects in the heads and flagella
(Fig. 4B, D–F). The regions of the flagellum from proximal to
distal are the connecting piece, midpiece, annulus, principal
piece, and end piece that are all observable in the WT
sperm (Fig. 4A and G’). SEM confirmed the midpiece was
absent in many KO sperm and thin and shortened in others
(Fig. 4B, asterisks and brackets, respectively) and that flagella
were often wrapped around the sperm head (Fig. 4F, J).
Interestingly, the connecting piece characteristic of WT sperm
(Fig. 4C, arrow) was not identifiable in KO sperm (Fig. 4D–F).

The ultrastructure of WT and KO sperm was also examined
following detergent treatment to remove the plasma mem-
brane (Fig. 4G–J). Sperm have a low cytosolic volume and the
plasma membrane lies in close association with the acrosome,
nucleus, and flagellum such that WT intact (Fig. 4C) and
WT detergent treated sperm (Fig. 4G) looked remarkably
similar. Characteristic features of WT sperm (indicated in
Fig. 4G’, magnified view of 4G) include the ventral spur (VS),
dorsal lobe (DL), ventral angle (VA), apical hook (AH), and
flagellar connecting piece (FCP). The posterior edge of the
sub-acrosomal region (SAR) is the limit of the equatorial
segment (ES). Detergent treatment of KO sperm revealed a
range of underlying structural defects (Fig. 4H–J). Some KO
sperm exhibited minor changes in morphology (Fig. 4H),
while most had major defects (Fig. 4I and 4J). With the
exception of the flagellar principal piece, the occasionally
observed nuclear pore complexes (NPCs) and a roughly
falciform shape in only the least affected sperm (visualised
in Fig. 4H’, magnified view of 4H’), well-defined sperm
features were absent from KO sperm. In addition to nuclear
shaping defects, the SAR, ES, and FCP were conspicuously
absent from KO sperm (Fig. 4H–J and H’). Notably, these
KO sperm also contained aberrant fibers in the head region
(arrowheads, Fig. 4H–J and H’) which were not observed in
WT sperm. Furthermore, the aberrant fibers observed by
SEM in demembranated (Fig. 4H–J, arrowheads), but not
in intact (Fig. 4D–F) KO sperm, were also visible by TEM
within the plasma membrane of sectioned KO sperm (Fig. 4L,
arrowheads). Together, these data indicate that ACTL7B-
null epididymal sperm have severe structural defects in the
flagellum, particularly in the connecting piece and midpiece
regions.

Flagellar proteins contribute to aberrant fibers in
Actl7b KO sperm heads

We next investigated the identity of the aberrant fibers in the
KO sperm head. Because of the disrupted flagellar midpieces

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
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Figure 3. Actl7b KO mice are infertile and produce sperm exhibiting OAT with multiple morphological flagellar abnormalities. (A) In sum ,10 KO and 10
WT male mice were mated individually with two WT females, and resulting litter numbers and sizes are indicated. (B) Average body and tissue weights
of WT and KO males are compared. (C) Testes from WT and KO mice. (D) Average sperm counts for WT and KO mice. (E) Examples of morphology
representative of WT and KO sperm observations. Brackets are indicating lengths of midpiece regions from observable base of head region to initial
flagellar principal piece region, No mp = no midpiece, pb = partially bare indicating portions of the observable midpiece appear to be lacking a
mitochondrial sheath, b = bare midpiece with no apparent mitochondrial sheath. (F) Average percent of sperm with or without midpiece segments of the
flagella, or with flagella wrapped around the head region. (G) Average length of flagella in WT and KO sperm samples. Averages reported ±SEM, and
asterisks indicate statistical significance (P < 0.01).
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Figure 4. SEM of KO sperm reveals severe and variable teratozoospermia. (A) WT and (B) KO sperm visualised by SEM with the midpiece indicated by a
bracket when present or with an asterisk when absent. Arrowheads indicate head region. (C–F) Comparison of the head regions of intact sperm at
higher magnification shows the variability in morphology of representative KO sperm (D–F) compared with WT sperm (C, arrowhead indicates
connecting piece region). (G–J) Detergent demembranated KO (H–J) and WT (G) sperm reveals sub-membranous structures with aberrant fibers in the
head region of KO sperm (H–J, arrowheads). (G’) enlarged view of WT sperm in G. (H’) enlarged view of sperm in H. (K) WT and (L) KO sperm visualised
by SEM. Arrowheads indicate aberrant fibers. AH = apical hook, DL = dorsal lobe, ES = limit of attachment site of equatorial segment, FCP = flagellum
connecting piece, FS = fibrous sheath, Mt = mitochondria, NPC = nuclear pore complex, SAR = sub-acrosomal region, VA = ventral angle, VS = ventral
spur. Scale bars in A and B are 10 μm, (C)–(L) are each 1 μm.
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Figure 5. Flagellar protein localisation confirms Multiple Morphological Abnormalities of the Flagella (MMAF) in KO sperm. Cytoskeletal proteins
localised to specific regions in WT (A–C and J–L) and KO (D–I and M–R) sperm from the cauda epididymis. (A) ODF2 and (B) alpha tubulin are localised
along the midpiece and principal piece regions of the single linear flagellum in WT sperm. (C) is merged WT ODF and tubulin signals with DAPI nuclear
staining. In KO sperm, ODF2 (D and G) and tubulin (E and H) are present in the length of the flagellum (arrows D–I) with an apparent multiplication or
splaying of fibers in the midpiece (arrowheads D–I) and head region (indicated by DAPI nuclear staining in the merged panel) (F and I). AKAP3 is localised
to the fibrous sheath in WT (J) and KO (M and P) and also is present in the head region of KO sperm (region indicated in O magnified in M’–O’ with DAPI
staining included in O′). Alpha tubulin is localised to the axoneme along the length of the flagellum in WT (K) and KO (N and Q) sperm and is also present
in the KO sperm (N and Q) in the disrupted midpiece and head regions. The head region of KO sperm in (M)–(O) is enlarged in (M’)–(O′) (boxed region
shown in O) to show the fiberous nature of aberrantly localised sperm flagellar proteins. The region of the flagellar annulus is indicated with arrowheads
in (J)–(R). Scale bars = 10 μm.
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and connecting pieces, we posited that the aberrant fibers
were composed of flagellar proteins. To test this prediction,
we used specific antibodies to known flagellar proteins (Fig. 5
and Supplementary Figs S2 and S3). The normal arrangement
of flagellar components in WT sperm was demonstrated using
key flagellar markers (Fig. 5A–C and J–L). Alpha tubulin is
a major component of the axonemal core microtubules seen
extending the full length of the WT flagellum (Fig. 5B and K).
The surrounding outer dense fibers (ODFs) containing
ODF2 protein were present in the midpiece and principal
piece segments of the flagellum (Fig. 5A). In KO sperm
showed, ODF2 (Fig. 5D and G, additional examples in
Supplementary Fig. S3) and alpha tubulin (Fig. 5E and H)
were mislocalised to both the single linear flagellar principal
piece (arrows) and to multiplied fiber-like components in
the midpiece and head region (indicated by DAPI staining
of nuclei in the merged image, Fig. 5F). This is in stark
contrast to the rather uniform ODF2 staining in the
flagellum, and tubulin localisation in the flagellum and post-
acrosomal sheath observed in the WT sperm head lacking
fibrous structures. To investigate the contribution of fibrous
sheath proteins to aberrant fibers, we localised the major
sheath protein A-kinase anchor protein 3 (AKAP3) which
in WT sperm was restricted to the fibrous sheath region
(Fig. 5J and L). In KO sperm, AKAP3 localised to the aberrant
fibers surrounding the head region (Fig. 5M and P with
head region of M magnified in M’, additional examples
in Supplementary Fig. S2). These observations support the
hypothesis that the aberrant fibers observed in the KO are
composed of flagellar proteins.

Defects in Actl7b KO sperm flagella become
apparent during epididymal maturation

We next compared the structure of WT and KO sperm from
the cauda epididymis by TEM to define which flagellar
components were disrupted by the absence ACTL7B. Cross-
sections through the midpiece of WT (Fig. 6A) and KO sperm
(Fig. 6B), defined by the presence of the mitochondrial sheath,
showed that mitochondria in KO sperm appeared to be
abnormally arranged. However, KO sperm usually contained
an axonemal complex and ODFs similar to those in WT
sperm. Sections through the principal piece region of WT
(Fig. 6C) and KO sperm (Fig. 6D) showed that both contain
an axoneme with the characteristic 9 + 2 arrangement, ODFs,
and fibrous sheath.

Comparisons by SEM of sperm from the cauda epididymis
of WT (Fig. 6E) and KO mice (Fig. 6F-G) showed that
although the mitochondrial sheath, fibrous sheath, and annu-
lus were present in both genotypes, the connection between
the mitochondrial sheath and annulus was lost in some KO
sperm. Mitotracker staining showed that mitochondria in
KO sperm often were clustered (Fig. 7B and C) rather than
forming the typical spiral pattern over the length of the
midpiece as seen in WT sperm (Fig. 7A’). Only 2.4% of KO
sperm showed a mitochondrial distribution similar to WT
sperm (Fig. 7C). Thus, the vast majority (97.6%) of sperm
had mitochondria in disorganised clumps on the midpiece
(14.7%), in the midpiece and head regions (6.6%), in the
head region only (45.7%), or altogether absent (30.5%).

It was shown that F-actin is a component of intermitochon-
drial cement [47]. To determine whether the lost mitochon-
drial sheath integrity in ACTL7B KO sperm was accompanied
by disruption of F-actin in the mitochondrial sheath, we

Figure 6. Variable MMAF includes examples of only mildly deviant
flagella in the Actl7b KO epididymis. Cross-sections through the
midpieces of epididymal sperm flagella are viewed by TEM in WT (A) and
KO (B); axoneme (arrow head), ODFs (arrow) and mitochondrial sheath
(star). Cross-sections of principal piece regions of WT (C) and KO (D)
sperm also have the fibrous sheath indicated (bolt). SEM of the central
portion of the flagellum where principal and midpiece segments meet for
WT (E) and KO (F and G) sperm; mitochondria (star), annulus (arrowhead),
fibrous sheath (bolt), bare midpieces lacking mitochondria (bracket).

stained with fluorophore-conjugated phalloidin (Fig. 7 D’–
G’). We detected phalloidin-labeled F-actin in the mitochon-
drial sheath region in WT sperm (Fig D′, arrowhead). How-
ever, F-actin was weakly detectable (Fig. 7E’–G’, arrowheads)
in KO sperm where midpiece segments retained a mitochon-
drial sheath (as visualised by brightfield in D–G) but was not
detectable in KO sperm midpiece segments in regions where
mitochondria were absent from the midpiece (Fig. 7E’–G’,
arrows). Together, this reveals that ACTL7B was not strictly
required for formation of these F-actin structures.

To determine when aberrant fibers and flagellar defects
arose during spermiogenesis, condensing spermatids were
examined by TEM (Fig. 8). In both WT (Fig. 8A) and KO
(Fig. 8B) spermatids, structures of the flagellar connecting
piece including the basal plate (BP), capitulum (Cp), and
segmented columns (SC) were observed. However, the capit-
ulum and centriolar vault appeared diminished. Comparison
of the axoneme (Ax), ODFs, and mitochondria (Mt) in
flagellar midpieces in spermatids from WT (Fig. 8A) with KO
(Fig. 8B and D) mice revealed that KO sperm exhibited both

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad001#supplementary-data
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Figure 7. Variable MMAF includes mitochondrial and F-actin localisation defects. MitoTracker dye-stained WT (A’) and KO (B′) representative sperm with
corresponding DIC images (A and B). (C) The localisation of mitochondria were quantitatively classified as normally distributed in the midpiece
(Mid:Length), clumped in the midpiece (Mid:Clump), localised to the head region (Head), localised to the head and as clumps or along the midpiece
regions (Mid + Head), or as absent altogether (None). For quantitation, at least 200 sperm were scored per biological replicate with n = 3 per genotype.
F-actin is detectable in the mitochondrial cement region of WT sperm (D′, arrowhead). In KO sperm, weak F-actin is detectable (arrowheads in E’–G’) in
areas where mitochondria are indicated by brightfield morphology (E–G), but not in regions of KO flagella where midpieces are bare/lack the
mitochondrial sheath (arrows).
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Figure 8. Spermatid flagella in Actl7b KO testes appear grossly normal, a
few exhibiting minor defects. TEM of spermatids in late steps of
development in WT (A) and KO (B–D) testes. (A) WT spermatid
connecting piece. (B) Apparently normal KO spermatid connecting piece.
(C) KO spermatid connecting piece with an axonemal protofilament (PF)
separated from the connecting piece. (D) KO spermatid flagellum
exhibiting apparently normal region of transition from midpiece to
connecting piece including the annulus. An = annulus, Ax = axoneme,
BP = basal plate, Cp = capitulum, Mt = mitochondria, Nu = nucleus,
ODF = outer dense fibers, PF = protofilament, SC = segmented columns.
Scale bars = 0.5 μm.

organised (Fig. 8B and D) and abnormal (Fig. 8C) midpieces.
The abnormal midpieces in KO sperm contained axonemal
protofilaments separate from but adjacent to the flagellum
(see PF, in Fig. 8C). Of note, aberrant fibers were not observed
in the head region of these late-stage condensed spermatids
suggesting the flagellar components in the head region of KO
sperm appeared during epididymal transit coinciding with

sperm maturation and acquisition of motility rather than
initial mislocalisation during flagellar development.

Germ cell apoptosis was increased in Actl7b KO
testes

The reduced sperm counts in KO mice suggested an increase
in cell death. To assess this, TUNEL assays were performed
on testis and epididymis sections. Few TUNEL+ cells were
observed in the epididymides of WT mice (Fig. 9A). In con-
trast, numerous TUNEL+ cells, including many round cells,
were observed in the epididymides of KO mice (Fig. 9B). To
further assess the composition and viability of cells in the
epididymal lumina, WT (Fig. 9C, C’) and KO (Fig. 9D, D’)
sections of epididymides were examined by TUNEL staining.
WT epididymides contained sperm with normal morphology
(Fig. 9C) and occasional TUNEL+ cells (Fig. 9C’, green). In
KO epididymides, many cells were rounded (Fig. 9D) and
many had the appearance round spermatids. KO sperm exhib-
ited abnormal morphology, and abundant cellular debris was
present (dashed-line circle in Fig. 9D). All of the rounded cells
were TUNEL+ (arrowheads, Fig. 9D’) as were many of the
sperm (arrows), Fig. 9D’). The percentage of TUNEL+ cells
was determined (Fig. 9E) with distinctions made between cells
recognisable as sperm (those with flagella and DAPI-stained
nuclei), and “other” cells (DAPI-stained nuclei, but no flag-
ella). In the KO samples, “other” cells accounted for ∼50% of
the cells in the epididymal lumina, whereas, in the WT and Het
samples, this population of “other”cells were < 2%. All of the
“other” cells for all genotypes were TUNEL+ (Fig. 9E and B).
In the WT and Het samples, >92% of sperm were TUNEL-.
KO sperm (blue and dark grey portions of the KO bar graph
in Fig. 9E) were ∼ 60% TUNEL-. When the “other” cells in
the KO were included in the TUNEL counts, only ∼28% of
cells were TUNEL- (Fig. 9E).

To assess whether cell death was initiated during spermio-
genesis within the seminiferous epithelium, TUNEL staining
was performed on WT and KO testis sections (Fig. 9F and G,
respectively). Few TUNEL+ cells were observed near the
basement membrane in both WT and KO mouse testes
(dark brown staining). In KO testes, rounded TUNEL+
cells were observed near the lumina of seminiferous tubules
(Fig. 9G, arrowheads). This revealed germ cell loss in the
testis contributed to the reduced epididymal sperm counts
in KO mice. These sloughed cells were the likely source
of the abundant TUNEL+ rounded cells in the epididymal
lumina (Fig. 9B–D’). The abnormal seminiferous epithelia in
KO testis also suggest germ cell sloughing into the lumina
(Fig. 9I). As TUNEL staining indicated that condensing
spermatids near the luminal surface were TUNEL+, we also
examined chromatin compaction utilising CMA3 staining
assays (Fig. 9H). Results revealed both WT and Het mouse
sperm exhibited <5% CMA3+ sperm, while KO ∼ 25% of
KO sperm were CMA3+ (Fig. 9H). This level of significantly
compromised chromatin compaction was in a smaller
proportion of sperm than those that were TUNEL+, and
may be a consequence of cell death rather than an indicator
of a role for ACTL7B.

Discussion

Here, we report an essential role for ACTL7B in normal sperm
development. As a result of Actl7b ablation, mice were infer-
tile with severe and variable teratozoospermia. This condition
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Figure 9. Lack of ACTL7B leads to decreased viability in spermatids and sperm. TUNEL assays on epididymal sections from WT (A) and KO (B) mice. A
few TUNEL+ (dark brown) cells are present in the cauda epididymides of WT (A). TUNEL staining is abundant in cauda epididymides of KO mice (B).
Whole mount sperm collected from the epididymides and spread on slides from WT (C and C′) and KO (D and D′) mice show the overall cell
composition/morphology (C and D, phase contrast) and corresponding TUNEL+ cells (C′ and D′, green = TUNEL, blue = DAPI, Arrows indicate sperm,
arrowheads indicate cells classified as “other cells”, area inside dashed line in D is representative of DAPI negative debris that is not included in
sperm/cell counts). The percent TUNEL+ epididymal cells as seen in (C′) and (D′) is quantified for each genotype (E). At least 200 sperm were scored
per biological replicate, and n = 3 for each genotype. TUNEL assays on sections of testis from WT (F) and KO (G) mice. A few TUNEL+ cells are present
in the basal area of the seminiferous tubules in WT and KO mice and near the luminal surface of KO seminiferous tubules (dark brown, arrowheads).
H&E stained histological sections of WT (H), and KO (I) testes, with some areas of seminiferous epithelial disruption observed in KO (arrowheads).
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is characterised by decreased sperm counts and decreased
sperm motility, a combination of defects termed Oligoas-
thenoteratozoospermia (OAT). Our data reveal a requirement
for ACTL7B in structural integrity of the connecting piece,
axoneme, and mitochondrial sheath of the spermatid flagel-
lum, and for secure association of ODFs, axonemal protofil-
aments, and mitochondria. The phenotypic similarities seen
with mutations in genes for actin capping proteins and of actin
capping interacting proteins strongly suggests the observed
defects are mediated by regulation of novel actin-associated
complexes localised to these regions, impacting morphogen-
esis and maturation. This defined requirement for ACTL7B
in spermiogenesis and male fertility also expands the known
roles of the ARP family to include male fertility and flagellar
structural integrity.

Many of the general defects we observed in Actl7b
KO sperm are commonly seen in genetic models of male
infertility, and it is therefore important to focus on unique
aspects of phenotypes for a particular genetic model to
better understand what can be learned about the function
of specific gene products. With the largest number of tissue
specific expressed genes [7, 48], this is especially true in
models of testis biology in which highly specialised and
complex cellular processes are required for the production
of sperm. Furthermore, spermiogenesis is a highly spatio-
temporally coordinated cellular morphogenic program that
involves interconnected changes in spermatid cytoskeletal
structures, organelle biogenesis and function, transcription,
translation, nuclear and cellular shaping, chromatin structural
changes and condensation, and intracellular transport [22,
49, 50]. Such connectivity and interdependence of functions
for morphogenesis might explain why targeted mutations
in genes expected to play diverse roles in cell biology, have
resulted in similar-appearing spermatid defects [39, 40,
51–71]. Examples include disruptions to the function of
intracellular transport mechanisms [54, 56, 66, 68], organelle
biogenesis [60, 65, 67], and transcription or translation [62,
63] that manifest as structural defects in spermatids and sperm
with overlapping phenotypes such as retained cytoplasm,
nuclear- and cell-shaping defects, and reduced sperm motility.
Therefore, detailed observation is required to identify rare
defects that can lend insight into the function of individual
molecules and mechanisms in spermiogenesis. Among the
constellation of defects observed in teratozoospermic Actl7b
KO mouse sperm, we focus here on a unique aberration in
sperm flagellar integrity.

A key finding reported here for the Actl7b KO mouse sperm
are the severe flagellar defects and specific destabilisation
of the sperm flagellum, which are uncommon in models of
infertility. In Actl7b KO sperm, we find a conspicuous absence
of the flagella connecting pieces including capitulum and
segmented columns, the nuclear-associated basal plate where
the flagella connecting piece attaches to the sperm flagellum,
and severe disruptions in flagellar midpiece structure. Despite
these observations in epididymal sperm, the affected struc-
tures appear relatively morphologically normal in testicular
sperm, indicating flagellar components could form and assem-
ble in the absence ACTL7B. However, the disintegration of
these structures in all observed Actl7b KO sperm by the time
they reach the cauda epididymis suggest that the integrity of
the connecting and midpiece structures were compromised,
allowing for lost integrity during epididymal transit.

Evidence of a role for actin in epididymal sperm maturation
was previously inferred from observations of localisation

of actin and actin-interacting proteins. In sperm, actin has
been localised to the sperm connecting piece, mitochondrial
sheath, and transiently to the flagellum after spermiation and
prior to epididymal maturation [20, 47, 72, 73]. Actin and
actin binding proteins were also identified as candidate sperm
maturation factors through proteomics [74]. Interestingly,
during sperm maturation in the epididymis, the stiffness of the
flagellar midpiece is reduced [75]. At this time, connections of
the ODFs to the mitochondrial sheath are lost and the ODFs
become free to slide relative to each other under the action
of dynein motors in the flagellum [76, 77]. In the context
of these previous reports, our observations that mitochondria
localisation and flagellar midpiece integrity are compromised
in sperm that have transited the epididymis seem to sug-
gest a disruption in structural flagellar midpiece integrity
with consequences visible after mitochondrial release from
ODFs during sperm maturation. This indicates a potential as-
yet-unidentified disruption in the intermitochondrial cement
disrupting the mitochondrial sheath integrity. Results from
studies to artificially disrupt the mitochondrial sheath have
shown that it provides necessary structural support to pre-
vent the axoneme and ODFs from buckling under the forces
associated with flagellar motion [78–84]. In these studies,
when the mitochondrial sheath was disrupted in sperm, and
motility was induced thereby inflicting mechanical force, the
ODFs and axoneme separated from each other, but the ODFs
remained secured at the connecting piece. In Actl7b KO sperm,
we observed that the axoneme in the midpiece appeared to
separate in a similar way. However, we also observed the loss
of connecting piece integrity, indicating a secondary role for
ACTL7B in flagellar connecting piece integrity.

Interestingly, in rat and mouse sperm, the basal body
that nucleates flagellogenesis is largely disassembled prior
to sperm maturation [85–87]. Thus, the axoneme is not
anchored by the basal body in sperm as it is in other flagella
and cilia. Instead, it is the ODFs that are anchored at the
segmented columns of the connecting piece, each of which,
in turn, secures an axonemal doublet [88–90]. In Actl7b
KO mice, the segmented columns and basal plate were
formed in testicular sperm. However, the ODFs appeared
to dissociate thereafter, not only from each other as noted
above, but also from the connecting piece, which was no
longer detectable in epididymal KO sperm. This ultimately
led to shortened or absent midpieces. It is of note that a
few factors involved in connecting piece stability have been
identified [91]. Of interest, the testis-specific spermatogenesis
and centriole associated one like (SPATC1L) protein interacts
with and phosphorylates “capping actin protein of muscle
Z-line subunit beta” (CAPZB). Spatc1l KO sperm exhibited
fragile connecting pieces leading to head-tail dissociations
after spermiation, but flagellar midpieces appeared to
maintain their integrity [91]. This suggests a potential role
for actin regulatory proteins in the stability of sperm flagella
connecting pieces. Our observation that ACTL7B is also
required to ensure the structural integrity of the connecting
piece provides further evidence for a key role for ARPs.

Within the actin-related family of proteins, only conven-
tional actins (alpha, beta and gamma actin) form dynamic
filamentous actin [32, 92]. Other ARPs are involved in diverse
functions such as ARP1 and ARP11 contributions to dynein-
dynactin complexes where ARP1 forms a short filament
within the complex [31, 93], ARP2 and ARP3 contributions to
F-actin nucleation and branching complexes [92], and ARP5
and ARP9 contributions to chromatin remodeling complexes
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in somatic cells [30, 94–97]. Each of these non-conventional
roles of the broader ARP family requires that the ARP proteins
form large multimeric protein complexes. Given that our data
indicate ACTL7B is not required for F-actin formation in
the mitochondrial sheath, we propose that ACTL7B does
not function as a monomeric filament forming conventional
actin, but rather forms a novel multimeric protein complex
like the other non-conventional ARPs. ACTL7B, perhaps in
such a novel multi-protein complex, is required for mediating
structural integrity and attachment of flagellar components
in sperm; specifically, the association of axoneme and ODF to
the capitulum of the flagellar connecting piece and along the
length of the flagellar midpiece for the stability of connecting
piece, protofilament, and mitochondrial associations. We
propose that given the known roles of CAPZB and SPATC1L,
that the ACTL7B containing complex may also contain
actin capping protein CAPZB and may be in part under
regulatory control of SPATC1L phosphorylation to provide
structural support for axonemal protofilament and ODF
associations in the capitulum and along the midpiece of sperm
flagella.

One of the most apparent defects in Actl7b KO sperm was
the presence of aberrant fibers containing flagellar proteins
in the head region. We propose that these ODF2 and tubulin
containing aberrant fibers are composed of degraded flagellar
axoneme and ODFs which collapsed back toward the sperm
head within the sperm plasma membrane. The observation
of fibrous sheath protein AKAP3 co-localisation to these
fibers is not as easily explained as the fibrous sheath of the
KO epididymal sperm appear to maintain relatively normal
structure. An alternate interpretation is that the flagellar ODF
and axoneme dissembled and reformed fibrous structures de
novo in the aberrant locations. In either case, we conclude
that the structural integrity of the flagellum was compromised
in Actl7b KO sperm, ultimately leading to the disruption of
the integrity and organisation of the connecting and midpiece
segments and formation of observed aberrant fibers. To our
knowledge, the only other reports of genetic models reported
to cause such fibers were in the ENU-induced repro32 mutant
that had a defect in the spermatid-specific actin capping
protein CAPZA3 [40] and in the KO mouse for protein kinase
HIPK4, which phosphorylates actin modulating proteins and
may be required for actin capping protein localisation [98].
In Hipk4 KO mice, ∼75% of sperm flagella were abnormal,
and aberrant fibers in the head region of some sperm were
identified as axonemal components [98]. In repro32 mutant
mice, sperm exhibited aberrant fiber localisation to the head
region identified to include ODFs [40]. Aberrant fiber forma-
tion specifically in mutant sperm from sterile mouse models
containing a mutation in actin caping protein Capza3, the
Hipk4 kinase known to modulate actin dynamics, or with
deletion of the ARP Actl7b, strongly supports an essential role
for actin regulation in spermiogenesis required to establish the
integrity of sperm flagella. Studies are ongoing to investigate
ACTL7B roles during spermiogenesis and define the interac-
tion of ACTL7B with cytoskeletal and cytoskeletal regulating
proteins critical for spermatid morphogenesis.
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