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Abstract 

Reduced sperm motility represents one of the major male causes of infertility. Ultrastructural 
fghgevu"kp"vjg"urgto"àcignnwo"ecwugf"d{"igpgvkecnn{"kpjgtkvgf"cpf"eqpigpkvcn"fghgevu"ctg"qpg"qh"
the main causes to reduced sperm immotility. Several molecular components have been already 
associated to reduced sperm motility and more are expected to be discovered, especially with 
the application of Next-Generation Sequencing technology. In this review we will give emphasis to 
vjg"ockp"oqngewnct"eqorqpgpvu"qh"vjg"urgto"àcignnwo"cuuqekcvgf"vq"urgto"oqvknkv{0"Yg"yknn"cnuq"
fkuewuu"uqog"qh"wnvtcuvtwevwtcn"fghgevu"kp"uvtwevwtgu"qh"urgto"àcignnwo"cpf"vjg"vyq"ockp"igpgvke"
disorders that are associated with poor sperm motility: Primary Ciliary Dyskinesia and Dysplasia 
of the Fibrous Sheath, with reference to genes that are known to be involved in these disorders.
© 2014 Elsevier España, S.L.U. All rights reserved

El enfoque molecular en la inmovilidad espermática humana: una revisión 

Resumen

La reducción de la movilidad espermática constituye una de las principales causas de infertilidad 
ocuewnkpc0"Nqu"fghgevqu"wnvtcguvtwevwtcngu"gp"gn"àcignq."fgtkxcfqu"fg"fghgevqu"igpfivkequ"{"eqpifipkvqu."
son una de las principales causas de la inmovilidad espermática. Son varios los componentes 
moleculares asociados a una menor movilidad espermática y es de esperar que se descubran otros 
eqp" nc"crnkecek„p"fg"pwgxcu" vfiepkecu"fg" ugewgpekcek„p0"Gp"guvc" tgxkuk„p"pqu"egpvtctgoqu"gp" nqu"
rtkpekrcngu" eqorqpgpvgu"oqngewnctgu" fgn" àcignq" cuqekcfqu" c" nc"oqxknkfcf0" Vcodkfip" cpcnk¦coqu"
cniwpqu"fg"nqu"fghgevqu"wnvtcguvtwevwtcngu"gp"nc"guvtwevwtc"fgn"àcignq"{"nqu"fqu"rtkpekrcngu"vtcuvqtpqu"
igpfivkequ"swg"ug"cuqekcp"c"nc"oqxknkfcf"gurgtoƒvkec"fgÞekgpvg<" nc"fkuekpgukc"eknkct"rtkoctkc"{" nc"
fkurncukc"fg"nc"xckpc"Þdtquc."eqp"tghgtgpekc"c"nqu"igpgu"kpxqnwetcfqu"gp"fkejqu"vtcuvqtpqu0
© 2014 Elsevier España, S.L.U. Todos los derechos reservados.
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Introduction

Vjg" urgtocvq¦qqp" *Hkiu0" 3C/3E+" ku" fkxkfgf" kpvq" vyq" hwp-
fcogpvcn"rctvu."vjg"urgto"jgcf"cpf"vjg"urgto"vckn"qt"àc-
gellum. The main components of the sperm head are the 
nucleus, which contains the genetically material, and the 
acrosomal vesicle, which covers the anterior half of the 
jgcf"cpf"eqpvckpu"etwekcn"gp¦{ogu"hqt"vjg"cetquqocn"tgce-
vkqp" cpf" ku" qh" itgcv" korqtvcpeg" hqt" hgtvknk¦cvkqp0"Vjg"àc-
gellum is responsible for sperm motility and contains both 
the energy production site and the propulsive apparatus of 
vjg"egnn0"Vjg"àcignnwo"eqpukuvu"qh"hqwt"fkuvkpev"ugiogpvu<"
the neck piece (NP), the midpiece (MP), the principal 
piece (PP) and the end piece (EP). The NP contains the 
basal plate (BP), the proximal centriole (PC) and the stri-
ated/segmented columns (SC). The MP contains the axo-
pgog"*Cz+."vjg"qwvgt"fgpug"Þdgtu"*QFH+"cpf"vjg"okvqejqp-
ftkc"ujgcvj0"Vjg"RR"eqpvckpu"vjg"Cz."vjg"QFH"*rtqzkocn"RR+"
cpf"vjg"Þdtqwu"ujgcvj"*HU<"rtqzkocn"cpf"fkuvcn"RR+0"Vjg"RR"
is separated from the MP by the annulus (An) that is a ring 
of dense material found at the end of the mitochondrial 
sheath. The EP contains only the Ax.1,2

The Axoneme

Vjg"Cz"*Hkiu0"3F/3H+"ku"vjg"àcignnct"oqvqt0"Kvu"dcuke"uvtwe-
ture is represented by a 9d+2s microtubule pattern, with 
a pair of central microtubules (MT), C1 and C2, which are 
surrounded by nine peripheral MT doublets. The Ax is sur-
tqwpfgf"d{"vjg"QFH"cpf"vjgp"d{"okvqejqpftkc" kp"vjg"OR."
d{"vjg"QFH"cpf"vjgp"d{"vjg"HU"kp"vjg"rtqzkocn"RR."yjgtgcu"
in the distal PP it is only surrounded by the FS.2

The nine peripheral doublets are numbered 1 to 9 in a 
clockwise direction (number one is the one perpendicular 
to the central pair of MT). Each doublet consists of an 
internal complete MT, A, onto which is attached a second 
external and incomplete MT, B. Microtubule A has two 
f{pgkp" ctou." qwvgt" *QFC+" cpf" kppgt" *KFC+0" Fqwdngvu" ctg"
linked to each other by nexin bridges and to the central 
pair of MT by the radial spokes. Nexin bridges act as a 
regulator of the dynein complex and structurally lim-
its doublet sliding.3 The two MT of the central pair are 
linked by a series of regularly spaced linkages (central 
dtkfig+" cpf" ctg" uwttqwpfgf" d{" c" Þdtknct" egpvtcn" ujgcvj"
vjcv"ctg"hqtogf"d{"c"rckt"qh"urktcn"Þdtgu"cvvcejgf"vq"vjg"
central MT at the level of the connecting links. These 
constitute the central apparatus of the Ax.1,4 Each MT 
doublet is externally anchored to 9 corresponding asym-
ogvtke"QFH1,4 that protect the tail against shearing forces 
encountered during epididymis transport and especially 
during ejaculation, but also during transit through the 
female genital tract.5

Vjg"oqngewnct"eqorqukvkqp"qh"àcignnwo"eqorqpgpvu"jcu"
been studied mainly in sperm from marine invertebrates 
cpf" vjg" dkàcignncvg" itggp" cnicg" Chlamydomonas. These 
ujqygf" vjcv" vjg"oqngewnct" eqorqukvkqp" qh" vjg" àcignnwo"
components is composed of approximately 250 proteins. 
The Ax is a sophisticated structure with a cytoskeleton, 
protein motors, molecular chaperones, regulatory ele-
ments such as Ca2+ binding proteins and protein kinases/
phosphatases.6,7.

Tubulins α and β are the main constituents of MT. These 
globular proteins of 50–55 kDa constitute 70% of the pro-
tein mass of the Ax.8,9 Tubulins are often subjected to 
rquv/vtcpuncvkqpcn"oqfkÞecvkqpu." uwej" cu" cegv{ncvkqp." rcn-
mitoylation, phosphorylation, polyglutamylation and poly-
glycation,10 which are important for proper binding and 
assembly of the axoneme MT and motility.11 For instance, 
polyglutamylation of α-tubulin plays a dynamic role in the 
dynein-based motility process.12 

Another essential class of Ax proteins are dyneins. Dy-
neins are ATPases from a family of motor proteins that 
ftkxg"oketqvwdwng" unkfkpi" kp" eknkc" cpf"àcignnc013 These mo-
tor proteins convert the chemical energy contained in ATP 
into the mechanical energy of movement. Dyneins can be 
divided into two groups: cytoplasmic dyneins and axonemal 
dyneins. The axonemal dyneins are key elements to motility 
qh" gwmct{qvke" eknkc" cpf"àcignnc" cpf" eqortkug" vjg"QFC"cpf"
vjg"KFC0"Vjg"QFC"ku"eqorqugf"qh"vyq"jgcx{"ejckpu"*JE+."α 
and β=" vjtgg" vq"Þxg" kpvgtogfkcvg" ejckpu" *KE+" cpf" ukz" nkijv"
chains6" *NE+0" Kv" rtqfwegu"oquv" qh" vjg" hqteg" hqt" àcignnct"
movement.14 The IDA are more complex, with eight distinct 
JE."yjkej"ctg"qticpk¦gf"ykvj"xctkqwu"KE"cpf"NE"kpvq"ugxgp"
different molecular complexes, one two-headed isoform 
and six single-headed isoforms.15"Vjg"JE" eqpvckp" vjg"oq-
tor machinery that is responsible for transducing chemical 
energy into directed mechanical force applied to the micro-
tubule surface, possessing the sites of both ATP hydrolysis 
and ATP-sensitive microtubule binding.16,17 The IC and LC 
are thought to be involved in binding dynein to MT-A.16 They 
also help to specify the intracellular location of the dynein 
and regulate its motor activity.17,18 In response to changes in 
motility they are also regulated through phosphorylation/
dephosphorylation through a kinase/phosphatase system 
present in the radial spoke and central pair.6

Vjg"QFC"Fqemkpi"Eqorngz" *QFC/FE+" ku"c" uvtwevwtg" vjcv"
kpvgtcevu" fktgevn{"ykvj" vjg"QFC" cpf" ku" tgurqpukdng" hqt" kvu"
assembly at regular intervals of 24 nm. It is also important 
cu"cp"kpvgtogfkcvg"kp"vjg"dkpfkpi"qh"QFC"vq"kvu"wpkswg"cv-
tachment site within MT-A.14" Vjg"QFC/FE" eqpvckpu" vjtgg"
polypeptides (DC1-DC3). The DC1 and DC2 polypeptides 
potentially determines the 24-nm longitudinal spacing of 
vjg"QFC014 The DC3 polypeptide has some important roles 
kp" vjg" tgiwncvkqp" qh" vjg"QFC." rnc{kpi" c" tqng" kp" ecnekwo/
tgiwncvgf"QFC"cevkxkv{019

The Dynein Regulatory Complex (DRC) is composed of six 
Ax proteins.20 Studies using DRC mutants showed that some 
components of the DRC serve primarily to regulate activity, 
while others play a role in mediating structural interactions 
between dynein arms, the A-tubule of the outer doublet, 
and the radial spokes.13,20 Recent studies using cryo-electron 
tomography, revealed that DRC forms a continuous connec-
tion from the A-tubule to the B-tubule of the neighbouring 
microtubule doublet.3 This continuous connection and the 
Þpfkpi"vjcv"vjg"FTE"ku"vjg"qpn{"uvtwevwtg"dgukfgu"vjg"f{pgkp"
arms that connects with adjacent outer doublets led the 
authors to suggest that the DRC is the nexin link and to pro-
pose the term nexin-DRC (N-DRC) to the DRC.3

The radial spokes and central pair are essential struc-
tures for the regulation of dynein arms.21,22 Among other 
important roles, it was proposed that radial spokes and 
central apparatus may be involved in converting simple 
symmetric bends into the asymmetric waveforms required 
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Figure 1"""Wnvtcuvtwevwtg"qh"vjg"pqtocn"urgtocvq¦qqp0"C."D0"Pwengwu"*P+="cetquqocn"xgukeng"*CX+"ykvj"kvu"Þpcn"tgikqp."vjg"gswcvq-
rial region (ER); posterior acrosomal region (PAR) that is the region of the head without the AV; neck region with the basal plate 
*DR+." egpvtkqng" *Eg+." czqpgog" *Cz+" cpf" uvtkcvgf" eqnwopu" *UT+="okfrkgeg"ykvj" qwvgt" fgpug"Þdgtu" *QFH+" cpf" vjg"okvqejqpftkcn"
sheath (m). This region ends at the annulus (arrow). C. The annulus (arrows) separates the midpiece from the principal piece 
yjgtg"vjg"Þdtqwu"ujgcvj"*HU+"dgikpu0"F0"Vjg"czqpgog"cv"vjg"rtqzkocn"rtkpekrcn"rkgeg"*RRR+"ku"cflcegpv"vq";"QFH0"Gcej"fqwdngv"ku"
hqtogf"d{"vjg"C"cpf"D"oketqvwdwngu0"Fqwdngvu"ctg"pwodgtgf"kp"c"enqemykug"fktgevkqp0"Vjg"egpvtcn"rckt"ku"uwttqwpfgf"d{"c"Þdtknct"
ujgcvj"*fqvvgf"ekteng+0"Gcej"fqwdngv"jcu"c"tcfkcn"urqmg"*cttqy+0"G0"Qwvgt"cpf"kppgt"f{pgkp"ctou"*yjkvg"cttqyjgcfu+="pgzkp"dtkfi-
es (black arrowhead). F. Distal principal piece (DPP). The central pair is connected by a central bridge (arrow). 

A B

C

D E F
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for forward swimming and in the release of ATP inhibition 
in a controlled manner.21"Kp"Jwocpu"kv"jcu"dggp"cntgcf{"fg-
scribed at least seven radial spoke proteins that have sev-
gtcn" kuqhqtou<"TURJ6C."TURJ8C."TURJ5."TURJ;."TURJ32D4."
TURJ32D" cpf" TURJ3023 The central pair functions like a 
distributor to provide a local signal to the radial spokes that 
selectively activates subsets of dynein arms.24

The Fibrous Sheath

The Fibrous Sheath (Fig. 1) is a unique characteristic of 
vjg" urgtocvq¦qqp"cpf"eqpukuvu"qh" vyq"rgtkrjgtcn" nqpikvw-
dinal columns, which are at the plane of the central MT, 
connected together by a series of ribs. The ribs are com-
rqugf"qh"enqugn{"rcemgf"Þncogpvu"cpf"hqto"c"tkpi"ctqwpf"
the axoneme.1,2"Vjg"HU"ku"dgnkgxgf"vq"kpàwgpeg"vjg"fgitgg"
qh" àgzkdknkv{." rncpg" qh" àcignnct"oqvkqp" cpf" vjg" ujcrg" qh"
vjg"àcignnct"dgcv025 

Three important FS proteins belong to the “cAMP-de-
pendent protein kinase anchoring protein” (AKAP) fam-
ily.25"CMCR" ctg" uechhqnfkpi"oqngewngu" vjcv" qticpk¦g"oq-
lecular complexes whose function is to modulate signalling 
pathways. Besides the AKAP family, the FS is composed 
by other proteins, such as Ropporin, Rhophilin and the 
“Calcium-binding tyrosine phosphorylation regulated pro-
tein” (CABYR),25 which are extremely important for FS as-
sembly and function, and thus for sperm motility. Another 
important class of proteins that are present in the FS are 
vjg" in{eqn{vke" gp¦{ogu0" Uvwfkgu" uwiiguv" vjcv" vjg"fgnkxgt{"
of ATP from the mitochondria is not enough to sustain 
sperm motility and that sperm had to develop alternative 
methods of energy production that are independent of 
the mitochondrial oxidative phosphorylation.26,27 The ATP 
generated from mitochondria is mainly used for membrane 
changes occurring during maturation in the epididymis, 
during capacitation in the female genital tract, and for 
the acrosome reaction. Flagellar glycolysis from the FS 
is the main producer of the ATP required for axoneme 
dgcvkpi0" Uqog" qh" vjg" in{eqn{vke" gp¦{ogu." kpenwfkpi" urgt-
ocvqigpke" egnn/urgekÞe" hqtou" qh" vyq" in{eqn{vke" gp¦{ogu"
[glyceraldehyde 3-phosphate dehydrogenase (GAPD) and 
jgzqmkpcug"3"*JM3+_."ctg"vkijvn{"cuuqekcvgf"ykvj"vjg"HU025-27 

Sperm motility

The Ax is the fundamental structure responsible for motil-
ity. Flagellum motility is a consequence from undulatory 
waves propagating backwards that create forward propul-
ukxg" vjtwuv" cnqpi" vjg" czku" qh" vjg" àcignnwo0"Vjg" àcignnct"
motility, from which the sperm motility arises, is created 
by the motor activities of the axoneme dynein arms work-
ing against the stable microtubule doublets. 

Dynein cAMP-dependent phosphorylation leads to an inter-
action between dynein arms and the microtubule doublet, 
starting the flagellar beat, activates ATPase activity and 
begins the conversion of the chemical energy from ATP hy-
drolysis into mechanical energy for motility. The process is 
reversed by dephosphorylation of dynein by the calmodulin-
dependent protein phosphatase calcineurin.26,28 Therefore, 
phosphorylation/dephosphorylation have to occur in an 

asynchronous way through the entire Ax. As AKAP proteins 
ugswguvgt"gp¦{ogu"uwej"cu"rtqvgkp"mkpcugu"cpf"rjqurjcvcugu"
with appropriate substrates to the coordination of phospho-
rylation and dephosphorylation events,29 they could be also 
involved in those phosphorylation events. Sperm motility is 
thus a highly complex process with several structural and 
molecular elements, and metabolic pathways involved.26,28

Flagellar abnormalities and some genetic 
bases of sperm immotility in humans

Due to the highly complexity of sperm motility, any altera-
tion in external and/or internal factors regulating sperm mo-
tion, as well as in cellular structure and metabolism involved 
kp"igpgtcvkpi"àcignnct"dgcv."oc{"tguwnv" kp"fghgevu" kp" urgto"
motility, which consequently results in male infertility. 

Cuvjgpq¦qqurgtokc"*CV¥+"ku"vjg"ogfkecn"vgto"hqt"tgfwegf"
sperm motility and is one of the main male pathologies un-
derlying infertility.30,31"Vjg"gvkqnqi{"qh"CV¥" ku"pqv"ukorng"vq"
unravel and often remains unexplained. Ultrastructural de-
hgevu"kp"vjg"urgto"àcignnwo"ecwugf"d{"igpgvkecnn{"kpjgtkvgf"
and congenital defects,32-34" cpf" pgetq¦qqurgtokc" *cdugpeg"
qh" nkxg" urgtocvq¦qc" kp" vjg"glcewncvg+." ctg"ockp" ecwugu" qh"
CV¥030,31 Moreover, dysfunctions of the human mitochondrial 
sheath and mutations in human mtDNA are other causes of 
CV¥."ockpn{"fwg"vq"fkutwrvkqp"qh"vjg"OR035-37

Besides structuraly separating the MP from the PP, the 
An maintains sperm membrane domains, and its absence 
produces an interruption in the cytoskeleton at the MP-PP 
lwpevkqp."ykvj"fkuqticpk¦cvkqp"cpf"cuuqekcvgf"CV¥038,39 Sep-
tins (SEPT) are essential structural components of the An 
cpf"fghgevu"kp"UGRV"ctg"cnuq"cuuqekcvgf"vq"CV¥038,40,41

Although in the mouse, mutations in genes coding for sever-
al transport, structural, motor and signalling proteins, as well 
cu"hqt"vtcpuetkrvkqp"hcevqtu"qh"vjg"urgto"àcignnwo"ctg"mpqyp"
to cause motility disorders,42,43 in humans a strict association 
between gene mutations and alterations in sperm motility is 
uvknn"xgt{"uecteg0"Jqygxgt."fwg"vq"vjg"jkij"fgitgg"qh"eqpugt-
vation of many of these genes among mice and humans, some 
genes, isolated or associated to syndromes, have already 
been proved to be responsible or are suspected of being re-
sponsible for some cases of human infertility associated with 
poor sperm motility.11 The two main genetic disorders that are 
associated with poor sperm motility are Primary Ciliary Dyski-
nesia (PCD) and Dysplasia of the Fibrous Sheath (DFS).

Primary ciliary dyskinesia

Rtkoct{" eknkct{" f{umkpgukc" *REF."QOKO<" 466622+."ycu" Þtuv"
fguetkdgf" d{"Ch¦gnkwu" cpf" eqnncdqtcvqtu044 Primary ciliary 
dyskinesia is a genetically heterogeneous, autosomal reces-
ukxg"fkugcug"vjcv"ku"ejctcevgtk¦gf"d{"c"igpgtcnk¦gf"rctcn{uku"
of ciliated cells, including sperm and respiratory cilia, 
resulting in recurrent infections of the respiratory tract. 
In about 50% of affected individuals situs inversus (a con-
genital condition in which the major visceral organs are 
reversed) is present and is known as Kartagener syndrome 
(KS).45 Most men with PCD have nearly 100 % immotile 
urgtocvq¦qc"cpf"ctg"eqpugswgpvn{"kphgtvkng0"Vjg"guvkocvgf"
incidence of PCD is approximately 1 per 15,000 births.46 In 
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Figure 2   A-D. Ultrastructure of abnormal axonemes at distal principal piece in sperm of a patient with primary ciliary dyskine-
sia and situs inversus"*C/E+"cpf"Þdtqwu"ujgcvj"*HU+"f{urncukc"*F+0"C."D0"Cdugpeg"qh"pgzkp"dtkfigu"*dncem"cttqyjgcfu+"cpf"qh"vjg"
outer and inner dynein arms (white arrowheads), and partial absence of radial spokes (arrows), with presence (A) or absence (*) 
*D+"qh"vjg"egpvtcn"rckt0"E."F0"Fkuqticpk¦cvkqp"*E+"cpf"fkurncegogpv"*F+"qh"vjg"fqwdngvu"*yjkvg"cttqyjgcfu+."ykvj"rtgugpeg"*E+"qt"
cdugpeg"*,+"*F+"qh"vjg"egpvtcn"rckt0"G0"Wnvtcuvtwevwtg"qh"c"urgtocvq¦qqp"ykvj"Þdtqwu"ujgcvj"f{urncukc0"Pqvg"vjg"cdugpeg"qh"vjg"
cppwnwu"cpf"okfrkgeg."ykvj"cuegpukqp"qh"vjg"f{urncuvke"Þdtqwu"ujgcvj"*HU+0"Pwengwu"*P+="dcucn"rncvg"*DR+="egpvtkqng"*Eg+="uvtkcvgf"
eqnwopu"*UE+="okvqejqpftkc"*o+="qwvgt"fgpug"Þdgtu"*QFH+0"

A B

C D

E
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Table I. List of genes known to be associated with Primary Ciliary Dyskinesia (PCD) and main ultrastructural defects found in 
the axoneme of PCD patients.

Gene Gene 

locus

OMIM 

number

Molecular Function Ultrastructural  

defect

PCD patients 

with  

mutations*

References

ARMC4 10p12.1- 
p11.23

*615408 Axonemal docking 
cpf"vctigvkpi"qh"QFC"

components

Marked reduction  
qh"QFCu

17 *Jlgkl"gv"cn0"4235="
Qpqwhtkcfku"gv"cn0"4236+

DNAAF3 19q13.4 *614566 Assembly of 
axonemal IDA and 
QFC"cpff{pgkp"

complexes

Cdugpeg"qh"QFC" 
and IDA

10 (Mitchison et al. 2012)

C21orf59 21q22.1 *615494 DA assembly Cdugpeg"qh"dqvj"QFC"
and IDA components

4 (Austin-Tse et al. 2013)

CCDC103 17q21.31 *614677 Fundamental factor 
for DA binding to cilia 

MT

Rctvkcn"nquu"qh"QFC"
complexes

10 *Rcpk¦¦k"gv"cn0"4234+

CCDC114 19q13.33 *615038 Component of the 
QFC"fqemkpi"eqorngz

Cdugpeg"qh"QFCu 23 (Knowles et al., 2013a; 
Qpqwhtkcfku"gv"cn0."4235+

DRC1 2p23.3 *615288 Regulation of the 
dynein motors

Severe defects  
in assembly of  

the N-DRC 

4 *Yktuejgnn"gv"cn0"4235+

CCDC39 3q26.33 *613798 Assembly of DRC and 
IDA complexes

Displacement of 
outer doublets, 

reductions of IDA 
and abnormal radial 

spokes and nexin 
links

59 (Merveille et al. 2011; Antony 
et al. 2013) 

CCDC40 17q25.3 *613799 Assembly of DRC and 
IDA complexes

Misplacement of the 
central pair of MT 

and defective 
assembly of IDA and 

DRC

54 (Merveille et al. 2011; Antony 
et al. 2013) 

CCDC65 12q13.12 *611088 Assembly of the 
N-DRC

Normal axonemal 
ultrastructure, only 
with a reduction in 
IDA and nexin links.

4 (Austin-Tse et al., 2013; 
Jqtcpk"gv"cn0."4235c+

DNAAF1 

(LRRC50)

16q24.1 *613190 Pre-assembly and/or 
targeting of dynein-

arm complexes

Marked reduction of 
dqvj"QFC"cpf"KFC

8 (Loges et al. 2009; Duquesnoy 
et al. 2009)

DNAAF2 

(KTU)

14q21.3 *612517 Pre-assembly of 
dynein arm 
complexes

Absence or defects 
qh"QFC"cpf"KFC

3 *Qotcp"gv"cn0"422:+

DNAH11 7p21 *603339 Gpeqfgu"c"eknkct{"QFC"
protein

Normal axonemal 
ultrastructure

24 (Bartoloni et al. 2002; Lucas 
et al. 2012; Knowles et al. 
2012; Schwabe et al. 2008)

DNAH5 5p15.2 *603335 Important for 
hwpevkqp"qh"vjg"QFC"

complex.

Cdugpeg"qh"QFCu 93 (Djakow et al., 2012; Failly 
gv"cn0."422;="Jqtpgh"gv"cn0."

2006; Knowles et al., 2013a;  
Qndtkej"gv"cn0."4224+

DNAI1 9p13.3 *604366 43 (Failly et al., 2008; Guichard 
et al., 2001; Pennarun et al., 
3;;;="¥ctkycnc"gv"cn0."4228="
¥kLvmkgyke¦"gv"cn0."4232+

FC/"F{pgkp"Ctou="QFC/"Qwvgt"F{pgkp"Ctou="KFC/"Kppgt"F{pgkp"Ctou="FTE/"F{pgkp"Tgiwncvqt{"Eqorngz="P/FTE/"Pgzkp/F{pgkp"Tgiwncvqt{"Eqorngz="
OV/Oketqvwdwngu="P0F0"Pqv/fgvgtokpgf0"NE/"Nkijv"Ejckp="JE/"Jgcx{"Ejckp=","Pwodgt"qh"REF"rcvkgpvu"ykvj"owvcvkqpu"tgrqtvgf"kp"nkvgtcvwtg
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Table I. (continued) List of genes known to be associated with Primary Ciliary Dyskinesia (PCD) and main ultrastructural 
defects found in the axoneme of PCD patients.

Gene Gene  

locus

OMIM  

number

Molecular Function Ultrastructural  

defect

PCD patients 

with  

mutations* 

Reference

DNAI2 17q25 605483 Assembly of proximal 
cpf"fkuvcn"QFC"

complexes

QFC"fghgevu 7 (Knowles et al., 2013a; 
Loges et al., 2008)

DNAL1 14q24.3 *610062 Involved in the 
interaction of the 

axonemal dynein LC 1 
ykvj"f{pgkp"JE"cpf"

tubulin.

Absence or markedly 
ujqtvgpgf"QFC0

3 *Oc¦qt"gv"cn0"4233+

DYX1C1 15q21.3 *608706 Important for 
axonemal dynein 

assembly

Fkutwrvkqpu"qh"QFC"
and IDA

12 (Tarkar et al. 2013)

HEATR2 7p22.3 *614864 Preassembly or 
stability of axonemal 

dynein arms.

Absence of dynein 
arms

9 *Jqtcpk"gv"cn0"4234+

HYDIN 16q22.2 *610812 N.D. Lack the C2b 
projection of the 

central pair 
apparatus

10 *Qndtkej"gv"cn0"4234="
Davidson et al. 2013)

LRRC6 8q24.22 *614930 Assembly or transport 
of DA. Also are 

involved in  
transcriptional 

regulation of some 
dynein proteins

Absence or defects of 
QFC"cpf"KFC

6 *Jqtcpk"gv"cn0."4235d+

RSPH1 21q22.3 *609314 A radial-spoke-head 
protein

Defects central 
microtubule complex 

and  radial-spoke 

12 (Kott et al. 2013)

RSPH9 6p21.1 *612648 Components of the 
radial spoke head

Abnormalities in 
central-pair of MT

11 (Castleman et al. 2009; Kott 
et al. 2013)

RSPH4A 6q22.1. *612647 26 (Kott et al. 2013; Castleman 
et al. 2009; Daniels et al. 

2013)

SPAG1 8q22.2 *603395 Assembly and/or 
vtchÞemkpi"qh"vjg"
axonemal dynein 

arms

Fghgevu"kp"QFC"cpf"
IDA

14 (Knowles et al., 2013b)

NME8  

(TXNDC3)

7p14.1 *607421 Critical role in the 
QFC"fwg"vq"kvu"cdknkv{"

to bind to the MT.

Partial lack and 
tgfwevkqp"qh"QFC

3 *Fwtkg¦"gv"cn0"4229+

ZMYND10 3p21.3 *615444 Required for IDA and 
QFC"cuugodn{

Cdugpeg"qh"QFC"cpf"
IDA

23 *Oqqtg"gv"cn0"4235="¥ctkycnc"
et al. 2013b)

FC/"F{pgkp"Ctou="QFC/"Qwvgt"F{pgkp"Ctou="KFC/"Kppgt"F{pgkp"Ctou="FTE/"F{pgkp"Tgiwncvqt{"Eqorngz="P/FTE/"Pgzkp/F{pgkp"Tgiwncvqt{"Eqorngz="
OV/Oketqvwdwngu="P0F0"Pqv/fgvgtokpgf0"NE/"Nkijv"Ejckp="JE/"Jgcx{"Ejckp=","Pwodgt"qh"REF"rcvkgpvu"ykvj"owvcvkqpu"tgrqtvgf"kp"nkvgtcvwtg

the majority of cases, the results of electron microscopic 
analysis of sperm reveal that the MT doublets lack dynein 
arms. In some PCD patients were as well detected absence 
or dislocation of the central MT, defects of radial spokes 
and peripheral MT abnormalities33,46,47,(Figs. 2A-2C). Be-
sides the ultrastructural defects in sperm cells that leads 
to sperm immotility, a study also detected a high level of 
sperm DNA damage in a patient with KS syndrome, which 

highly reduces the probability of a healthy offspring, even 
with the application of assisted reproduction techniques.48 

Given that the typical diagnostic of PCD is the absence 
of dynein arms, the investigations into the genetic basis of 
PCD have been focused on dynein arm proteins and several 
genes (Table 1) are known to be associated with PCD.49,50

Vjg"Þtuv"igpg"kp"yjkej"owvcvkqpu"ygtg"hqwpf"vq"dg"cuuq-
ciated with PCD was DNAI1 51 that is an axonemal dynein IC 
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igpg."hqwpf"kp"vjg"QFC0"Kv"ku"nqecnk¦gf"qp"ejtoquqog";r35/
p21 and is composed of 20 exons encoding a protein with 
699 amino acids. Mutations of DNAI1" jcxg"dggp" kfgpvkÞgf"
in patients with PCD/KS, with often, but not always, absent 
qt"ujqtvgpgf"QFC051-53 This gene has been one of the most 
studied, although a relativly low prevalence of this disease 
was described (about 10% of PCD patients).54,55 The gene 
DNAH5." nqecnk¦gf"cv"ejtqoquqog"7r3704."gpeqfgu"c"JE"qh"
vjg"QFC"cpf"eqortkugu"9;"gzqpu0"Fghgevu"qh"vjg"QFC"ygtg"
found associated with DNAH5 mutations in patients with 
PCD. Mutations in the DNAH5 gene are responsible for ap-
proximately 15–24% of all PCD cases.56,57"Qxgtcnn."vjgug"fcvc"
suggest that DNAI1 and DNAH5 genes are important for the 
hwpevkqp"qh"vjg"QFC"eqorngz"cpf"rtgxkqwu"uvwfkgu"uwiiguvgf"
that mutations in these genes are a major cause of PCD, 
given that they account for up to 38% of all patients.44,49,55

The genes CCDC39 and CCD40 are also of great impor-
tance in PCD, as they express integral components of the 
dynein regulatory complex. The human CCDC39 gene is lo-
ecnk¦gf"cv"ejtqoquqog"5s48055"cpf"gpeqfgu"c";63/cokpq"
acid protein that was shown to be essential for the assem-
bly of the IAD and of the DRC, since mutations in CCDC39 
result in failure to correctly assemble IDA complexes, DRC 
cpf" tcfkcn" urqmgu0"Vjku" ecwugu" fkuqticpk¦cvkqp" qh" vjg"Cz."
kpenwfkpi"okunqecnk¦gf"rgtkrjgtcn" fqwdngvu." fkurncegogpv."
absence or supernumerary central pair and dyskinetic 
beating.58 The CCDC40" igpg" *nqecnk¦gf" kp" ejtqoquqog"
17q25.3) contains 20 exons and encodes for CCDC40 pro-
tein with 1,142 amino acids. Mutations in CCDC40 were 
found in subjects with PCD, and ultrastructural analyses 
showed defects in several Ax structures, including disor-
icpk¦cvkqp" qh" vjg"OV" fqwdngvu." cdugpv" qt" ujkhvgf" egpvtcn"
pairs, reduction in the mean number or absence of IDA, 
and abnormal radial spokes and nexin links. Nevertheless 
vjg"QFC"crrgctgf"pqtocn059 The, CCDC40 protein appears 
to be required for Ax recruitment of CCDC39, and both 
proteins interact with N-DRC (nexin) components, playing 
a role in IDA attachment.58,59 A recent study detected mu-
tations in both genes CCDC39 and CCDC40 among 69% of 
individuals with PCD, with ultrastuctural defects that are 
indistinguishable at electronic microcope.60 

Dysplasia of the Fibrous Sheath

Dysplasia of the Fibrous Sheath (DFS), also called stump 
tail syndrome, is one of the most severe abnormalities of 
vjg" urgto"àcignnwo" cpf" ecwugu" gzvtgog"CV¥032,34 Marked 
j{rgtrncukc" cpf" fkuqticpk¦cvkqp" qh" vjg" HU" ku" vjg" v{rkecn"
fkcipquvke" Þpfkpi" kp" vjgug" ecugu0" Kp" cffkvkqp." vjg"oclqt-
ity of sperm from affected individuals have short, thick, 
irregular flagella with no clear distinctions among the 
midpiece, principal piece and end piece (Figs. 2D and 2E). 
It is also observed partial or total lack of dynein arms, ab-
sence of the central pair (in about half of the cases), ab-
sence of a normal An and disassemble of the mitochondrial 
sheath.33,34,61,62 Although only occasionally associated with 
ncem"qh"KFC1QFC."FHU"ku"eqpukfgtgf"c"xctkcpv"qh"REF0

In humans, A-kinase anchoring proteins-3 and 4 (AKAP3, 

AKAP4) are the most abundant structural proteins, anchor-
ing cyclic adenosine monophosphate–dependent-protein-
kinase-A to the FS.25 The AKAP4"igpg."nqecnk¦gf"kp"ejtqoq-

some Xp11.22, is expressed in the post-meiotic phase of 
spermatogenesis and encodes an AKAP4 protein, with 854 
cokpq/cekfu."vjcv"ku"tguvtkevgf"vq"vjg"RR"qh"vjg"àcignnwo063 
AKAP4 play a major role in completing FS assembly, and 
thus in sperm motility.25,63 AKAP3 gene, located at chro-
mosome 12p13.3, encodes another of the major proteins 
of the FS. The ∼110-kDa AKAP3 protein, with 853 amino-
cekfu." ku" u{pvjguk¦gf" kp" tqwpf" urgtocvkfu." kpeqtrqtcvgf"
into the FS simultaneously with the formation of rib pre-
cursors. AKAP3"ku"kpxqnxgf"kp"qticpk¦kpi"vjg"dcuke"uvtwevwtg"
of the FS.63,64 Although previous reports suggested that mu-
tations in AKAP3 and AKAP4 genes are the genetic cause 
of the DFS phenotype,32,63,65-67 no strong evidences are 
{gv"cxckncdng"hqt"vjg" kpxqnxgogpv"qh"urgekÞe"igpgu" kp"vjg"
pathogenesis of DFS.34,68 

Final remarks

The molecular components that were referred in this 
review are merely a small portion of all molecular com-
ponents and interactions that exist in the complex sperm 
àcignnwo0"Vjgtg"ku"uvknn"c"nqpi"lqwtpg{"vq"ocmg"kp"qtfgt"vq"
hwnn{" wpfgtuvcpf" cnn" vjg" igpgvkeu" qh" urgto"àcignnwo" cpf"
the molecular components that are responsible for the 
cuugodn{" qh" vjg" urgto"àcignnwo0"Vjg" cwvqocvgf" Ucpigt"
sequencing method has dominated genetics for the last 
two decades and still gives huge contributes to the scien-
vkÞe" mpqyngfig" cdqwv"ocp{" igpgvke" fkuqtfgtu0" Jqygxgt."
the limitations of automated Sanger sequencing, such as 
high cost and low throughput, propelled the need for new 
sequencing technologies. The next-generation sequencing 
(NGS) technologies, such as whole the genome sequenc-
kpi"*YIU+."ctg"tgxqnwvkqpk¦kpi"igpgvkeu"cpf"vjg"uekgpvkÞe1
medical research. They are able to produce an enormous 
amount of data in a cheaper and faster way.69 Neverthe-
nguu."vjg"gpqtoqwu"swcpvkv{"qh"fcvc"rtqxkfgf"ku"fkhÞewnv"vq"
handle and analyse. 

Gzqog"ugswgpekpi"*GU+"ku"cp"ghÞekgpv"uvtcvgi{"vq"ugnge-
tively sequence the coding regions of the genome (exome) 
dgkpi"cp"cnvgtpcvkxg"vq"YIU0"Ykvj"GU."vjg"coqwpv"qh"fcvc"
is reduced, as well as, the costs with an estimated 10 to 
20-fold reduction in raw sequencing data needed as com-
rctgf" vq"YIU070 It is believed that the exome contains 
the great majority of the disease-causing mutations of all 
genome, and consequently ES is described as a powerful 
fkueqxgt{"vqqn0"Kv"jcu"cntgcf{"eqpvtkdwvgf"vq"vjg"kfgpvkÞec-
tion of new genes involved in PCD71-75 and it will certainly 
help to increase our knowledge about the genetic causes 
of sperm immotility and infertility. 

Eqpàkevu"qh"kpvgtguvu

Vjg"cwvjqtu"uvcvg"vjcv"vjg{"jcxg"pq"eqpàkev"qh"kpvgtguvu0
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